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A B S T R A C T

Hydrogenation of epitaxial graphene leads to the appearance of fractal-
like structures in AFM measurements. The nature of these structures
is not understood, since they have a height of 1 nm where structures
with a height of 0,5 Å are expected in the assumption that the struc-
tures consist of atomic hydrogen. In this study, electrostatic force
microscopy and Kelvin probe measurements were performed to in-
vestigate whether the unexpected height is the result of a repulsive
electrostatic interaction between surface charges that are localized to
some degree. The experiments showed an electrostatic interaction be-
tween the structures and the tip that can be attributed to the presence
of dynamic charge in a contained area. However, the model used to
describe the interaction is too simple to fully explain the measure-
ments. The model only considers electrostatic interactions between
the tip and the sample, leaving electrodynamics out of account. The
model could be expanded to also include electrodynamic effects in or-
der to fully understand the nature of charge present on hydrogenated
graphene.
Furthermore, localized electron states appearing near the edges of
sidewall graphene nanoribbons (GNRs) were investigated. GNRs are
50 nm wide and 10 µm long strips of graphene. A transport mea-
surement with a four point probe STM on these ribbons showed an
extremely low resistance of 97Ω, independent of the length of the
ribbon. A higher resistance measured in a different configuration is
shown to originate from the probe contacts rather than from the rib-
bon itself, indicating that transport through the ribbon takes place
through quantummechanical channels without any scattering. In pre-
vious measurements higher values were obtained, which is poten-
tially caused by disturbing the ribbon with the measurement probes.
The measurements are compared to band structure calculations per-
formed with a simple tight binding model. The model confirms the
existence of localized electron states in an ideal ribbon, although the
edges of a realistic ribbon are coupled to a substrate. More localized
states appear at higher energies when the connection between the
edges and a substrate is modelled. The presence of these states could
be verified experimentally by gating the ribbon.
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1
I N T R O D U C T I O N

1.1 the discovery of the 2d crystal graphene

The field of condensed matter mostly studies collective effects in ma-
terials with a high translational order. These materials, denominated
crystals, consist of a number of different atoms regularly spaced on a
lattice. Crystals are often associated with gemstones, but nearly every
metal and salt has a crystallic phase at room temperature, a common
denominator being that they are shaped in dimensional lattices. This
was thought to be the case for every crystal, until in 1947 a theory
was proposed with which the extraordinary electronic properties of
graphite could be explained. Wallace coined the theory that graphite
in fact consisted of a multitude of stacked two-dimensional carbon
crystals [1]. This caused a paradigm shift and two-dimensional crys-
tals were no longer a purely theoretical phenomenon. For nearly six
decades, people tried to obtain such a two-dimensional crystal but it
was not until 2004 that Geim and Novoselov managed to produce a
piece of two-dimensional carbon crystal, known as graphene [2]. They
used a method patented two years earlier by them, which involved
the exfoliation of graphene from graphite with a piece of Scotch tape.
In 2010, Novoselov and Geim received a Nobel prize for their efforts.
In their initial paper, Novoselov and Geim show the results of a set of
experiments, which indicated signs of extraordinary electronic prop-
erties such as ballistic carrier transport and the anomalous quantum
hall effect. The latter provided evidence supporting the suspected
Berry phase of massless Dirac fermions [3]. The electronic properties
of graphene will be discussed in the next chapter.

The facts that a two-dimensional crystal had been produced with
relative ease and that it showed remarkable electronic properties led
to a graphene gold rush, causing multiple research groups to fo-
cus or refocus on graphene. As of today, the electronic properties
of graphene are largely understood. The material is however still
promising for a number of applications and for performing funda-
mental research. Since the material was discovered, more two-dimensional
materials have been created, e.g. germanene and silicene. Also, artifi-
cial graphene-like lattices have been synthesized with entire molecules
on the sites of a hexagonal lattice.
Two topics that involve graphene are the effects of hydrogen adsorb-
tion on the electronic structure of graphene and the role of graphene
edges in the electronic structure. Both have been studied in this work
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2 introduction

and the remainder of this section will discuss these topics to provide
a motivation for studying these specific topics.

1.2 hydrogenation of graphene

Multiple experiments have shown that the well-defined band struc-
ture of graphene can be modified heavily by strain or adhesion of for-
eign molecules. Hydrogenation of graphene introduces room temper-
ature ferromagnetism [4]. After hydrogenation of epitaxial graphene
on SiC, islands and fractal structures with a height of 1nm and a
width of 50nm appear in the surface morphology investigated with
atomic force microscopy [5], which are suggested to be an effect of lo-
calized charge, supporting band structure calculations [6]. Adriaanse
et al. have shown that this strongly influences the transport proper-
ties of graphene, introducing a fractional quantum Hall effect. In this
study, the electronic properties of these fractal-like features are inves-
tigated with electrostatic force microscopy and Kelvin microscopy.

1.3 the role of edges in graphene

Another recent course is the study of the role of edges in the elec-
tronic structure of graphene [7, 8]. The edge appears to introduce a
quasi one-dimensional localized electron state which is topologically
protected, shows ferromagnetic behavior [9, 10], and shows signs of
ballistic transport [11, 12]. Apart from the potential applications in
quantum computing or spintronics [13, 14, 15, 16], the possibility to
study quasi one-dimensional behavior of Dirac fermions is a signifi-
cant opportunity for fundamental research.
Long and narrow strips of graphene called graphene nanoribbons
(GNRs) offer an opportunity to study edge behavior in graphene. In
this study, a simple tight binding model is used to investigate the
effects of edges on the electronic structure of graphene nanoribbons.
Furthermore, four-point probe measurements are performed to eval-
uate the transport in graphene nanoribbons.



2
T H E O R E T I C A L N O T E S

In this chapter, some theoretical background for the study is pre-
sented.

2.1 graphene : a two-dimensional crystal

Graphene has a number of unique electronic features which can be
ascribed to its physical structure. In this section, the electron struc-
ture of bulk graphene is described and explained, providing a basis
for understanding complex effects that manifest when the system is
disturbed from perfect bulk situation.

The structure of graphene is a two-dimensional honeycomb lattice
of carbon atoms, which can be thought of as consisting of two inter-
penetrating triangular sublattices, denominated A and B. A schematic
representation of the graphene honeycomb shape and its two sublat-
tices is shown in Figure 1. The distinctive arrangement results in the
unique electron energy dispersion of graphene, signified by the so-
called Dirac points near the Brillouin zone (BZ) corners. At these
points, the valence- and conduction band show a linear dispersion,
while touching at the Dirac points marked ~K and ~K ′, each point being
threefold degenerate. The band structure of the valence- and conduc-
tion band in the first BZ is shown in Figure 2. The Dirac points are the
result of the crossing of two energy bands formed by the two sublat-
tices. The linear dispersion relation is typical for massless relativistic
particles, such as photons. This is highly counterintuitive behavior for
electrons in a semiconductor-like material and illustrates the unique
electronic properties of graphene.
A simple tight binding model where the Hamiltonian consists only

of a hopping term to describe nearest-neighbor interaction already
shows the essence of the electronic structure of graphene. In the next
paragraph, a recap on the subject of the tight binding model is pro-
vided. The model is then be extended to perform calculations on
graphene nanoribbons.

2.1.1 The band structure of graphene

As mentioned in the previous section, graphene consists of carbon
atoms on a honeycomb lattice. There are two carbon atoms in a unit
cell, a single carbon atom having an electron configuration of 1s22s22p2.
In the lattice, two p orbitals hybridize with one s orbital to three sp2

3



4 theoretical notes
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Figure 1: Schematic display of the honeycomb lattice of graphene, which
consists of two interpenetrating triangular sublattices. Carbon
atoms at the A and B sites are represented by respectively red
and blue spheres. The lattice is described by a unit cell consisting
of one A carbon atom and one B carbon atom, which is translated
by all linear combinations of the two primitive unit vectors ~a1 and
~a2 shown in the figure.
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play an important role in its electronic properties27. However, these 

investigations have just started (there are a few recent papers on 

Raman spectroscopy of graphene28,29), and ‘phononic’ aspects of two-

dimensionality in graphene are still very poorly understood.

Another important issue is the role of defects in the thermodynamic 

stability of two-dimensional crystals. Finite concentrations of 

dislocations and disclinations would destroy long-range translational 

and orientational order, respectively. A detailed analysis24 shows that 

dislocations in flexible membranes have finite energy (of the order 

of the cohesion energy Ecoh) caused by screening of the bending 

deformations, whereas the energy of disclinations is logarithmically 

divergent with the size of crystallite. This means that, rigorously 

speaking, the translational long-range order (but not orientational 

order) is broken at any finite temperature T. However, the density of 

dislocations in the equilibrium is exponentially small for large enough 

Ecoh (in comparison with the thermal energy kBT) so, in practice, this 

restriction is not very serious for strongly bonded two-dimensional 

crystals like graphene.

Electronic structure of graphene
The electronic structure of graphene follows from a simple nearest-

neighbor, tight-binding approximation30. Graphene has two atoms per 

unit cell, which results in two ‘conical’ points per Brillouin zone where 

band crossing occurs, K and K’. Near these crossing points, the electron 

energy is linearly dependent on the wave vector. Actually, this behavior 

follows from symmetry considerations31, and thus is robust with 

respect to long-range hopping processes (Fig. 3).

What makes graphene so attractive for research is that the 

spectrum closely resembles the Dirac spectrum for massless 

fermions32,33. The Dirac equation describes relativistic quantum 

particles with spin ½, such as electrons. The essential feature of 

the Dirac spectrum, following from the basic principles of quantum 

mechanics and relativity theory, is the existence of antiparticles. 

More specifically, states at positive and negative energies (electrons 

and positrons) are intimately linked (conjugated), being described 

by different components of the same spinor wave function. This 

fundamental property of the Dirac equation is often referred to as the 

charge-conjugation symmetry. For Dirac particles with mass m, there is 

a gap between the minimal electron energy, E0 = mc2, and the maximal 

positron energy, -E0 (c is the speed of light). When the electron energy 

E >> E0, the energy is linearly dependent on the wavevector k, E = chk. 

For massless Dirac fermions, the gap is zero and this linear dispersion 

law holds at any energy. In this case, there is an intimate relationship 

between the spin and motion of the particle: spin can only be directed 

along the propagation direction (say, for particles) or only opposite to 

it (for antiparticles). In contrast, massive spin-½ particles can have two 

values of spin projected onto any axis. In a sense, we have a unique 

situation here: charged massless particles. Although this is a popular 

textbook example, no such particles have been observed before.

The fact that charge carriers in graphene are described by a 

Dirac-like spectrum, rather than the usual Schrödinger equation for 

nonrelativistic quantum particles, can be seen as a consequence of 

graphene’s crystal structure. This consists of two equivalent carbon 

sublattices A and B (see Fig. 4). Quantum-mechanical hopping between 

the sublattices leads to the formation of two energy bands, and their 

intersection near the edges of the Brillouin zone yields the conical 

energy spectrum. As a result, quasiparticles in graphene exhibit a 

linear dispersion relation E = hkυF, as if they were massless relativistic 

particles (for example, photons) but the role of the speed of light is 

played here by the Fermi velocity υF ≈ c/300. Because of the linear 

spectrum, one can expect that quasiparticles in graphene behave 

differently from those in conventional metals and semiconductors, 

where the energy spectrum can be approximated by a parabolic (free-

electron-like) dispersion relation.

Fig. 3 Band structure of graphene. The conductance band touches the valence 
band at the K and K’ points.

Fig. 4 Crystallographic structure of graphene. Atoms from different sublattices 
(A and B) are marked by different colors.

Figure 2: The dispersion relation of the conductance- and valence band of
graphene. The six Dirac points are visible, marked with K and K’.
At these points the valence- and conductance bands touch, and a
linear dispersion is visible. Adapted from [17].



2.1 graphene : a two-dimensional crystal 5

hybrid bonds, forming σ bonds with the neighboring atoms. This
leaves one electron per atom in the 2pz orbital. In order to describe
the electronic properties of graphene, the band structure can be cal-
culated. Since only one electron per atom is not involved in bonding,
the band structure can well be calculated with the one-electron tight
binding model, which is introduced subsequently.

2.1.2 Tight binding model of graphene

When two single carbon atoms are considered, there is no overlap of
the wavefunctions when the atoms are spaced far apart. By bringing
them closer to each other, the wavefunctions of their electrons start
to overlap and there is a chance that an electron hops from one atom
to the other. The tight binding method uses the lattice periodicity
and the overlap of wavefunctions between two atoms to calculate the
electronic structure for the entire lattice. First, the wavefunction in
the unit cell is considered. The unit cell in graphene consists of two
carbon atoms, each having four valence orbitals: 2x 2s, and 2x 2p.
The total wavefunction of the unit cell is written as the sum of all the
valence orbitals:

Ψunit cell =
∑
i

ciφi(~r−~ri) (1)

where ~r−~ri gives the relative positions of the atoms and i indexes all
the valence orbitals in the unit cell, eight in total. Since translational
symmetry is present in the graphene lattice as is shown in Figure 1,
wavefunctions that can exist on the lattice must also have this symme-
try. Since the wavefunction is translational invariant for translations
given by the primary unit vectors ~a1 =

(√
3
2 , 12

)
and ~a2 =

(√
3
2 ,−12

)
,

it has the form

Ψ~k =
1√
N

∑
m,n

ei(m
~k·~a1+n~k·~a2)Ψunit cell. (2)

In this expression,m and n label all unit cells and ~k denotes a wavevec-
tor. By substituting Equation 2 in the time-independent Schrödinger
equation,

ĤΨ~k = EΨ~k, (3)

the energy of the wavefunction can be calculated. Taking the product
of the wavefunctions of the atomic orbitals φi with both sides of the
equation results in the integrals〈

φi|Ĥ|Ψ~k

〉
= E

〈
φi|Ψ~k

〉
. (4)

Since Ψ~k extends over the entire lattice but all valence wavefunctions
φi are very localized, the assumption can be made that valence wave-
functions only overlap with the valence wavefunctions of the same
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atom and the nearest neighboring atoms. Since graphene only has
one valence electron per atom and thus two valence electrons per
unit cell, Equation 1 for the wavefunction of the unit cell consists of
two terms: Ψ~k = c1φ1 + c2φ2, the terms representing an atomic or-
bital of each atom in the unit cell.
With the nearest neighbor approximation in mind, substitution of the
expression for Ψ~k in Equation 4 results in

εc1 − tc2

(
1+ e−i

~k·~a1 + e−i
~k·~a2

)
= Ec1 (5)

εc2 − tc1

(
1+ ei

~k·~a1 + ei
~k·~a2

)
= Ec2 (6)

where t represents the nearest neighbor overlap integral
〈
φ1|Ĥ|Ψ2

〉
and ε represents the on-site energy of the atomic orbital

〈
φ1|Ĥ|Ψ1

〉
.

Experimentally, the hopping integral has been determined to be t =
2.7eV in graphene [18]. Symmetry between the A and B sublattices
is assumed in the case of bulk graphene, so ε is set to 0, resulting
in the valence- and conduction band touching exactly at the Fermi
level. Solving this equation results in the tight binding solution for
the electron energy dispersion in graphene:

E = ε± t

√
1+ 4 cos

√
3kxa

2
cos

kya

2
+ 4 cos2

kya

2
. (7)

The band structure of graphene over a path through the BZ is shown
in figure Figure 3.

2.1.3 Growth of epitaxial graphene

There is a multitude of techniques to manufacture a sheet of graphene.
The first technique was devised by Novoselov et al. [2]. They used a
method patented two years earlier by them, which involved the ex-
foliation of graphite from graphite with a piece of Scotch tape. Since
then, also bottom-up growth methods have been introduced, some of
which are even suitable for the manufacturing of graphene on indus-
trial scales [19]. One of these methods employs the thermal decom-
position of a carbide in which the growth of single carbon layers can
be controlled. This paragraph elaborates on a technique used to grow
some of the graphene samples used in this study.
In this technique, thermal carbonization of SiC is employed to grow
epitaxial graphene, which is single layer freestanding graphene posi-
tioned on a single atom layer of carbon, which is chemically attached
to the substrate. The growth process consists of an etching step, after
which growth is performed. The substrate, 6H-SiC of which the (0001)
face is exposed, is placed in an inductive oven where it is heated to
1350 ◦C in a vacuum of 5 · 10−5 mbar. Then, the chamber is flooded
with hydrogen, which decomposes and kinetically etches the growth
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Figure 3: The band structure of graphene as calculated with a single electron
tight binding approach. The linear dispersion relation around the
K-point can be observed.

surface. The growth takes place at 1250 ◦C in a vacuum of 5 · 10−5
mbar. Two layers are formed, one of which is strongly chemically at-
tached to the substrate. This layer is called the buffer layer and does
not show any of the characteristics of graphene. It is electrically isolat-
ing and is often considered part of the substrate. On top of this layer
is a graphene layer which is not chemically bonded to the buffer layer,
as is shown in Figure 4a.

2.1.4 Hydrogenation of graphene

The remarkable electronic structure of graphene can be modified by
chemical adhesion of molecules or atoms such as hydrogen on its
surface. Adhesion of hydrogen atoms on the graphene surface is
done by placing the graphene sample in an atmosphere of atomic
hydrogen, which can be created by the thermal cracking of hydrogen
molecules. This process is called hydrogenation and the hydrogena-
tion of graphene has been shown to lead to room temperature fer-
romagnetic effects [20, 4]. The hydrogenation of graphene on SiC is
schematically shown in Figure 4b.
Hydrogenation of graphene leads to a drastic change of the morphol-
ogy of the surface. After hydrogenation, structures with a height in
the order of 1 nm appear on the surface. The shape, size and occu-
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(a) Graphene on SiC (b) Hydrogenated graphene on SiC

Figure 4: A schematic display of graphene on SiC (left). Dark spheres rep-
resent carbon atoms, light spheres represent silicon atoms. A dan-
gling bond of a Si atom due to reconstruction can be seen. The
right figure shows hydrogenated graphene on SiC, where blue
spheres represent hydrogen atoms.

pation density of these structures varies with the temperature of the
hydrogen cracker and the duration of exposure. The structures can
be observed with atomic force microscopy (AFM). The AFM height
plots of graphene hydrogenated with different cracker temperatures
and different exposure durations are shown in Figure 5. The top row
of plots are AFM height data of the surface of grapene that has been
hydrogenated for 3 minutes at temperatures of 520◦C, 620◦C, and
720◦C, from left to right respectively. The bottom row of plots shows
the surface of graphene hydrogenated for 30 minutes at the same tem-
peratures as the corresponding plots in the top row respectively. From
the images it can be observed that hydrogenation at higher cracker
temperatures leads to structures with bigger lateral dimensions. The
structures in subfigures c, e, and f of Figure 5 are shaped like fractals.
This is believed to originate in the growth, as this is a typical pattern
that is nature appears in different nucleation processes [5].
As can be seen from the height profiles beneath the AFM plots, the
structures have a height of 1 nm, which is much larger than the size
of a hydrogen atom. The question arises how the structures that ap-
pear after the hydrogenation process can be much larger than the
hydrogen atoms it is presumably composed of, which have a radius
of 53 pm. There are different possibilities for the structures to have a
height of 1 nm where a height of 0,5 Å is expected for hydrogen atoms
adhered on graphene. The accumulation of molecular hydrogen be-
tween the graphene and the substrate could lead to blister-like struc-
tures, which could have a height much larger than the size of a hydro-
gen atom. This possibility can be debarred by heating the sample to a
temperature at which molecular hydrogen decomposes, after which
the structures should disappear. This is shown not to be the case [5],
so the posibility that the structures are composed of molecular hydro-
gen can be excluded. Another possibility is that the apparent height
is the consequence of a repulsive electrostatic interaction between the
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Figure 5: AFM height plots of hydrogenated epitaxial graphene. The lateral
dimensions of the plot are 700 x 700 nm2.

surface and the AFM tip the surface is examined with. This possibil-
ity is investigated with electrostatic force microscopy techniques in
this study.

2.2 graphene nanoribbons

Graphene is usually portrayed as an infinitely wide sheet of two-
dimensional carbon. Whereas in three-dimensional materials the sur-
face can inhibit completely different properties than the bulk, in a
two-dimensional material such as graphene the edges can locally
modify the electronic structure. A number of effects has been pre-
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Figure 6: A schematic overview of a honeycomb lattice which has been ter-
minated to show the two main types of edges of a graphene lattice.
The bottom side shows a zig-zag edge, while the right side shows
a termination resembling an armchair, hence called an armchair
type edge.

dicted and observed, such as the appearance of topologically pro-
tected localized states, edge ferromagnetism, quantum Hall effects
[10], and near resistanceless transport [11]. Since the prediction of
these remarkable effects, the study on edge effects in graphene has
intensified.

Graphene nanoribbons, or GNRs offer a way to study the electronic
properties of graphene edges. A graphene nanoribbon is a narrow
patch of graphene typically two or more orders of magnitude longer
than it is wide. The width is typically between 20 and 100 nm, which
is large enough not to introduce confinement effects. The edge of a
graphene ribbon is ideally well defined, but multiple edge shapes
exist, depending on how a sheet of graphene is cut. The two main
edge shapes are the armchair edge and the zig-zag edge. Both are
shown in Figure 6. If the graphene sheet is cut under an arbitrary
angle, different types of edges can be formed. The shape of the edge
strongly determines the electronic structure [21, 9].

Multiple studies have been done on graphene nanoribbons. In this
section, some of these studies are discussed to give an overview of
how a GNR is made and what measurements have been performed
on them. Then, a simple tight-binding model like the model of an infi-



2.2 graphene nanoribbons 11

nite graphene sheet introduced in Section 2.1.2 is discussed. It is used
to qualitatively study the role of an edge in the electronic structure of
graphene.

2.2.1 Sidewall graphene nanoribbons

Graphene nanoribbons can be produced in different ways. Top-down
lithographic methods where a ribbon is essentially cut from a graphene
sheet have proven to result in rough edges [22]. A bottom-up method
for producing GNRs on silicon carbide has been introduced by Bar-
inghaus et al. [23]. Their method, where graphene nanoribbons are
grown on the sidewalls of mesa structures in the SiC substrate, relies
on the fact that the carbonization of silicon carbide is faster on certain
faces.
Thermal carbonization of a 4H- or 6H SiC (0001) face is a reliable way
to grow high quality graphene. Alternatively, the (0001̄) face can be
used, which results in much faster growth, indicating that the growth
speed heavily depends on the orientation of the substrate surface. In
the method used by Baringhaus et al., mesa structures are defined
along the < 1̄100 > direction using reactive ion etching. These struc-
tures are essentially trenches with a width between 1 and 8 µm and
20 nm deep, as is shown by AFM height data shown in Figure 7b.
The sample is then heated, so that relaxation of the substrate lattice
allows refacetting of the walls of the mesa structures. The facets have
(112̄n) orientation. By heating the sample at 1500 ◦C for 10 min, ther-
mal carbonization causes the growth of graphene selectively on the
mesa structure walls. The selective growth is confirmed by electro-
static force microscopy (EFM) data shown in Figure 7c. The differ-
ent stages of the growing process are schematically displayed in Fig-
ure 7a. The ribbons are not connected to the substrate, except at the
edges. The edges of the ribbon are either attached to the substrate on
top of the sidewall, or to a layer of buffer layer graphene on top of
the mesa structure.
Baringhaus et al. have also performed surface probing- and trans-

port measurements. Scanning tunneling dI/dV spectroscopy shows
that the density of states resembles that of bulk graphene, but with a
band gap in the density of states. dI/dV spectra have been measured
at different locations across the ribbon to shows the density of states,
as is shown in Figure 8b,c. In these spectra, the band gap of about 100
meV is visible. In two spectra, both measured near the edges, states
appear in the band gap. These graphs are enlarged and shown in Fig-
ure 8d. From these measurements it appears that states located near
but not exactly on the edge are present in the band gap of an other-
wise insulating graphene nanoribbon.
Transport measurements have been performed on these ribbons in
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Figure 1. (a) Schematic depiction of mesa transformation and selective GNR growth on the facets upon high temperature annealing.
Ribbons can be either located on the facet or seamlessly contact the buffer layer. (b) AFM image of a mesa before annealing. The line scan
demonstrates the successful fabrication of steep trench structures with well-defined etching depths of 20 nm. (c) EFM image taken after the
final temperature step showing preferential growth of GNRs at the step edges of the mesa. The dashed curve is obtained after de-convolution
of the AFM-tip shape. The width of around 40 nm taken at half maximum correlates with the width determined by STS in the context of
figure 3.

to midgap in the presence of disorder, the GNR subband
structure renormalizes in terms of a broken electron–hole
symmetry, which is reflected by an asymmetry in the density
of states accompanied by strong reduction of the total
number of edge-states [2]. Besides the influence of structural
imperfections, the chemical and electrical environment is
important and affects significantly the GNR properties.
Transport studies performed on lithographically patterned
GNR structures showed strong localization of the charge
carriers accompanied by large mobility gaps [11]. On the
other hand, as revealed by calculations, the edge-states
can be tuned into half-metallicity, e.g. by controlled
edge modifications [12] or doping with B/N atoms [13].
Interestingly, transverse electric fields [4] as well as hole
doping [14] reduce significantly the charge and spin
excitation gaps, thus making the ground state conducting and
magnetic. The latter two scenarios easily become realistic if
chemisorption between the GNR edges and their support takes
place accompanied by charge transfer.

Here we report for the first time on a combined scanning
tunneling spectroscopy (STS) and local point probe transport
study. By means of GNR structures grown on appropriately
designed SiC-mesa templates [15], both STS and local
transport can be performed in situ on identical structures. This
allows to correlate local density of states at Fermi energy
directly with lateral electronic transport properties.

Selective growth of non-percolated graphene nanos-
tructures succeeds by sublimation epitaxy on mesa struc-
tured 6H-SiC(0001) surfaces. Beforehand, 1 µm wide line
structures were made by optical lithography (UV-light) and
reactive ion etching (RIE, SF6 and O2 ratio 20:7) onto the
6H-SiC(0001) surface (nitrogen doped, 1018 cm�3). The
optical mask has been aligned such that the trench structures
run along the [1100] direction, i.e. the zigzag direction
for graphene grown epitaxially on Si-terminated SiC(0001).
Anisotropically etched profiles and suitable rates around
3 Å s�1 facilitate the fabrication of defined hill and valley

mesa structures (figure 1(b)). By thermal annealing clean
and well-ordered SiC facets are formed around 1420 K [16,
17]. Further annealing to 1570 K results in selective growth
of extended graphene nanoribbons along these facets [18,
19]. The selectivity in growth is triggered by preferential
desorption of Si from the facets (cf figure 1(a)). In this study
ribbons down to 40 nm in width have been investigated in
detail by using mesa trenches of 20 nm in depth. Before these
structures were transferred into the 4-tip STM/SEM system,
the anisotropic growth has been checked by atomic (AFM)
and electrostatic force microscopy (EFM) (cf with figures 1(b)
and (c)). Electrical measurements on these nanostructures
were performed with a 4-tip STM/SEM system operating at
a base pressure of 10�8 Pa. By means of a high-resolution
scanning electron microscope (SEM, 4 nm) the tungsten tips
can be independently navigated to desired positions above the
nanostructures and approached individually to the surface via
feedback control approach mechanisms. Scanning tunneling
spectroscopy (STS) has been performed by using lock-in
technique. The bias to the ribbon itself has been applied by a
second tip ohmically contacted in the vicinity of the tunneling
tip.

Before we start to discuss the STS data, transport
properties of these GNR structures are presented briefly in the
following. A typical tip assembly for a 2-point measurement
is shown in figure 2(a). The resistances were calculated from
I(V) curves in a current range of ±1 µa (cf figure 2(b)).
Interestingly, the resistance measured on the sidewall is
around 26 k� and almost by a factor of 20 lower compared
to transport measurements on the hill or valleys of the mesas.
Although the resistances on these areas are finite, possibly due
to the initial doping, they can be well discriminated from the
resistances measured at the side walls. Graphene islands on
these areas, which partly grow, are not percolated supporting
strongly the model of a preferential growth of GNRs on
the facets of the mesa structure [16]. This conclusion is
fully in line with STS measurements shown below. Recently,

2

Figure 7: A schematic overview of the growth of graphene nanoribbons is
shown in a). The different stages are the etching of mesa structures,
which are then heated to form the facets on which the graphene
nanoribbons are grown in the next step. The edges of the ribbon
are either attached to the substrate on top of the sidewall or to a
layer of buffer layer graphene on top of the mesa structure, while
the rest is not attached to the substrate. b) shows AFM height data
and a height profile of a mesa structure, indicating a width of 1µm
and a height of 20nm. c) shows EFM data to verify that graphene
indeed only grows on the sidewall facets. The graphene conducts
and therefore results in a higher EFM signal, while the substrate
is an isolator, visible as dark colors in the EFM plot. From [23].

order to verify the presence of a state in the band gap, localized near
the edges of the ribbons. These measurements have been performed
with a four tip STM system, which allows Ohmic contacting of the
nanoribbons and the measurement of the resistance of the contacted
region. Measurements are possible in both two terminal and four ter-
minal configuration. The advantage of the latter is that the contact
resistance between the probes and the surface can be eliminated. The
details of this measurement technique are discussed in Chapter 3.
The resistance has been measured for different lengths of ribbons by
varying the spacing between the STM probes. The resistance as func-
tion of probe spacing is shown for five different ribbons in Figure 9.
Between 2 and 5 µm probe spacing, the data obtained from ribbons
labeled 2-5 show a resistance that is nearly independent of the probe
spacing. The top right inset shows that this behavior continues for
probe spacings up until probe spacings of about 15 µm. The bottom
inset shows that the resistance drops for probe spacings smaller than
1 µm. The ribbons 2-5 all have a resistance of around R0, which is a
resistance quantum following the Landauer approach which quanti-
fies the resistance of a quantum conductor.
The Landauer approach is based on the assumption of a perfect quan-
tum conductor, where no inelastic scattering takes place. The trans-
port through the conductor is formulated as a quantum mechanical
scattering problem. The conductor is contacted by two contacts, α and
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Figure 3. dI/dV spectra taken at various spots across the GNR. (a) STM image of the faceted area. The stepped structure is shown by the
line scan at the bottom. The arrows indicate where the edge-states were most intense. The illustration at the top of the STM image is
deduced from the STS measurements. (b) and (c) show dI/dV spectra taken at different positions towards the top and bottom edge of the
ribbon as marked in (a). At the step edges two additional peaks appear in the former band gap 1elastic. All spectra were recorded via lock-in
technique at 300 K (effective wiggle voltage Vmode = 40 meV, f = 1500 Hz, set point (2 V, 0.5 nA)). The color codes in the different graphs
correspond to each other. Spectra are shifted for better visibility. (d) Close up of the edge-states. The double peak structure is assigned to the
gapped edge-states. The splitting 1edge is slightly larger (60 meV) for the bottom edge. The lower part shows the decays of the most intense
edge-peak from the bottom (orange) and top (green) edge. The dashed–dotted line denotes the spectrum taken in the center of the GNR and
reveals nicely the alignment of the valence and conduction band as well as the edge-states with respect to Fermi.

caused by a broken electron–hole symmetry, resulting in a
shift and broadening of the edge-peak to the hole side [2].
The splitting of the edge-states in our case is 50 ± 10 meV,
which is almost by a factor of three larger compared to the
splitting seen for chiral GNRs on Au(111) of same width.
This is obviously a direct consequence of a lower screening of
the on-site Coulomb repulsion in our case of a SiC template.
Interestingly, the top and bottom edge-states show different
splittings (figure 3(d)), which are attributed to two different
environments, i.e. bondings of the two edges. It is interesting
to note that the two edge-peaks are symmetrically split around
an offset energy of 60 meV. As a result, the intense edge-peak
located at the lower ribbon edge is closer to Fermi energy. The
line scan shown in figure 3(a) reveals a roundly shaped facet

structure. Incidentally, whether we image an uncorrelated
step structure of the SiC facet or the suspended graphene
ribbon on top is difficult to tell due to the lack of atomic
resolution. In any case, the points along the facet at which
the dI/dV-spectra exhibited the edge-states indeed show
morphologically different features. While at the bottom edge
a steep increase appears, the top edge is connected smoothly
to the upper mesa structure.

Finally, the zero-bias with respect to the band gap shall
be discussed. As mentioned, the bias voltage has been applied
via a second probe directly contacted to the highly conducting
GNR, i.e. shifts induced by charging of the (insulating) SiC
structure can be ruled out and the zero-bias corresponds to the
Fermi level. As obvious from figure 3(d) (dashed line), the

4

Figure 8: Scanning tunneling spectroscopy has been performed at different
locations across the ribbon. These locations are indicated in the
AFM height data shown in subfigure a), the graphs with corre-
sponding colors are shown in b) and c). Figure d) shows two of
these graphs, both measured near the edges, which have been en-
larged to highlight that in these spectra states appear in the band
gap. From [11].
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β, where inelastic scattering does take place. Yuri Galperin offers an
elegant derivation for the Landauer formalism for an ideal quantum
conductor [24]. Suppose there is a difference in the chemical poten-
tial between the contacts µβ − µα = δµ, which are connected by a
quantum conductor where no electron scattering takes place. In this
channel, a number of transversal electron modes exist, indexed with
n. Then, the current running through the wire in a single electron
mode is given by

Jn = e

ˆ
dkz

2πh̄

∂εn(kz)

∂kz
=

2e

2πh̄

ˆ εF+µβ
εF+µα

dε
∂ε(kz)/∂kz
|∂ε(kz)/∂kz|

=
2e

h
δµ, (8)

where kz denotes the wave number of the transversal mode n in
the direction along the channel, εn(kz) denotes the energy of that
same mode. If N open modes exist in the conductor, the conductance
G = J/δµ simplifies to G = 2e2

h N. Here, the factor 2 is introduced
by spin degeneracy. In the case of graphene, this factor is 4 due to
an additional valley degeneracy. From this simple expression can be
concluded that an ideal quantum conductor has a finite, quantized
resistance independent of the length of the conductor. In the ideal
quantum conductor, no scattering was assumed to take place, while
in a realistic quantum conduction channel reflection takes place due
to elastic scattering. This leads to a channel having a transmission
probability Tn, leading to the famous Landauer expression:

G = G0
∑
n

Tn. (9)

where n indexes over all conduction channels and G0 = e2

h is the con-
ductance quantum. The resistance quantum R0 is the inverse of the
conductance quantum.
The bottom inset of Figure 9 shows the conductance of two ribbons
as a function of probe spacing. It shows three different regimes: con-
ductance values of 2G0 for probe spacings of less than 100 nm, a
conductance of G0 for probe spacings between 1 and 10 µm and the
conductance decreasing further with probe spacing. The quantized
resistance of the ribbons, in certain regimes independent of the probe
spacing, indicates that the ribbon forms a quantum conductor with
two and one channels for probe spacings up to 10 µm and 100 nm, re-
spectively. At this point, it is unclear what causes the transition from
two conduction channels to one channel, although it is suggested that
coupling between the two edges of the ribbon through Coulombic
interactions may play a role [25] in removing a degree of freedom.
This explanation seems dubious, since energies associated with on-
site coulombic interactions in the middle of the ribbon are very low,
which makes the coulombic coupling of edges over distances of up to
40 nm highly unlikely.
The fact that the conductance is in certain probe spacing regimes in-
dependent of the probe spacing confirms that the ribbon acts as a
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quantum conductor in these regimes. Whereas resistance is classically
caused by the scattering of carriers, the resistance in a quantum con-
ductor is defined by the electron states in the conductor, as given by
Equation 8. In the quantum conductor, the mean free path length of a
charge carrier is larger than the Fermi wavelength, which means that
an electron can move through a channel with hardly any scattering.
This is called ballistic transport. The bottom inset of Figure 9 shows
that the conductance of both ribbons drops if the probes are separated
further than 10 µm. In this regime, diffuse transport is likely taking
place, which means that the charge carriers scatter. The resistance is
in this regime classical, scaling with the inverse of the mean free path
length of the carriers.
Should the resistance through the entire ribbon be classical and thus
limited by the scattering of charge carriers, it would be orders of mag-
nitude higher than the resistance measured in this experiment, as can
be shown with a simple calculation. The sheet conductivity is about
σ = 5 · 106Sm−1. The ribbon is roughly 50 nm wide and 0,1 nm high,
giving it a cross-section of A = 5 · 10−18m2. Assuming a length of rib-
bon of 1 l = µm, the conductance is thus G = σAl−1 = 2, 5 · 10−17S.
This is almost one trillion times smaller than the measured conduc-
tance of G0 = 7, 7 · 10−5S. This back-of-an-envelope calculation indi-
cates that the transport measured through the ribbon is not caused
by classic conductance and is indeed ballistic, scatter-free transport.

2.2.2 Tight binding model of a graphene nanoribbon

The band structure of a graphene nanoribbon can be calculated with
the tight binding method, as was shown for bulk graphene in Sec-
tion 2.1.2. By treating the ribbon as a small wire, only taking into
account the modes along the long direction of the ribbon, a simple
toy model is created in order to investigate transport along the rib-
bon. The ribbon consists of a series of repeating elements called su-
percells, repeating infinitely in one direction to create a ribbon. This
direction is defined as the x̂ direction. A ribbon consisting of repeat-
ing elements is shown in Figure 10. Since the ribbon has translation
symmetry along the long side of the ribbon, the Hamiltonian used
to describe an element is translation invariant. From the translation
invariance in the x̂-direction follows that the Hamiltonian commutes
with the x̂-impulse operator:[

Ĥ,Px
]

. (10)
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R(L) was measured at 300 K from 1mm to the apparatus limit, L 5 25mm
(Fig. 3a upper right inset). A second nonlinear increase is observed for
L . L!0z 5 16mm. These nonlinearities are consistent with an exponen-
tial conductance decrease given by G 5 G0exp(1 2 L/L!0+) for L $ L!0+
as shown in Fig. 3a (dashed line in upper right inset). It is intriguing
that E!01/kB 5pBc*/L!0{ 5 150 K, suggesting that longitudinal excita-
tions may be involved (equation (1)).

We next discuss the transport properties of a fixed-geometry sample
(such as shown in Fig. 1c)7. Further examples are given in Supplementary
Information. Sample A is a top-gated 39-nm-wide 1.6-mm-long gra-
phene sidewall ribbon. The ribbon is seamlessly connected to micro-
metre-scale graphene pads to the left and right. Each pad is bonded to
two wires, facilitating four-point transport measurements. Resistances
around 20 kV are measured with better than 0.1V precision (corres-
ponding to dG , 5 3 1026 G0) using standard low-frequency lock-in
techniques (13 Hz, 100 nA , I , 1mA)7. Temperatures are measured with
2 mK precision. The charge density n(Vg) is adjusted by applying a gate
voltage, Vg:wefindthatn(Vg) 5 20.953 1012 Vg cm22 V21, asdetermined
from a Hall bar on the same substrate7, so that EF 5 20.11 Vg

1/2 eV V21/2.
Figure 4c shows the conductance G(Vg) as function of gate voltage

for several temperatures, and can be globally explained in the Landauer
picture with Trn(EF) 5 Trnh(jEFj2 jEn0j) (h is the step function)10. The
minimum conductance G 5 0.95G0 at Vg < 0 and T 5 4.2 K is consis-
tent with a single ballistic channel in charge-neutral graphene with
l01 5 22mm (from Trn < (1 1 L/ln)21). The conductance increase
with increasing Vg corresponds to the opening of the jnj$ 1 sub-
bands20, as diagrammatically shown in Fig. 4b. From the G(Vg) slope
we deduce that Tjnj$1 5 0.035, so that ljnj$1 5 60 nm. We note that
each of the curves can be displaced vertically to overlap the others. This
is consistent with the Landauer picture and Fig. 3, if we assume that
Tjnj$1 are temperature independent and that only Tn502 is dependent

on temperature, as indicated in Fig. 4b. (This subband-dependent
temperature effect is also seen in exfoliated graphene ribbons, see
Supplementary Fig. 2.)

Note that the large asymmetry with respect to Vg (Fig. 4a) is caused
by the np/pn junctions (see, for example, ref. 21). For Vg , 0, the
ribbon is p doped while the leads are slightly n doped7,16. Because
ljnj$1 < 50 nm is larger than the junction width, the junctions repres-
ent a significant barrier for the gapped n ? 0 subbands; however, the
ungapped n 5 0 subbands are not affected21.

The conductance G(T) increases monotonically with increasing
temperature, as shown in Fig. 4e. In these experiments samples were
cooled from 120 K to 4 K over 10 h, and two measurements were
performed per second. The conductance is described to remarkable
precision by

G(T)~a
e2

h
1z0:5 exp {

T!

Tel{T0

! "1=2
( )" #

ð2Þ

where Tel is the effective electronic temperature (in this case, it is equal
to the sample temperature), a5 0.922, T*5 21.5 K and T0 5 2.2 K.
The difference dG(T) between the fit and data is within 0.0015G0
(0.1%) from T 5 4 K to T 5 120 K (Fig. 4e lower inset). Remarkably,
the activation temperature T* is related to the sample length L, with
T!~1:4pBc!=kBL 5 20.9 K for L 5 1.6mm. Equation (2) applies to sam-
ples B, C and D (see Supplementary Information) as well. Specifically,
for sample B (Supplementary Fig. 4), a 5 0.31 and the measured T* is
T!m 5 29 K; forL 5 1.06mm, the calculated T* isT!p~1:4pBc!=kBL 5 31 K;
for sample D (Supplementary Fig. 5), a 5 0.63 and T!m 5 87 K; for L 5
0.36mm, T!p 5 93 K. For the ring structure (Fig. 1d), T!m 5 6 6 1 K, and
the measured contact-to-contact distance is 5mm (following half a turn
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Figure 3 | Multiprobe in situ transport measurements of sidewall ribbons.
a, Resistance versus probe spacing L. Linear fits extrapolate to R0 5 h/e2. Slopes
correspond to R9 5 6.2, 1.6, 0.92, 0.44 kVmm21, corresponding to the mean
free path l0 5 4.2, 28, 16, 58mm (following transmission Tr < (1 1 L/l0)21).
Line 5 is consistent with zero slope. Numbered traces are as follows: 1, UHV
annealed at 1,100 uC for 15 min; 2, UHV annealed at 1,150 uC for 15 min; 3–5,
re-annealed at 1,150 uC for 15 min. Middle inset, comparison of two-probe (2p)
and four-probe (4p) measurements. Upper insets, nonlinear resistance
increases observed at L 5 160 nm and at L 5 16mm in two different ribbons
measured at room temperature, presented as G(L) in the lower inset. Fit is

explained in main text. b, Effect of passive probes contacting sidewall ribbons.
The resistance essentially doubles with one passive probe and triples with two
passive probes. This property of ballistic conductors explains why four-probe
and two-probe measurements yield essentially identical resistance values for
ballistic wires. Ideal invasive probe (P 5 1) and non-invasive probe (P 5 0)
limits are indicated. Theoretical18,19 values (for RR 5 0.95) indicated by
asterisks. c, Resistance R4p of a typical ribbon for L 5 5mm versus bias voltage
Vb. d, Resistance versus temperature for the same ribbon, showing less than
10% variation from 30 K to 300 K.
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Figure 9: The results of resistance measurements, which have been per-
formed with a four tip STM system in both two point and four
point measurement configurations. The resistance has been mea-
sured for different ribbon lengths by varying probe spacing; the
resistance as function of probe spacing is shown in the graph. The
top insets show the data of two ribbons in different ranges. The
middle inset shows the difference between two point and four
point measurements on the same ribbon. The bottom inset shows
the conductance (R−1) of two ribbons as function of probe spacing.
From [11].



2.2 graphene nanoribbons 17

With this constraint on the Hamiltonian, it can be deduced that the
wavefunctions of the eigenvalue problem, given by Equation 3, are of
the form

Ψ(x,y) = eikxxχkx(y). (11)

If only the interactions between nearest neighbor elements are con-
sidered, two hamiltonians describe the interactions for the entire sys-
tem: the hamiltonian describing interaction within an element Ĥ0 =

Hi,i and the hamiltonian describing the interaction of an element with
a neighboring element Ĥ1 = Ĥi,i−1. Substitution of Equation 11 in
Equation 3 gives the new eigenvalue problem from which the eigen-
states and eigenenergies of the system can be calculated numerically,
as elaborated in appendix A:

(
Ĥ1e

ikxx + Ĥ0 + Ĥ
†
1e

−ikxx
)
χkx(y) = Eχkx(y). (12)

2.2.2.1 Edge states in graphene nanoribbons

A ribbon is defined as described in the previous section. The band
structure is calculated with the tight binding model as defined. When
the band structure of the ribbon is compared with that of an infi-
nite sheet of graphene, two major differences are observable. At the
Dirac point, a gap is introduced between the valence- and conduc-
tion bands, where these touch in bulk graphene. Also states appear
between the bulk valence- and conduction bands in the band struc-
ture of the graphene nanoribbon, which is shown in Figure 11a for
a ribbon with a width of 32 carbon atoms. Between the Dirac points
and the BZ edge, these states hardly show any dispersion and at the
BZ edge they have an energy equal to the fermi energy. The proba-
bility density |Ψ|2 of these states is plotted in Figure 12, showing that
these states are localized at the edge of the nanoribbon.

When the ribbon is made smaller or larger, the edge states still
appear. The density of states (DOS) of ribbons of different widths
is shown in Figure 13. It shows that the edge states are present no
matter the width of the ribbon. This suggests that the edge states
are introduced by a topological effect rather than some form of confi-
ment. This raises the question to what degree the states are afflicted
by edge defects since graphene edges are seldomly perfect in reality.
In this section, two types of edge defects are introduced to the model.
Firstly, point defects are introduced on the edge. In a physical ribbon,
the edge could be contaminated with some molecules or some edge
atoms could couple to the substrate the ribbon is located on. Secondly,
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i i+1i-1

Figure 10: Schematic overview of how a ribbon is built up by slices across
the ribbon, marked by the dashed lines. Each slice can be trans-
lated onto any other slice.
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Figure 11: Figure a shows the band structure of a graphene nanoribbon with
a width of 32 atoms, as calculated with the tight binding method.
Note the states with an energy equal to the Fermi energy around
the BZ edge. For comparison, figure b shows the valence- and
conduction bands of bulk graphene, calculated with the same
method.
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Figure 12: The probability density of the edge states at the BZ edge plotted
versus the position across the ribbon, which is given in lattice
units a. The states are completely localized at the edges of the
ribbon.
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Figure 13: The density of states for graphene nanoribbons of different
widths. From left to right the ribbons have widths of 8, 16, 32,
and 64 atoms. Note the peak at the Fermi level, which appears
due to the edge states. Note also the peaks due to Van Hove sin-
gularities.
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if the entire ribbon is suspended on a substrate, the electronic behav-
ior of the carbon atoms on the edge of the ribbon is likely different
than the behavior of carbon atoms located in the middle of the ribbon.
An approximation for edge coupling is introduced in the model.

2.2.2.2 The influence of point defects on the edge states

Point defects on the edge are introduced by lowering the hopping
integral of one single atom on the edge to t = 2, 0eV as opposed to
a value of 2, 7eV in bulk graphene. The value is chosen arbitrarily,
although different values have been investigated, showing no com-
pletely different effects. Since the effect is only investigated qualita-
tively, this value is used in all calculations. Since the ribbon consists
of infinitely repeating elements, this defect will be repeated infinitely,
introducing a line defect rather than a point defect. To overcome this,
the supercell is expanded in the direction along the ribbon. By setting
the width of the supercell, the point defect density at the edge is fixed
to λd = 1

M , M being the size along the x̂-direction of the supercell,
along the long direction of the ribbon.
Figure 14 shows the band structure and density of states of a rib-

bon having a width of 32 atoms and a point defect density along the
edge of λd = 1

10 . The band structure shows a state at the Fermi level,
as well as many peaks caused by the low dispersion of a band at
those energies, called Van Hove singularities. From the band struc-
ture can be concluded that the edge states are still present, however
having a larger dispersion than the edge states in a perfect GNR. In
order to investigate the effect of the defect density, the DOS at the
fermi level is calculated for different defect densities. The DOS at the
Fermi level is plotted against the defect density in Figure 15. Since
the edge states are the only states with an energy at the Fermi level,
this gives an indication of the dispersion of these states around the
BZ edge. From the graph, it appears that the energy density at the
Fermi level of the edge states is quenched heavily when defects are
introduced, while this effect gets smaller for higher defect densities
along the edge. However, by introducing the defect at the same point
in each supercell, a periodicity is introduced. According to the Bloch
theorema, this gives rise to specific states, which could possibly ex-
plain why the density of states at the Fermi level is not completely
quenched as the introduction of defects in a periodic manner would
still allow some wavefunctions to exist which would not exist in the
case of randomly distributed edge defects.
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Figure 14: The band structure and density of states of a graphene nanorib-
bon with point defects introduced on the edges. This is done by
lowering the transfer integral of 1 in 10 sites of one edge to 2.0
eV. The ribbon is 32 sites wide. Note the appearance of many Van
Hove singularities.
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Figure 15: The density of states at the Fermi level of a graphene nanoribbon
with a width of 12 sites, plotted versus the density of defects at
the edge. The defects are introduced by modifying the transfer
integral of every so many sites on one edge to 2.0 eV.
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Figure 16: A schematic representation of a slice of a nanoribbon used in the
tight binding model. The values of the overlap integrals between
sites on the edge have been modified to simulation the coupling
of edge carbon atoms to the substrate. The values of the overlap
integrals t are shown.

2.2.2.3 The influence of edge coupling

Suppose a perfect carbon nanoribbon with edges coupled to some
substrate. Likely, the carbon atoms on the edge would behave differ-
ently than the carbon atoms in the middel of the ribbon. A possiblity
is that the bonds of edge carbon atoms would hybridize differently
than the centre carbon atoms to accomodize for the bond with the
substrate, i.e. in sp3 configuration rather than in sp2 configuration.
This would ultimately result in a modification of the hopping inte-
gral, which is exactly what is done to introduce this defect in the
tight binding model. The hopping energy of the edge atoms is modi-
fied, creating a poorly defined edge.
The edge is defined by the outer row of carbon atoms having a hop-

ping integral of t = 0, 5eV , the one next to this a hopping integral
of t = 1, 0eV , then 1, 5eV , 2, 0eV , after which row the bulk hopping
integrals of t = 2, 7eV is used. This is shown schematically in Sec-
tion 2.2.2.3. These values are again chosen arbitrarily, since the effect
is investigated only qualitatively. The ribbon has a width of 32 atoms.
Observing the calculated band structure shown in Figure 17, some
states with low dispersion at the BZ edge can be seen. When compar-
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Figure 17: The band structure of a graphene nanoribbon of which the edges
are defined with a transfer integral gradient in order to model
edges coupled to a substrate in a physical nanoribbon. Note the
appearance of more edge-like states with hardly any dispersion
around the BZ and the conduction- and valence bands getting
closer to the Fermi energy as compared to an ideal GNR.
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ing these with the band structure of a perfect graphene nanoribbon
as shown in Figure 11a, only the state with an energy at the Fermi
level appears also in the band structure of the perfect ribbon - the
state that appeared with the introduction of the egdes. The newly ap-
peared states with zero dispersion resemble this edge state, however
with energies respectively higher and lower than the Fermi energy.
The energy separation of these states can be tuned with the values of
the hopping integrals of the edges. The probability density of these
states is a narrow peak, like that of the edge states in a perfect nanorib-
bon. However, the states do not appear on the edge, but slightly more
to the middle of the ribbon, as can be seen in the probability density
of these states, shown in Figure 18. As discussed in Section 2.2, the
edge states observed in sidewall GNRs are also not observed exactly
on the edge rather than slightly towards the middle of the ribbon. It
could be possible that these states also play a role in electric trans-
port through the ribbon. The states are separated in energy, but by
shifting the Fermi level the states could be addressed to function as
a conduction channel in a quantum-hall like effect. This is potentially
interesting, since the states are not located exactly on the ribbon edge
and could also form bundled channels. Furthermore, the gradient re-
sults in the valence- and conduction bands shifting closer to the Fermi
energy. The bands are twofold degenerate between kx = ±π/2a−1.
Comparing an ideal GNR and a GNR of which the edges are cou-
pled to a substrate, the conduction band has a lower energy and a
higher degeneracy and thus results in a higher density of states at
an energy closer to the Fermi energy. This doubles the amount of
Landauer modes available for conduction through the ribbon. Since
in the transport measurements by Baringhaus et al. the lowest resis-
tance value that was measured corresponds to conduction through
two channels, it is clear that the degeneracy is not observed in real
ribbons if spin degeneracy is taken into account. The bands however
lose their degeneracy at the BZ edge and the injection of electrons by
the contacts into the ribbon does not necessarily happen at all wave-
lengths. It is thus possible that transport is caused solely by modes at
the BZ edge, where the localized states are well separated in energy.
It would be interesting to experimentally investigate the presence of
localized states at higher energies in a GNR. This could be done by
gating the ribbon to lift the Fermi level, for example.
It is however important to keep the limitations of this model in mind.

The most important limitation is that in the tight binding method
uses the 2pz electron wavefunction. The assumption is made that the
2pz wavefunction is present on every site, although at the edge of
the ribbon, this wavefunction could be involved in the bond with the
substrate. This would completely suppress any states present at these
sites.
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Figure 18: The band structure of a graphene nanoribbon of which the edges
are defined with a transfer integral gradient in order to model
edges coupled to a substrate in a physical nanoribbon. Note the
appearance of more edge-like states with hardly any dispersion
around the BZ and the conduction- and valence bands getting
closer to the Fermi energy as compared to an ideal GNR.





3
E X P E R I M E N TA L D E TA I L S

In this study, surface probing measurements were performed on hy-
drogenated epitaxial graphene and graphene nanoribbons. In this
chapters, the experimental techniques used to investigate different
properties of the samples will be introduced. First, the technique of
atomic force microscopy will be introduced and elucidated. A num-
ber of techniques derived from atomic force microscopy will then also
be introduced. Lastly, the technique and theory used to investigate
the transport properties of graphene nanoribbons will be explained.

3.1 atomic force microscopy

In order to observe structures smaller than resolvable with the human
eye, traditionally optical microscopes have been used. For features
smaller than the wavelength of light, scanning electron microscopy
can be used. In the case of atomic structures such as graphene, a
different technique is required to observe the surface. Atomic force
microscopy (AFM) is a surface probing technique derived from scan-
ning tunneling microscopy (STM), introduced in 1986 by IBM scien-
tists Binnig, Quate and Gerber [26]. In this section, the main operating
principles of AFM will be introduced.

3.1.1 The physics of a cantilever

The basic principle behind AFM is a microscopically sharp needle at-
tached at the end of a bendable cantilever. When the tip of the needle
is dragged across the investigated surface, the movement of the can-
tilever provides information about the height profile of the surface.
The cantilever deflection is usually measured optically, by detecting
laser deflection off the cantilever with a four-quadrant photodiode.
Dragging a needle across a hard surface such as a metal or semicon-
ductor will result in substantial wear of the sharp needle, which is
usually made of silicon. In order to prevent wear on the tip, another
modus operandi is commonly used for investigation of hard surfaces.
In this mode, the non-contact mode, the cantilever is oscillated at a
resonance frequency. The needle is brought in close proximity of the
sample, not touching it however. Evaluating the equation of motion

29
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Figure 19: Schematic overview of the cantilever of an atomic force micro-
scope. In this figure, A is the amplitude of the cantilever oscilla-
tion. d is the minimum tip-sample distance and z0 is the mean
tip-sample distance, or the equilibrium position of the tip.

of the cantilever and needle, while taking into account the tip-sample
interaction results in the following equation:

m

[
z̈(t) +

ω0
Q
ż(t)

]
= kA(t) − kz(t) + Fts [z0 + z(t)] . (13)

In this equation, m represents the mass of the tip, z(t) the distance
of the tip to the equilibrium position z0, k the spring constant of the
cantilever, Fts represents all the forces of the sample on the tip and
Q is a cantilever property called the quality factor describing the rel-
ative loss of energy to damping. In order to obtain information on
the topology, there are basically two possibilities. By fixing the driv-
ing frequency and -amplitude, the actual oscillation amplitude of the
cantilever and the phase difference between the driving signal and the
cantilever resonance will be changed by external forces. This mode of
operation is denominated amplitude modulated AFM, or AM-AFM.
If the driving signal is continuously adapted such that the cantilever
resonance amplitude is constant, the resonance frequency of the can-
tilever shifts under influence of external forces. In this mode, called
frequency modulated AFM (FM-AFM), the frequency shift signal is
then used for feedback. In this study, all data were obtained with FM-
AFM techniques, so in the rest of this section only FM-AFM will be
considered.
By applying first order perturbation theory to Equation 13, the rela-
tion between the external force on the tip and the resulting eigenfre-
quency shift can be derived [27]. For FM-AFM, the frequency shift
is directly related to the average of the force over one period of the
cantilever oscillation:

∆f = −
f0
A2k

〈Fts(t) · z(t)〉 . (14)

In frequency modulation mode, the frequency shift is used as a mea-
sure for the forces acting on the tip. With a feedback loop, the tip can
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Figure 20: The Lennard Jones potential, which is a model for the potential
of two noble gas molecules approaching each other. The region
in which an AFM tip is typically operated is indicated in red.
Adapted from [27].

be held at a constant height from the surface when a laterally uniform
potential is assumed.

3.1.1.1 Tip-sample forces

When the tip approaches the sample, forces act between the tip and
the sample. The forces on the tip can be separated in two main com-
ponents: the Van der Waals dipole interaction between the tip and the
sample, and the force due to Pauli repulsion. A model for the poten-
tial of two noble gas molecules as function of the separation is the
Lennard Jones potential:

ULJ = 4U0

[(
Ra

r

)12
−

(
Ra

r

)6]
(15)

which is plotted in Figure 20. In this expression, Ra is the distance
at which the potential is zero. The attractive Van der Waals force is
approximated with the r−6 term, while the repulsive forces are repre-
sented by the r−12 term. The potential has a minimum, as is apparent
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Figure 21: The frequency shift of an AFM tip plotted as a function of rela-
tive distance as it approaches the surface. The frequency shift is
proportional to the force on the tip.

from the plot. The minimum divides two regimes, the attractive and
the repulsive regimes. At the minimum, the sign of the force changes.
The Lennard-Jones potential can also be used to describe the potential
of the tip approaching the sample. The force on an AFM tip as func-
tion of the distance to the surface results in a comparable curve, as is
shown in Figure 21. From the minimum of this curve an estimation
for the mean tip-sample distance can be made since the minimum is
approximately 1 nm removed from the surface.

3.1.2 qPlus sensors

Where the traditional AFM tips and cantilevers are made of silicon,
an alternative material can be found in quartz. Quartz sensors offer
high Q-factors and exhibit the piëzo-electric effect. This means that
the movements of a quartz cantilever can be detected as a voltage
across the cantilevers, rather than using an optical detection method,
which simplifies the experimental setup in vacuüm significantly. A
quartz sensor was introduced by Franz Giessibl in 1996, based on the
quartz tuning fork as found in pocket watches. This sensor variant
was dubbed qPlus after the high Q-factor and consists of a quartz
tuning fork of which one prong has been glued to a ceramic base.
A tungsten or platinum tip is glued to the other prong, electrically
isolated from the prong but contacted separately. The advantage of



3.2 electrostatic force microscopy 33

Figure 22: A photo of a qPlus sensor on a tip mount. Photo by Omicron
GmbH.

having a separate contact for the tip is that the sensor can simultan-
iously be used for scanning tunneling microscopy measurements. The
sensor features Q-factors of up to 20.000 where traditional silicon can-
tilevers go up to 2.000, and has therefore been used to obtain atomic
resolution imaging on different surfaces [28]. Since the scanning time
in AM-AFM mode increases linearly with the tip quality factor [28,
chapter 6], measurements with a qPlus sensor are performed almost
exclusively in FM-AFM mode. An example of such a sensor is shown
in Figure 22.

3.2 electrostatic force microscopy

In addition to Van der Waals forces and Pauli exclusion forces, forces
of electric or magnetic nature could act between the tip and the sam-
ple. Measuring magnetic or electric forces could provide information
on the sample surface. In order to verify the presence of charge on a
sample surface, the electrostatic interaction between tip and sample
in an electrostatic force microscopy (EFM) experiment can be inves-
tigated. In this section, a simple model for the interaction between
fixed charges on a metal and a metallic AFM tip is introduced and a
simple model to calculate the capacitance of the system is considered.
A metallic sample is considered, with a fixed point charge q0 located
on a thin insulating layer on top of the metal. A bias voltage is ap-
plied between the tip and the metallic layer. When an AFM tip is
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brought in the vincinity of the surface, the energy associated with the
capacitance between the metallic layer and the sharp tip is given by

W = −
1

2
CV2 (16)

where V is the voltage across the tip and the sample and C is the ca-
pacitance of the system, which is discussed further on in this section.
From this energy, the force on the tip can be derived:

FE = −
1

2

dC

dz
V2. (17)

This force attracts the tip towards the sample to minimize the energy
associated with the capacitance. The bias applied between the tip and
the sample induces a charge in the tip qV = CV . Furthermore, the
metallic tip screens the localized charge q0, inducing a mirror charge
in the tip. The total charge in the tip is thus qV − q0. The magnitude
of the Coulombic force associated with these charges is given by

Fcoulomb =
1

4πε0z
2
0

(q20 + q0qV) (18)

where z0 gives the distance between the apex of the tip and the sur-
face. For qV > −q0, the force attracts the tip towards the sample. The
total force that the metallic layer with a point charge on it exerts on
the metallic tip thus becomes

FTS = −
1

4πε0z
2
0

[
q20 + q0VC

]
+
1

2

dC

dz0
V2. (19)

In an FM-AFM setup, the frequency shift of the cantilever is directly
related to the time weighted average of the force on the tip as given by
Equation 14. Therefore, measuring the frequency shift as a function
of the bias voltage should result in a parabola. The parameters of this
parabola ∆f = aV2 + bV + c are given by

a = −
f0
A2k

1

2

〈
z
dC

dz0

〉
t

(20)

b = −
f0
A2k

q0
4πε0

〈
zC

z20

〉
t

(21)

c = −
f0
A2k

q20
4πε0

〈
z

z20

〉
t

. (22)

The localized charge could thus be calculated from a fit if the capaci-
tance of the system is known.
In this model, the sample has been assumed to be metallic. In this
study, epitaxial graphene on silicon carbide is investigated. The graphene
could be considered quasimetallic. The silicon carbide is however an
insulator with a dielectric constant of εr = 10. When a charge is
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located on a dielectric, the dielectric material will polarize. In a ho-
mogeneous, isotropic medium the polarization of a dielectric due to
an external field is given by

~P = χε0~E (23)

where χ is the electric susceptibility defined from the permittivity
as χ = εr. Due to the polarization of the dielectric, an electric field
~EP = −~P/ε0 is generated in the opposite direction of the external
field. This implies that when a charge is placed on a dielectric, a
charge distribution is induced in the dielectric. This charge distribu-
tion will slightly screen the charge placed on the dielectric, meaning
that a localized charge q0 placed on a dielectric will result in a lower
effective charge

qeff = q0

(
1−

εr − 1

εr + 1

)
, (24)

which in the case of screening by silicon carbide is about 0, 18q0.
Metal will however screen the charge from the dielectric, preventing
this effect. In practice, the surface will be a non-homogeneous mix of
metallic and non-metallic contributions.

3.2.0.1 The capacitance of an AFM tip and a metallic surface

The capacitance of the tip and the metallic parts of the sample sur-
face play a large role in the interaction between a metallic surface
with a fixed charge and a metallic AFM tip. In appendix A, a simple
model for the capacitance of a sphere in the vincinity of an infinite
metal sheet is elucidated. From this model, a simple expression can
be derived for the relation between the capacitance and the distance
between the sphere and the sheet:

C(z0) = C0
1

zn0
, (25)

where n is a number slightly depending on the distance between the
sphere and the sheet, being 1 for z0 → ∞ and about 1,2 for realistic
distances of z0 = 5nm. C0 is a factor that depends on the size of
the sphere. The model differs from reality in the aspect of tip geom-
etry and the assumption of an infinite metallic layer. In reality, the
tip apex will be jagged and rough, possibly not even spherical. The
surface will be a quilt of more and less metallic patches. Metallicity
of the surface will greatly affect the capacitance, which drops drasti-
cally if the infinite sheet is partly insulating. The crude model will be
assumed to be correct in its relation between the capacitance and the
tip-sample distance.
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3.3 kelvin probe microscopy

Kelvin probe microscopy is a technique to measure the local contact
potential. It involves modulating the bias voltage in an EFM experi-
ment:

Vbias = VDC + VACsin(2πωt), (26)

using a lock-in amplifier to detect changes in the frequency shift. By
substitution of this expression for the bias voltage in the expression
for the electrostatic force on the tip, Equation 35, the force can be sep-
arated in time-dependent and -independent components. The part
independent of ω, the component dependent on ω and the term de-
pendent on the first harmonic, 2ω, are as follows:

FDC = −
1

4πε0z
2
0

[
q20 + q0VC

]
+
1

2

dC

dz0

(
V2DC + V2AC

)
(27)

Fω =

(
q0
4πε0

C

z20
+
dC

dz0
VDC

)
VAC sin 2πωt (28)

F2ω = −
1

4

dC

dz0
V2AC cos 2π2ωt. (29)

Thus, the signal detected by the lock-in amplifier at the modulation
frequency scales with the applied AC voltage, the localized charge,
and the capacitance and its derivative. The measured signal is essen-
tially a small part of the parabola describing the frequency shift as
function of the bias voltage, at voltages between VDC±VAC. The sig-
nal measured by a lock-in amplifier corresponds with the mean slope
of the measured fraction of the parabola, as is schematically displayed
in Figure 23. In a Kelvin probe experiment, the lock-in signal is fed
into a PID-controller, which adapts the DC component of the bias
voltage such that the lock-in signal is zero. The DC voltage at that
point corresponds to the top of the parabola. Then Fω = 0, so that
q0
4πε0

C
z20

= − dCdz0VDC. The DC component of the bias voltage is at that
point related to the localized charge as follows:

|VDC| =
q0
4πε0

C

z20

(
dC

dz0

)−1

. (30)

This means that the Kelvin probe technique could be used to measure
the localized charge while performing an AFM measurement. Since
this is a lock-in technique, the noise should be considerably less, com-
pared to EFM measurements. Additionally, in order to calculate the
amount of localized charge present on the surface, it is not necessary
to know the value of measurement parameters such as f0, k, and A,
unlike EFM measurements.
However, the potential V across the tip and the sample is not solely
dependent on the applied voltage but also on an intrinsic material
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Figure 23: Kelvin probe microscopy is essentially scanning a fraction of the
∆f(V) parabola, at voltages between VDC±VAC. The signal mea-
sured by a lock-in amplifier corresponds with the means slope of
the measured fraction of the parabola.

property called the contact potential: V = VTS+VCPD. In some metal-
lic systems, the contact potential scales with the work function, where
the Kelvin probe technique can thus be used to locally measure the
work function of the sample [27, chapter 9]. The presence of localized
charge on the surface of a quasimetallic material such as graphene
could have an influence on the contact potential difference. This means
that without knowing the relation between a localized charge and the
change of the local contact potential, it is impossible to calculate the
exact amount of localized charge from either EFM- or Kelvin probe
measurements, but the presence of local electrostatic effects can be
proven with both techniques.

3.4 four point probe resistance measurements

In order to measure an Ohmic electric resistance, a voltage V can be
applied across the resistance. By measuring the current through the
resistance and applying Ohm’s law

R =
V

I
, (31)

the resistance can be determined. Running a fixed current through
the resistance and measuring the voltage across it yields the same
result. In practice, the voltage or current source and the current or
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Figure 24: The measurement configurations for two- and four point resis-
tance measurements.

voltage meter are often connected to the resistance with the same
leads, as is shown in Figure 24a. If the contact with the resistance to
be measured has a resistance, the contact resistance will be in series
and will be added to the total resistance measured. The current is run-
ning through the contact resistance, causing a voltage drop across the
resistance. The voltage across the resistance to be measured is lower
than the voltage measured, thus causing the calculated resistance to
be higher than it truly is. Using two leads to measure a resistance is
henceforth called a two point measurement.
By connecting the leads of a current source and a voltage meter to the
resistance individually, as is shown schematically in Figure 24b, false
measurements can be prevented. This way, a current I runs through
the resistance to be measured. No current runs through the voltage
leads, thus no voltage drops across the contact resistance of the volt-
age leads. The voltage measured in this situation is exactly the volt-
age across the resistance to be measured, so that the resistance is
calculated correctly. This method is known as a four point or a four
terminal measurement.
In this study, resistance measurements are performed on graphene
nanoribbons in order to determine their transport properties. Since
the ribbons have a nominal width of 40 nm, macroscopic contacts
can not easily be made. The measurements were instead performed
with a four probe STM system, which is essentially an STM system
with four tips that can be controlled individually. A scanning elec-
tron microscopy (SEM) is present in most of these systems in order to
roughly position the STM tips.
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(a) Two point (b) Four point

Figure 25: The measurement configurations for measuring the resistance of
a graphene nanoribbon with a four probe STM system in two
point and four point configuration. The tips are placed along a rib-
bon and the resistance is measured by running a current through
the ribbon while measuring the voltage across it. This can be done
in two different ways, the advantage of the four point configu-
ration being that the contact resistance between the tip and the
sample surface is eliminated.

To measure the resistance of a ribbon, four tungsten STM tips are posi-
tioned over the ribbon with the aid of a scanning electron microscope,
as is shown in Figure 26 in Chapter 4. The tips are then brought in
tunneling contact, less than 1 nm above the surface. The current due
to electrons tunneling from the sample surface to the tip is measured,
and the tip is kept at such a height that a tunneling current of 1 pA is
maintained. In order to make an Ohmic contact, the feedback loops
are turned off and the tips are all lowered a few nanometers until the
surface is contacted. The resistance across two tips can be measured
to verify Ohmic contact. At this point, four tips are positioned along
the ribbon, as is shown in Figure 25a.
To perform a two point resistance measurement between two of the

four tips, the current is sent through these two tips, across which
also the voltage V2pp is measured. This is shown schematically in
Figure 25a. The resistance in this case is defined as R2pp =

V2pp
I . As

discussed previously, the resistance measured in this configuration
is the sum of the resistance of the ribbon, and the contact resistance.
Any two tips can be used in this configuration. The two remaining
tips can be lifted from the surface to assure the surface is not influ-
enced.
To perform a four point resistance measurement, all four tips are used.
A current I is sent through the two outer tips, while the voltage V4pp
over the two inner tips is measured. This is shown schematically in
figure Figure 25b. The resistance R4pp of the wire in this configura-
tion is defined as R4pp =

V4pp
I .
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E X P E R I M E N TA L R E S U LT S

Electrostatic force microscopy- and Kelvin probe measurements have
been performed on hydrogenated epitaxial graphene. Furthermore,
the transport properties of graphene nanoribbons have been investi-
gated. In this chapter, the experimental results of these experiments
are shown and discussed.

4.1 the role of edges in electronic transport of graphene

Four-point probe scanning tunneling microscopy measurements have
been performed on sidewall-grown graphene nanoribbons. As de-
scribed in chapter 3, transport measurements can be performed with
four STM tips. Four Tungsten STM tips have been positioned over a
ribbon that is suspected to have ballistic properties with the aid of a
scanning electron microscope as is seen in Figure 26. The tips were
then brought in tunneling proximity, less than 1 nm above the surface.
The feedback loops were turned off and the tips were lowered for a
few nanometers, bringing the tips onto the ribbon in Ohmic contact.
Resistance measurements have then been performed at a tempera-

ture of 115K in both two and four point configuration, a schematic
overview of which is shown in Figure 25b. As discussed in chapter 2,
the contact resistance vanishes in four point configuration.

In Figure 27a, the voltage V2pp measured in two point has been
plotted against the current. The graph is not linear as expected but
shows diode-like characteristics instead. The graph has been fitted
with a linear function around 0 V and from the slope of the fit can
be concluded that the resistance at this point is 90kΩ. The resis-
tance is almost seven times the resistance quantum R0, which would
be expected based on Landauer theory for one channel. Both the
highly nonlinear characteristics and the high resistance indicate that
the transport measured through the GNR is not ballistic.

In Figure 27b, the results of the resistance measurement in four
point configuration are shown. The injected current is plotted versus
the measured voltage V4pp. In contract to the two point resistance
measurement, this measurement shows a highly linear behavior. The
data have been fitted with a linear function to obtain a value for the
resistance R4pp = 97Ω. This value is significantly smaller than the re-
sistance measured in two point configuration, indicating that the con-
tact resistance plays a large role in the two point measurements. The
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Figure 26: An SEM image of the four STM probes contacting a graphene
nanoribbon. The STM tips appear white due to their metallic-
ity, the substrate is a darker shade and the ribbon appears even
darker. A darker square can be observed due to charging effects
from a previous measurement.

two point resistance R2pp is orders of magnitude larger than R4pp.
Since the contact resistance vanishes in the four point configuration,
the drastic change in resistance measured in the two configurations
suggests that the resistance measured in the two point probe config-
uration is mainly contact resistance. The low resistance value in the
four point probe configuration thus purely represents the resistance
of the ribbon itself. As shown with a short calculation in Section 2.2.1,
a resistance of 97Ω can never be caused by classical scattering of the
carriers since the resistance would be ten orders of magnitude higher
in that case. In Section 2.2.2.3, it is shown that in the case that a ribbon
is coupled to the substrate, many localized states could appear. In the
case that the ribbon contains many of these localized states acting as
quantum conductors with a resistance of R0, the resistance could also
drop far below the resistance of a single quantum channel. However,
a quick calculation shows that the resistance in this case would also
be orders of magnitude higher. If a channel is 5 Å wide, 100 of these
channels fit on a 50 nm wide ribbon. Contacting all these channels
in parallel yields a resistance of R0/100 = 258Ω, which is still higher
than the observed resistance. From the low resistance value can thus
be concluded that almost no scattering of the carriers in the ribbon
takes place, so transport through the ribbon is ballistic.
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(a) Two point (b) Four point

Figure 27: The results for two and four point probe resistance measurements.
The data have been fitted with a linear function, from which the
resistance has been calculated.

4.1.1 Discussion and validity

Summarized, the measured resistance of a graphene nanoribbon re-
duces by almost three orders of magnitude when going from two
to four point resistance measurement. This indicates that the resis-
tance measured in two point configuration is caused by the probe
contacts rather than the ribbon. In the four point resistance mea-
surement configuration, the resistance of the contacts is eliminated.
The measured resistance can only be attributed to the ribbon. This
gives evidence that the ribbon forms a quantum conductor, where al-
most no charge carrier scattering takes place and thus that transport
through the ribbon is ballistic. The phenomenon of the contact resis-
tance vanishing in four-point configuration has been observed before
in GaAs nanowires [29]. As concluded by De Picciotto, the influence
of the probes on the system plays a large role. The contact resistance
only vanishes when the voltage probes do not disturb the wire, while
the resistance hardly changes between the two and four point config-
urations when the voltage probes influence the system. A measure of
influence of a probe on the system is the invasiveness P of the probe,
which is a number between 0 and 1. P = 1 indicates full invasiveness,
while P = 0 means that the probe is completely non-invasive, leaving
the system undisturbed when a probe is applied. A four point mea-
surement with full invasive probes essentially divides the ribbon into
three pieces by disturbing the ribbon with the probes. If the ribbon is
disturbed not only the current contacts cause a resistance, but also the
voltage probes, defeating the purpose of a four point resistance mea-
surement since the contact resistance is not eliminated in this case.
Invasiveness scales with the Landauer transmission T of the system:

P ∝ T ∝ R4pp/R2pp (32)
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where R2pp and R4pp are the resistances measured across the system
in two point and four point resistance measurement configurations,
respectively.
The difference between two and four point resistance measurements
shows that the resistance of the system originates from the contacts
between the probes and the ribbon. Tungsten tips have been used to
contact the ribbon in the experiment, the surface of which is known to
oxidize heavily. The tips have not been treated to prevent or counter
this. The thin tungsten oxide layer between the metallic tip and the
ribbon may form a Schottky-like barrier, which could also explain the
diode-like current-voltage curve measured in two point configuration.
Such an energy barrier would lead to a tunneling contact between the
tip and the sample, causing the transport to be quantized with a low
transmission probability. Although the localized edge states suggest
that transport could be enabled through a single channel, as is eluci-
dated in the previous chapters, this is in practice hard to verify. The
tip radius of the STM tips used to contact the ribbon is estimated from
SEM measurements to be in the order of 50 nm. This is as broad as the
entire ribbon, making it impossible to say whether only one edge has
been contacted. As suggested by the results obtained from the tight
binding model introduced in chapter 2, there may even be multiple
closely separated, topologically protected, localized states present on
one edge. In previous studies by Baringhaus et al., quantized resis-
tances of R0/2 and R0 have been measured across the ribbon, which
leads to the conclusion that two and one quantum conduction chan-
nels are involved. It is possible that in the presence of the voltage
probes in four point resistance measurement configuration, the rib-
bon is gated in such a way that the previously mentioned additional
localized states are involved in the transport, leading to a lower resis-
tance in this measurement configuration. As discussed earlier in this
section however, the spatial density of these states would have to be
unrealistically high to obtain resistance values of the order of 97Ω.
This is the first time that a vanishing contact resistance has been ob-
served in a graphene nanoribbon. Prior measurements by Baringhaus
et al. show a quantized resistance of 2R0 in four point configuration
[11, 12]. It is suspected that these measurements have been performed
by contacting the tips so forcefully that a truly Ohmic contact has
been made, heavily increasing the transmission probability between
the tip and the nanoribbon. This would increase the invasiveness of
a tip. The transition from two to four point measurement would thus
disturb the ribbon, explaining why a quantized nonzero conductance
has been observed.
In the four point measurement configuration, a resistance of R4pp =

97Ω remains where a resistance of 0Ωwould be expected if absolutely
no carrier scattering takes place, in the case of purely ballistic trans-
port through the ribbon. This could be attributed to any of the volt-
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age probes not being fully noninvasive, so that the ribbon is slightly
disturbed and a small fraction of the contact resistance will still ap-
pear in the four terminal resistance measurement. By performing the
measurements at a temperature of 115 K conduction of the substrate
is ruled out as any doped-in carriers in the insulator SiC are com-
pletely frozen in at that temperature. Resistance measurements have
also been performed on the substrate, indicating a resistance of at
least three orders of magnitude higher than the resistance measured
on the ribbon.
In the future, transport measurements should also be performed at
low temperatures to investigate the nature of the observed ballistic
transport through graphene nanoribbons. Multiple sources predict
spin-polarized transport through these localized channels from dif-
ferent models and simulations [30, 31, 32, 21, 10]. This would be
highly interesting to investigate experimentally, which is planned to
be done by the author. Spin-polarized measurements and low temper-
ature measurements may elucidate the origin of the transport, which
could be taking place through multiple localized channels which may
be or may not be interacting, or could even be governed by more ex-
otic phenomena such as Luttinger liquids.

4.2 influence of hydrogen on electronic structure of
graphene

4.2.1 Electrostatic Force Spectroscopy measurements

Atomic force microscopy measurements have been performed on hy-
drogenated epitaxial graphene in order to obtain information about
the graphene topology. These measurements confirm that structures
appear, both round shaped and fractal shaped structures are present
on the sample, as is visible in the AFM height data as shown in figure
28. On the same area, electrostatic force microscopy measurements
have been performed to investigate whether or not these structures
contain a charge. At each measurement point, the tip was set at the
setpoint used to set the feedback for obtaining the height data. Then,
a bias voltage was applied between the tip and the sample, which was
then sweeped from -500 mV to 850 mV while the resonance frequency
of the cantilever is measured. As is expected from theory explained
in Section 3.2, the frequency shift as function of bias voltage forms a
parabola. A typical parabola is shown in Figure 29 b. The parabola
at each point is fitted with a second degree polynome, of which the
position of the top (Vtop, Ftop) is calculated. These values are plotted
in Figure 29 c and d, respectively. Hence, these plots indicate a hori-
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(a) 1 µm x 1 µm (b) 200 nm x 200 nm

Figure 28: Height data of hydrogenated epitaxial graphene obtained with
AFM at two different magnifications. Structures with a height of
a few nm’s are observable. 256 x 256 pts, f0 = 26,240 kHz, ∆fset
= - 2,5 Hz.

zontal and vertical shift of the parabola.

∆f(x,y) = c+ bVbias + aV2bias. (33)

The horizontal and vertical positions of the maximum of the fitted
parabola are calculated and both are shown respectively left and right
of the height data in Figure 29. In Section 3.2, a model for the elec-
trostatic tip-sample interaction was discussed. Based on the model,
the presence of a localized charge is expected to lead to a shift of
the ∆f(Vbias) parabola. The parameters c and b scale with q2s and
qs, repectively. The parabola however has an intrinsic offset in both
horizontal (voltagewise) and vertical (frequencywise) directions. The
vertical offset is given by the setpoint of the height feedback loop
while the horizontal offset is given by the surface potential, as was
discussed in Section 3.2. Due to these offsets, it makes more sense
to look at a shift of the parabola rather than the absolute values of
the fit parameters. In the figures, lighter colors indicate a shift of the
maximum of the parabola to a higher voltage and a lower frequency,
respectively.
Considering the AFM height data in Figure 29, a number of higher

structures can be observed. These structures correspond in size and
in height with the island-like structures shown in Figure 28. The struc-
tures have a lateral size in the order of 10 nm and a height of roughly
1 nm. In the height data, the structures have a clear contrast with
the rest of the surface and a shift of the spectroscopy parabola is ex-
pected at these structures in the case localized charges are present,
based on the electromagnetic interaction model. The fitted EFM spec-
troscopy data however shows a much less clear contrast. When the
spectroscopy fit data is compared to the height data, some of the struc-
tures visible in the height data can also be observed in the plots of the
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(a) Height (b) ∆f(V)parabola

(c) Voltage shift (d) Frequency shift

Figure 29: A hydrogenated surface investigated with EFM. The top left plot
displays the AFM height data. At a subgrid, an EFM ∆f(V) spec-
troscopy curve is measured. Such a curve is shown in the top
right figure. Each curve is fitted with a second degree polynome,
of which the position of the top (Vtop, Ftop) is then calculated.
The horizontal and vertical locations of the top of the parabola
are shown in the bottom left and bottom right figures, respec-
tively. In these plots, lighter colors indicate a shift of the parabola
to higher voltages and higher frequencies, respectively. AFM data
128 x 128 pts, height feedback done with f0 = 26,240 kHz, ∆fset
= -2,3 Hz. EFM spectroscopy curves were measured at a subgrid
of 32 x 32 pts.
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parabola shift. For example, the large structure visible in the top mid-
dle of the height data results in features in the voltage and frequency
shift data with a higher contrast than the surroundings in the corre-
sponding region. The features in the spectroscopy data are however
not uniformly colored features with a clear contrast, as was expected
from the electrostatic model. The regions in the frequency shift data
that correspond to the low regions in the AFM height plot are uni-
formly colored. The corresponding regions in the voltage shift plots
are also fairly uniform, but here the bottom region appears brighter
than the top region. The regions in both spectroscopy plots that cor-
respond to the islands in the AFM data show both darker and lighter
spots when compared to the regions corresponding to dark regions
in the height plot. The islands thus result in both a horizontal shift
and a vertical shift, to both higher and lower values as compared to
regions off the islands. On an island a shift of the parabola to higher
voltages and lower frequencies than off the islands is expected, but
also shifts in the opposite directions are observed. This could be ei-
ther due to noise, or due to an electrostatic phenomenon that is not
expected from the model, e.g. dynamic effects of a contained charge
liquid. Kelvin probe measurements have been performed to eliminate
noise. These measurements are discussed in the next section, after
which the measurements of both methods are compared in order to
draw a conclusion.

4.2.2 Kelvin probe measurements

As discussed in Chapter 3, modulating the gap voltage with an al-
ternating voltage in an EFM experiment allows the measurement of
the local surface potential. Since the Kelvin probe setup minimizes
the first harmonic of the modulated ∆f(V) signal, the Kelvin DC
bias voltage corresponds to the top of the ∆f(V) parabola, as dis-
cussed in Section 3.3. The Kelvin setup is used in this case to track
the horizontal shift of the parabola to obtain information on the elec-
trostatic tip-sample interaction. As discussed in the previous section,
it is suspected that the presence of localized charge on the surface
causes the ∆f(V) parabola to shift horizontally. On the sample dis-
cussed in the previous section, Kelvin probe experiments have been
performed, the results of which are presented in this section. The
experiments have been performed in the same setup used for the pre-
viously discussed EFM measurements. A gap voltage was applied
Vgap = VDC + VAC sin 2πft, where the modulation frequency f = 64
Hz and the modulation amplitude VAC = 0,2 V. The modulation fre-
quency was chosen such, that the crosstalk between the AFM height
feedback loop was minimized, while still high enough to not be com-
pletely compensated by the height feedback. The AFM height image
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(a) Height (b) CPD

Figure 30: The height and contact potential difference of a hydrogenated
graphene surface obtained with Kelvin probe microscopy. Some
regions corresponding to distinct structures in the height plot
have been marked in both plots to emphasize the contrast be-
tween the Kelvin signal on and off the island structures. 128 x
128 pts, f0 = 26,241 Hz, ∆fset = -5 Hz.

and the simultaniously obtained Kelvin signal VDC is shown in fig-
ure 30.
The Kelvin data appears slightly noisy, although a contrast is visible.

The height data shows that the entire surface is covered with struc-
tures resembling the fractal-shaped structures observed previously
in AFM experiments. The structures are roughly 1 nm high and have
lateral dimensions of 10-20 nm, so the dimensions also correspond
to previously observed structures. Although the plot of the Kelvin
data is blurry, some of the features visible in the height data also re-
sult in bright features in the corresponding region of the Kelvin plot.
Some of these features have been marked in both plots to make the
resemblance more clear. The island-like features in the height data
correspond with regions with a higher surface potential, appearing
brighter in the Kelvin voltage plot. The larger dark regions in the
Kelvin data plot correspond with patches of surface where no struc-
tures are visible in the height plot. The difference between the sur-
face potential on the high features and on the rest of the surface is
in the order of 30 meV. This suggests that the strcutures appearing in
the AFM data have a higher local surface potential, which could be
caused by a higher electrostatic potential. The results of the Kelvin
probe experiment and the EFM experiment are compared in the next
section, where also the implications of the contrast of the surface po-
tential between the graphene surface and the structures observed on
it are discussed.
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(a) Off island (b) On island

Figure 31: The height and contact potential difference (CPD) of a hy-
drogenated graphene surface obtained with Kelvin probe mi-
croscopy. Some regions corresponding to distinct structures in the
height plot have been marked in both plots to emphasize the con-
trast between the Kelvin signal on and off the island structures.
128 x 128 pts, f0 = 26,241 Hz, ∆fset = -5 Hz.

4.2.3 Discussion and validity

To summarize, a change in the electrostatic tip-sample interaction is
visible at the island structures on hydrogenated graphene as com-
pared to the interaction measured off an island. In the EFM mea-
surements, this change shows up as a shift of the ∆f(V) spectroscopy
curve, which has been measured at points on a grid across the surface.
The curve has been fitted in order to measure the shift of the parabola
top. The horizontal shift, or the surface potential, is measured with
Kelvin probe, which results in more accurate results due to the use of
a lock-in amplifier. The Kelvin probe experiments show that the sur-
face potential is higher on the islands as compared to the rest of the
surface. The difference of the contact potential on and off an island is
about 30 meV, while the mean horizontal shift of the ∆f(V) curve is
also in the order of 30 - 40 meV. The hypothesis is that the difference
in electrostatic interaction on and off the islands is caused by the pres-
ence of localized charge present on the surface due to the chemical
interaction of adsorbed hydrogen with the epitaxial graphene.
Both the EFM- and Kelvin experiments do not indicate a clear uni-
form change in the contact potential on islands as compared to the
potential as measured on the rest of the surface, although this would
be expected in presence of localized charge from the simple theoreti-
cal description as discussed in Section 3.2. The interaction is however
not solely dependent on the amount of localized charge, but also on
the capacitance of the system, as is apparent from Equation 35 in
Appendix A. A spectroscopy curve measured on an island is shown
in Figure 31a, which appears to be slightly distorted as compared to
a curve measured off an island on the graphene surface, shown in



4.2 influence of hydrogen on electronic structure of graphene 51

A a b c χ2

Corr(A,z) 0.33 -0.16 0.04 0.52

Table 1: The correlation between AFM height data and the different fit pa-
rameters obtained fitting the electrostatic force microscopy data
with 33. Adapted from

Figure 31b. The former curve is not a perfect parabola, which would
imply an increased fit error and consequently introduce noise in the
fit parameter plots. In order to verify this, the correlation between
the fit parameters and the fit error χ2 is calculated according to the
definition

C(A,B) =
∑
i,j

(
Aij − Ā

) (
Bij − B̄

)
σ2A · σ2B

, (34)

where σ2 denotes the standard deviation. The correlations between
the height data and the different fit parameters are shown in Table 1.
From the calculated correlations can be noted that the fit error χ2

correlates positively with the height data. The fit error has a stronger
correlation with the height data than any of the fit parameters, indi-
cating that fit errors are on average higher on points that are higher
in the AFM data. Furthermore, the a-parameter, which describes the
curvature of the fit, also correlates positively with the height data, in-
dicating that the parabola becomes broader on higher features. The
model for the electrostatic interaction between the tip and the sam-
ple as described in Chapter 3 states that the a-parameter depends on
C ′(z). The expressions for the parameters of the ∆f(V) curve in Chap-
ter 3 also state that the b-parameter scales with the localized charge
q0. Calculation of the correlation between the height data and b re-
sults in a very small negative number, indicating that the charge has
not as much effect on the interaction as the magnitude of C ′(z). The c-
parameter, the term of the parabola independent of V, scales with q20.
The correlation between the height data and the c-parameter is 0,04.
That the correlation of the height with the term independent of q0 is
larger than the correlation of the height with the terms depending on
q0 confirms that the observed shift of the parabola is a consequence
of a changing tip-sample capacitance rather than a presence of local-
ized charge.
The Kelvin probe measurements show the voltage at which the top of
the spectroscopy parabola is located, in literature commonly denom-
inated as the contact potential difference. Compared to the data of
the electrostatic force spectroscopy measurements, the Kelvin probe
data shows significantly less noise. This is expected since a lock-in
technique is used. From the model for the electrostatic interaction it
is apparent that the horizontal shift of the parabola, given by c− b2

4a ,
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scales with q2s

(
1−
〈C(z)2〉
〈C ′(z)〉

)
.

Thus, a shift of the parabola could indicate the presence of local-
ized charge on the surface as well as a variation of the local tip-
sample capacitance. Since the simple capacitive model described in
Appendix A only takes localized charge in consideration while leav-
ing the (quasi)free charges in the semimetallic graphene out of ac-
count, it is at this moment not possible to give a relation between
the tip-sample capacitance and the localized charge. However, since
the influence of other parameters on the tip-sample capacitance such
as the tip-sample distance is shown in Appendix A to be relatively
small compared to the influence of localized charge, it is reasonable
to assume that any changes in the capacitance are consequences of
a change in the the charge configuration on the sample surface. In
order to verify the relation between the observed structures and the
local change in contact potential difference, the correlation between
the Kelvin data and the height data is calculated. The correlation be-
tween the plane fitted height- and Kelvin data according to the defi-
nition in Equation 34 has a value of 0.36. The correlation indicates a
positive relation between the height and a positive shift in the contact
potential confirming that any changes in capacitance are linked to the
topological structures observed.

Both EFM and Kelvin probe measurements have been performed
at room temperature in a vacuüm of 8, 5 · 10−9 mbar in an Omicron
setup. Great care has been taken in the elimination of external vibra-
tions. Although with a relatively simple model it is not possible to
verify that the measured changes in tip-sample capacitance are the re-
sult of localized charges, the presence of an electrostatic effect on the
observed structures on hydrogenated graphene has been proven in
this study. In the future, combined STM/AFM measurements could
provide better spectroscopic data on the structures.
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Hydrogenation of epitaxial graphene leads to the appearance of fractal-
like structures in AFM measurements. The nature of these structures
is not understood, since they have a height of 1 nm where structures
with a height of 0,5 Å are expected in the assumption that the struc-
tures consist of atomic hydrogen. In this study, EFM and Kelvin probe
measurements have been performed to investigate whether the un-
expected height is the result of a repulsive electrostatic interaction
between surface charges that are localized to some degree. The mea-
surements show an electrostatic interaction between the structures
and the tip that can be attributed to the presence of charge on the
surface. However, the model used to describe the interaction is too
simple to fully explain the measurements. The model only considers
electrostatic interactions between the tip and the sample, leaving elec-
trodynamics out of account. The charge present on the surface due
to the structures is not necessarily completely localized and could be
present in a more dynamic manner, e.g. analog to a contained electron
liquid. The model could be expanded to also include electrodynamic
effects in order to fully understand the nature of charge present in a
fractal-like shape on hydrogenated epitaxial graphene.
Furthermore, measurements have been performed to investigate lo-
calized electron states appearing near the edges of graphene nanorib-
bons. Transport measurements on these ribbons show extremely low
resistances which are independent of the length of the ribbon. This re-
sistance was shown to originate from the probe contacts rather than
from the ribbon itself, indicating that transport through the ribbon
takes place through quantummechanical channels without any scat-
tering. In previous measurements a different behavior was shown,
which is potentially caused by disturbing the ribbon with the mea-
surement probes. The measurements were compared to band struc-
ture calculations performed with a simple tight binding model. The
model confirms the existence of localized electron states in an ideal
ribbon, although the edges of a realistic ribbon are coupled to a sub-
strate. More localized states appear at higher energies when the con-
nection between the edges and a substrate is modelled. The presence
of these states could be verified experimentally by gating the ribbon.
Also, spin-polarized transport measurements can be performed in or-
der to investigate whether transport is spin-polarized, which could
be interesting both fundamentally and for applications in quantum
computing.
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A S I M P L E T I P - S A M P L E C A PA C I TA N C E M O D E L

When electrostatic effects are investigated in an atomic force microscopy,
it is important to understand the nature of the electrostatic interaction
between the AFM tip and the investigated surface. An atomic force
microscopy experiment in which electrostatic effects are investigated
could for example be an EFM or Kelvin probe experiment. The in-
teraction between a metallic tip and a metallic surface with a fixed
charge on it has been described in Chapter 3. The electrostatic force
on the tip

FTS = −
1

4πε0z
2
0

[
q20 + q0VC

]
+
1

2

dC

dz0
V2, (35)

depends on the capacitance of the system. In this chapter, a simple
model is introduced to calculate the capacitance of an AFM tip above
a metallic surface.

a.1 the model

The AFM tip is approximated with a sphere, since the apex of the tip
is suspected to contribute the most to the capacitance. The surface is
approximated as a metallic sheet extending infinitely in both direc-
tions. The capacitance of the system is defined as the capacitance of
a sphere plus the sphere-plane capacitance. The situation is schemat-
ically drawn in Figure 32. The capacitance is defined as the amount
of charge the system holds when a potential is applied:

C =
Q

V
. (36)

For an isolated sphere, the capacitance can be calculated by taking
the standard expression for the capacitance of two concentric spheres
with radii of a and b respectively:

C = 4πε0
1

1
a − 1

b

, (37)

and then taking the limit for limb→∞. Calculating the limit while set-
ting the diameter of the inner sphere to a = R gives the capacitance
of an isolated sphere Csphere = 4πε0R. The capacitance for the sphere
near an infinite sheet can be calculated by applying Gauss’ law and
calculating the electric field between the sphere and the plate to cal-
culate the charge held by the system:

ΦE =
Q

ε0
, (38)

55



56 a simple tip-sample capacitance model

R

z

Figure 32: A model to approximate an AFM tip above a metallic surface in
order to calculate the tip-sample capacitance. The tip is approxi-
mated with a sphere with radius R, the surface with an infinite
conductive sheet. The tip-sample distance is given by z.
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Figure 33: The capacitance of a conductive sphere near a conductive sheet
calculated as function of the distance between the sphere and the
plane for different sphere radii.

where the electric field flux ΦE is defined as

ΦE =

‹
S

~E · d~A. (39)

The integral can be calculated in a straightforward manner by trans-
forming the problem to a spherical coördinate system, taking the ori-
gin on the sheet directly underneath the sphere. This is extensively
described by Joseph M Crowley [33]. The result is a sum:

C = 4πε0R

∞∑
n=2

sinhα
sinhnα

, (40)

with

α = ln 1+
z

R
+

√
z2

R2
+ 2

z

R
. (41)

Since the sum converges, it can be calculated with an arbitrary pre-
cision. Then, C(z) and C ′(z) can be calculated for arbitrary tip radii.
The capacitance has been plotted for different tip radii in Figure 33.
An AFM tip has a typical distance of 1 - 5 nm to the surface during
measurements. In this regime, the relation between the capacitance
and the tip-sample distance can be approximated with a z−1 relation
[34].
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A typical AFM tip does not look anything like a perfect sphere and a
typical surface is not an infinite metallic sheet, so the model will be
too simple to describe a realistic AFM experiment. It does however
give an insight in the tip-sample distance dependency and the order
of magnitude of the capacitance. More complex and accurate models
have also been shown [35, 36].
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M. Burghard, J. Aarts, and C. F. J. Flipse. Interface-Induced
Room-Temperature Ferromagnetism in Hydrogenated Epitaxial
Graphene. Physical Review Letters, 111(16):166101, oct 2013.

[5] A. Najafi, M. Knoester, V. Juricic, M.Ridane, N. de Vries, R.E.S.
Schoo, C. Morais Smith, and C.F.J. Flipse. The fractal behaviour
of electrons in hydrogenated graphene. To be published, 2017.

[6] M. Ridene, A. Najafi, I. Iezhokin, and C. F. J. Flipse. Origin
of room-temperature ferromagnetism in hydrogenated epitaxial
graphene on Silicon Carbide. To be published, 2017.

[7] Mitsutaka Fujita, Katsunori Wakabayashi, Kyoko Nakada, and
Koichi Kusakabe. Peculiar Localized State at Zigzag Graphite
Edge, 1996.

[8] F. Muñoz-Rojas, D. Jacob, J. Fernández-Rossier, and J. J. Palacios.
Coherent transport in graphene nanoconstrictions. Physical Re-
view B, 74(19):195417, nov 2006.

[9] Oleg V. Yazyev, Rodrigo B. Capaz, and Steven G. Louie. Theory
of magnetic edge states in chiral graphene nanoribbons. Physi-
cal Review B - Condensed Matter and Materials Physics, 84(11):1–5,
2011.

[10] J. L. Lado, N. García-Martínez, and J. Fernández-Rossier. Edge
states in graphene-like systems. Synthetic Metals, 210:56–67, 2015.

[11] Jens Baringhaus, Frederik Edler, and Christoph Tegenkamp.
Edge-states in graphene nanoribbons: a combined spectroscopy
and transport study. Journal of Physics: Condensed Matter,
25:392001, 2013.

[12] Jens Baringhaus, Ming Ruan, Frederik Edler, Antonio Tejeda,
Muriel Sicot, Amina Taleb-Ibrahimi, An-Ping Li, Zhigang Jiang,

59



60 bibliography

Edward H Conrad, Claire Berger, Christoph Tegenkamp, and
Walt A de Heer. Exceptional ballistic transport in epitaxial
graphene nanoribbons. Nature, 506(7488):349–54, 2014.

[13] A. Rycerz, J. Tworzydło, and C. W. J. Beenakker. Valley filter and
valley valve in graphene. Nature Physics, 3(3):172–175, 2007.

[14] A.K. Geim and K.S. Novoselov. The rise of graphene. Nat. Mater.,
pages 183–191, 2007.

[15] Daniela Dragoman and Mircea Dragoman. Quantum logic gates
based on ballistic transport in graphene. Journal of Applied
Physics, 119(9):094902, mar 2016.

[16] Guo-Ping Guo, Zhi-Rong Lin, Tao Tu, Gang Cao, Xiao-Peng Li,
and Guang-Can Guo. Quantum computation with graphene
nanoribbon. New Journal of Physics, 11(12):123005, dec 2009.

[17] Mikhail I. Katsnelson. Graphene: carbon in two dimensions. Ma-
terials Today, 10(1-2):20–27, 2007.

[18] Rupali Kundu. Tight binding parameters for graphene. ArXiv,
page 8, 2009.

[19] A. K. Geim. Graphene: Status and Prospects. Science,
324(5934):1530–1534, jun 2009.

[20] P. O. Lehtinen, A. S. Foster, A. Ayuela, A. Krasheninnikov,
K. Nordlund, and R. M. Nieminen. Magnetic Properties and Dif-
fusion of Adatoms on a Graphene Sheet. Physical Review Letters,
91(1):017202, jun 2003.

[21] Chenggang Tao, Liying Jiao, Oleg V. Yazyev, Yen-Chia Chen,
Juanjuan Feng, Xiaowei Zhang, Rodrigo B. Capaz, James M.
Tour, Alex Zettl, Steven G. Louie, Hongjie Dai, and Michael F.
Crommie. Spatially Resolving Spin-split Edge States of Chiral
Graphene Nanoribbons. Nature Physics, 7(8):616–620, 2011.

[22] Kathryn Todd, Hung-Tao Chou, Sami Amasha, and David
Goldhaber-Gordon. Quantum Dot Behavior in Graphene
Nanoconstrictions. Nano Letters, 9(1):416–421, jan 2009.

[23] J. Baringhaus, J. Aprojanz, J. Wiegand, D. Laube, M. Halbauer,
J. Hübner, M. Oestreich, and C. Tegenkamp. Growth and char-
acterization of sidewall graphene nanoribbons. Applied Physics
Letters, 106(4):043109, jan 2015.

[24] Yuri M Galperin. Quantum Transport, Lecture notes, 1998.

[25] Zhao-dong Chu and Lin He. Crossover from Room-temperature
Double-channel Ballistic Transport to Single-channel Ballistic
Transport in Zigzag Graphene Nanoribbons. pages 1–22, aug
2014.



bibliography 61

[26] G. Binnig, C. F. Quate, and Ch. Gerber. Atomic Force Microscope.
Physical Review Letters, 56(9):930–933, mar 1986.

[27] Voigtlander. Scanning Probe Microscopy. 2015.

[28] S. Morita, R. Wiesendanger, and E. Meyer, editors. Noncontact
Atomic Force Microscopy. NanoScience and Technology. Springer
Berlin Heidelberg, Berlin, Heidelberg, 2002.

[29] R de Picciotto, H L Stormer, L N Pfeiffer, K W Baldwin, and
K W West. Four-terminal resistance of a ballistic quantum wire.
Nature, 411(6833):51–4, 2001.

[30] J. Fernández-Rossier. Prediction of hidden multiferroic order in
graphene zigzag ribbons. Physical Review B - Condensed Matter
and Materials Physics, 77(7):1–5, 2008.

[31] Y. Hancock, A. Uppstu, K. Saloriutta, A. Harju, and M. J.
Puska. Generalized tight-binding transport model for graphene
nanoribbon-based systems. Physical Review B - Condensed Matter
and Materials Physics, 81(24), 2010.

[32] Oleg V. Yazyev. Emergence of magnetism in graphene materials
and nanostructures. Reports on Progress in Physics, 056501:056501,
2010.

[33] Joseph M Crowley. Simple Expressions for Force and Capaci-
tance for a Conductive Sphere near a Conductive Wall. In Proc.
ESA Annual Meeting on Electrostatics, 2008.

[34] John A. Dagata. Scanning force microscopy with applications to
electric, magnetic and atomic forces by Dror Sarid Oxford University
Press, 1991, volume 14. 1992.

[35] Elmar Bonaccurso, Friedhelm Schönfeld, and Hans-Jürgen Butt.
Electrostatic forces acting on tip and cantilever in atomic force
microscopy. Physical Review B, 74(8):085413, aug 2006.

[36] Nina Balke, Stephen Jesse, Ben Carmichael, M Baris Okatan,
Ivan I Kravchenko, Sergei V Kalinin, and Alexander Tse-
lev. Quantification of in-contact probe-sample electrostatic
forces with dynamic atomic force microscopy. Nanotechnology,
28(6):065704, feb 2017.


	Abstract
	Acknowledgments
	Contents
	Acronyms
	1 Introduction
	1.1 The discovery of the 2D crystal graphene
	1.2 Hydrogenation of graphene
	1.3 The role of edges in graphene

	2 Theoretical Notes
	2.1 Graphene: a two-dimensional crystal
	2.1.1 The band structure of graphene
	2.1.2 Tight binding model of graphene
	2.1.3 Growth of epitaxial graphene
	2.1.4 Hydrogenation of graphene

	2.2 Graphene nanoribbons
	2.2.1 Sidewall graphene nanoribbons
	2.2.2 Tight binding model of a graphene nanoribbon


	3 Experimental details
	3.1 Atomic force microscopy
	3.1.1 The physics of a cantilever
	3.1.2 qPlus sensors

	3.2 Electrostatic force microscopy
	3.3 Kelvin probe microscopy
	3.4 Four point probe resistance measurements

	4 Experimental results
	4.1 The role of edges in electronic transport of graphene
	4.1.1 Discussion and validity

	4.2 Influence of hydrogen on electronic structure of graphene
	4.2.1 Electrostatic Force Spectroscopy measurements
	4.2.2 Kelvin probe measurements
	4.2.3 Discussion and validity


	A A simple tip-sample capacitance model
	A.1 The model

	Bibliography

