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Abstract
In this thesis hydrogenated graphene is studied both theoretically and experimentally. (Local)
density of states ((L)DOS) of low coverage (1%) hydrogenated graphene is determined using a
tight-binding model and a Mott-Hubbard-like Hamiltonian. The theoretical model shows that
the midgap state, reported in [2] and [9], can be spin splitted by adding a Coulomb repulsion
U . This results in spin polarised states near the Fermi-level which could be the origin of the
ferromagnetic behaviour that has been recently observed in hydrogenated epitaxial graphene on
SiC[5]. STM images of hydrogenated graphene on 6H-SiC(0001) shows individual bright spots
(typically ∼ 3-5 nm). A side-by-side comparison of AFM and STM measurements shows that
the bright features imaged by STM are visualised as island-like structures in AFM[12]. It can
be concluded that the artificial appearance of these islands structures is a consequence of AFM
tip convolution.

CONTENTS

Contents
1 Introduction

1

2 Theory of hydrogenated graphene
2.1 The theoretical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Theoretical results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3 Fractal growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2
2
4
8

3 Experimental setup
3.1 Growth of expitaxial graphene on SiC . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Hydrogen treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3 AFM and STM setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9
9
10
12

4 Experimental results
4.1 AFM measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 STM measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15
15
20

5 Conclusion

23

References

24

A Supplementary sample information

26

B Additional AFM and STM images

27

C Theoretical background

31

D Additional theoretical results

33

i

1. Introduction
Graphene, a two dimensional layer of carbon, has lately received a lot of interest because of
its peculiar physical properties, such as high conductivity and mobility [1][2]. These physical
properties are strongly affected when adding impurities or adsorbates to graphene. For example, the adsorption of hydrogen atoms on graphene induces a band gap, which is essential for
electronic applications. Recent work has been mainly focused on electronic and transport properties of such a system [3][4]. Besides electronic peculiarities, recent experiments have shown
that hydrogenated epitaxial graphene on silicon carbide (SiC) shows ferromagnetic behaviour
at room-temperature[5]. This property could create possibilities to use hydrogenated graphene
systems for spintronic purposes.
This thesis focuses on the origin of the observed ferromagnetic behaviour and the topography
of hydrogenated epitaxial graphene.The growth of the graphene samples is based on thermal
decomposition on SiC. Hereafter the graphene surface is exposed to atomic hydrogen, which
is produced by leading molecular hydrogen gas through a hot filament. Scanning probe measurements and theoretical (DFT-based) models have shown that the hydrogen atoms prefer to
cluster, forming island-like structures (> 10nm) on top of graphene[10][11][12]. These structures
are possibly related to the ferromagnetic behaviour of hydrogenated graphene. The objective of
this research is to investigate the hydrogen islands in more detail.
In this thesis I show room-temperature AFM and STM measurements of hydrogenated epitaxial graphene on SiC. The side by side comparison of AFM and STM measurements gives
more insight in the topography of hydrogen islands adsorbed on the graphene layer. In addition
this thesis introduces a theoretical model to describe the electronic structure of low hydrogen
coverage graphene. Considering a Mott-Hubbard-like model, the (local) density of states of is
calculated with use of lattice Green’s functions. The theoretical research elucidates the possible
origin of the ferromagnetic behaviour observed in hydrogenated epitaxial graphene on SiC.
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2. Theory of hydrogenated graphene
In this section I will briefly introduce a theoretical model for calculating the local density of states
(LDOS) of hydrogenated graphene inspired by Farjam et. al. [2]. In practice the graphene layer
is covered by multiple hydrogen atoms. However for this first principles model only a single hydrogen adsorbate on a graphene layer is considered. Theoretical results presented in this chapter
only holds for low coverage hydrogen on graphene (≤1%), therefore the interactions between two
hydrogen adsorbates are neglected. An additional parameter U , representing an on-site Coulomb
repulsion is implemented as a first attempt to model the origin of the ferromagnetic behaviour,
which is recently observed experimentally by ref [5].

2.1

The theoretical model

The theoretical model is based on the well-known non-interacting tight-binding model, where
only the π-bands of the graphene and the hydrogen atom adsorbate are taken into account. The
tight-binding model could fit very well for the hydrogenated graphene system, since its bondings
are all strongly directional and covalent. It has been shown by ref [2] that the presence of
hydrogen adsorbates on graphene can induce a sharply peaked midgap state near the Fermilevel in the density of states. From traditional ferromagnetic materials like iron or nickel, it
is known that the combination of narrow banded states near the Fermi-level and a dominant
exchange interaction could lead to ferromagnetic behaviour. With the tight-binding model a
narrow banded peak has been observed in hydrogenated graphene [2], now for modeling the
exchange, which is a result of Coulomb repulsion, it is necessary to introduce a new parameter
U . This U represents an on-site Coulomb repulsion and is added explicitly into the tight-binding
Hamiltonian to model the localised interactions of the π-electrons due to the hydrogen adsorbate.
The Mott-Hubbard-like Hamiltonian in this analytical description is then given by:

H

= H0 + H1 + H2 + U
X †
U
= −t
ci,σ cj,σ − d d†σ dσ − V (c†l,σ dσ + d†σ cl,σ ) + sign(σ) .
2
<i,j>

(2.1)

Here H0 is related to the energy of pure graphene, given by a sum which includes all pairs of
neirest-neighbour carbon atoms. H1 describes a single isolated hydrogen atom, H2 expresses the
hybridisation energy and U represents the on-site Coulomb repulsion. Furthermore c†i (ci ) and
d† (d) are creation (annihilation) Fermi operators for the carbon and hydrogen atoms respectively.
σ reflects the spin state (+ or -), spin up or spin down. The site i = l represents the host site, this
is the site where the hydrogen atom is located. The energy parameters t, d and V are obtained
from first-principles band structure computations. The (numerical) values of these parameters
2
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t
are given by: t=2.6 eV, d = 16
and V = 2t[16]. The on-site Coulomb term U is a free tunable
parameter, making it possible to calculate the local density of states for varying VU values. This
is a measure of the ratio of Coulomb repulsion to the hybridisation term. The introduction of U
in the model is comparable as in the so-called local density approximation (LDA)+U method.
This method gives a qualitative and quantitative improvement in modeling energy gaps and
interatomic exchange interactions [6].
With both the presence of the narrow banded states near the Fermi-energy in the DOS and
the on-site Coulomb repulsion U , the expectation is to observe so-called spin splitting. This
is the splitting of the narrow banded state into two spin-polarised peaks just below and above
the Fermi-level. The half filling of the electron states results in a disequilibrium of spin-up and
spin-down electrons, which could be essential for the existence of ferromagnetic behaviour in
hydrogenated graphene.
The electron LDOS and DOS of hydrogenated graphene can be calculated with the use of
the lattice Green’s functions, gml (), see appendix C[3]. It can be shown that the LDOS at the
hydrogen site for the Hamiltonian presented in equation 2.1 is given by[2]:

1
1
.
ρH,σ () = − Im
2
π  − d − V g00 () + sign(σ) U2

(2.2)

Here g00 () is the lattice Green’s function on the host site and  is the energy. Maxima in the
LDOS are expected near the energy resonances, when the denominator of equation 2.2 becomes
zero. Similarly the LDOS of a carbon atom on an arbitrary site can be expressed as follows[2]:
2
2
() − g00
())
1 ( − d + sign(σ) U2 )g00 () + V 2 (gml
ρC,σ () = − Im
.
U
π
 − d − V 2 g00 () + sign(σ) 2

(2.3)

To calculate the density of states (DOS) it is necessary to consider a system with finite number
of hydrogen adsorbates NH on a graphene sheet with NC atoms. The coverage n is then given
by n = NH /NC . According to ref [2] and considering the Hamiltonian of 2.1, the DOS of states
can be determined by a first-order perturbation approach. Here the hydrogen adsorbate plays
the role of a local perturbation in the clean graphene surface. The DOS is then given by the
following expression:
1
1
dg00 ()
V2
ρσ () = − Im g00 () + n[ρH,σ () + Im(
)].
2
π
π
d  − d − V g00 () + sign(σ) U2

(2.4)

To realise a low coverage of hydrogen adsorbates n is fixed at 0.01, corresponding to a coverage
of 1%. In this limit the hydrogen atoms do not interact with each other and act as well isolated
adsorbates. With the equations 2.2, 2.3 and 2.4 the LDOS and DOS are evaluated in section 2.2.
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2.2

Theoretical results

The calculated (local) density of states of low coverage hydrogenated graphene is presented in
this section, considering the Hamiltonian given in equation 2.1. The DOS for different ratios VU
is shown in figure 2.1. For U = 0 a single peak can be observed near the Fermi-level ( = 0),
this is consistent with the result reported by ref[2]. When the on-site Coulomb repulsion is
turned on, U > 0, the single peak splits into one peak above and one peak below the Fermi-level,
corresponding to the spin-down and spin-up density of states respectively. Due to half filling
of the electron states, it is possible to obtain a majority of one type spin polarised electrons.
This effect could be the origin of the observed ferromagnetic behaviour in hydrogenated epitaxial
graphene on SiC[5]. Furthermore figure 2.1 shows that for VU ≥ 1 the dominant appearance of
the two peaks near the Fermi-level disappears. The spin splitted states then fuses into the band
edges located at ±2.6 eV. Note that the narrow banded states close to Fermi-energy, for U = 0,
is not exactly located at  = 0. Therefore the spin splitted peaks are not perfectly symmetric in
the point  = 0.

Figure 2.1: The DOS of hydrogenated graphene for different ratios of VU . Here the DOS for spin
up and spin down are added together. The spin splitting of the midgap state is clearly visualised
for VU = 0.3 and VU = 0.5. For further increasing value of U the spin splitted states dissolve into
the two band edges at ± 2.6 eV.
The above result, figure 2.1, shows the importance of including an on-site Coulomb repulsion
U in the tight-binding model to induce spin polarised states. Surprisingly recent STS measurements show that for both hydrogenated graphene on gold and hydrogenated graphite only one
peak near the Fermi-level can be observed[7][17]. The observed peak width is typically in the
order of one kb T , which suggests that the spin splitting is approximately in the order of kb T . But
therefore it is not very likely to observe ferromagnetic behaviour on macroscopic scale. However
for hydrogenated epitaxial graphene on SiC two peaks are observed, separated almost 10kb T
from each other. The significant difference between the three systems is its substrate, which is
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not taken into account in the theoretical model. For graphene on gold, nearly free electrons in
the gold substrate could screen the Coulomb repulsion U . Also in graphite, sp-electrons of the
carbon layers underneath the surface are available to screen the on-site Coulomb interaction.
On the other hand for epitaxial graphene on SiC, no electrons in the buffer layer and the SiC
substrate can participate in the screening, because of the presence of a bandgap[8]. These results
could indicate that the on-site Coulomb repulsion U could be of great importance for the existence of ferromagnetic behaviour. Though dependent on the substrate this Coulomb repulsion
can be screened and the ferromagnetic behaviour can be weakened.
Besides the investigation of the DOS, it is also possible to calculate the LDOS due to a single hydrogen adsorbate on the graphene surface, using the equations introduced in the previous
section. The LDOS gives insight into the influence of one hydrogen adsorbate on the electronic
states of carbon atoms that are nearly located to this single hydrogen adsorbate. A schematical
map of the single hydrogen adsorbate on top of the graphene surface is illustrated in figure 2.2.
The site of the hydrogen atom, marked with a blue circle, and the underneath carbon atom is
called the host site. Figure 2.3 shows the LDOS of the hydrogen and carbon atom on the host
site and nearest-neighbour carbon atoms for the case U = 0. The obtained results for U =0 are
comparable to the results reported by ref [2] and [9]. The LDOS of the hydrogen adsorbate
reveals a sharp peak near the Fermi-level. This is one of the three energy resonances, the other
two are located at ± 7.8 eV. The local electronic states of the carbon atom at the host site, C0,
displays a band gap due to the hydrogen adsorbate instead of a v-shaped gap expected for pure
graphene. Also figure 2.3 shows typical large resonances at all the carbon atoms that are located
on the other sublattice than the hydrogen adsorbate, compare with figure 2.2. Seemingly the
resonance to carbon atoms on the other sublattice (than the host site) is significantly less than
to carbon atoms on the same sublattice. This observation concords to previous theoretical work
on impurity calculations in graphene [9].
Now for non-zero on-site Coulomb repulsion, U > 0, spin polarised states are observed as
expected. Figure 2.4 shows the LDOS for VU = 1. The presence of an on-site Coulomb repulsion
term induces the spin splitting, similar to figure 2.1. Again the spin polarised states are observed
just below and above the Fermi-level. The actual splitting (separation) of the two peaks is approximately 1 eV. Due to half filling of the electron states a majority of spin-up electrons are
present on the surface, which could play a important role for hydrogenated graphene to show
ferromagnetic behaviour. Furthermore figure 2.4 reveals again the significant appearance of spin
splitted states near the Fermi-level for carbon atoms located on the other sublattice than the
hydrogen adsorbate. Note that the height of these resonance peaks of the carbon atoms damps
out in an oscillatory fashion, also a called Friedel oscillation. The LDOS profiles for other ratios
of VU are included in appendix D.
For future research it is suggested to perform spin-polarised STS to verify this theoretical
model. Also it could be interesting to extend this model to multiple hydrogen adsorbates. One
could imagine that by depositing a second hydrogen atom on the same sublattice as the first
hydrogen adsorbate an intensification of the spin polarised states can be expected (if one assumes that the two hydrogen atoms act separately and independently). This effect could add
up, resulting in the observation of ferromagnetic behaviour on macroscopic scale [5].
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Figure 2.2: The host site is where the hydrogen adsorbate is located, marked with blue circle, the
below the hydrogen adsorbate is called C0. The nearest-neighbour (C1) is labeled 1, the next
nearest-neighbour (C2) is labeled 2 and so on. The carbon atoms labeled with a orange coloured
number correspond to carbon atoms on the other sublattice than the hydrogen adsorbate. The
black numbered carbon atoms are positioned on the same sublattice as the hydrogen adsorbate.

Figure 2.3: The LDOS for the hydrogen atom and the carbon atoms on the host site and near
the host site for U = 0. The site locations of the carbon atoms are illustrated in figure 2.2.
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Figure 2.4: The LDOS for the hydrogen atom and the carbon atoms on the host site and near
the host site for VU = 1. The LDOS shows clearly the spin splitting of the narrow banded states
observed in figure 2.3. The red curve describes spin up electrons and the blue curve corresponds
to spin down electrons.
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2.3

Fractal growth

It becomes more complicated when two hydrogen atoms are adsorbed close to each other, for
example when two hydrogen adsorbates are located on the same carbon hexagon. Theoretical
and experimental work have suggested that hydrogen atoms prefer to form dimers [23][17][18][13],
the possible dimer configurations are illustrated in figure 2.5. Pairs of hydrogen atoms appear on
the graphene surface because one hydrogen adsorbate decreases the energy barrier locally. This
allows the next hydrogen atom to adsorb to a neighbouring carbon atom more easily. However,
the most preferable configuration of the dimer (meta, ortho or para) is still ambiguous.

Figure 2.5: The three different hydrogen dimer configurations on one carbon hexagon. Red:
meta, blue: ortho and green: para arrangement.
In later stages (higher hydrogen coverage) one could expect regular patterns of hydrogenated
areas on larger scale (>100nm), because of the preferential arrangements on atomic scale. Since
clusters of hydrogen can grow from their constituent adsorbates, this process is in sense comparable with for example the aggregation of colloids in a solution[14]. This is a probabilistic process
which results in the creation of fractal-like patterns. These patterns reported by Konec̆ný [12],
are referred to as hydrogen islands. To quantify the fractal behaviour, the fractal dimension D
is introduced. The value of D gives a measure for the irregularity and complexity of a structure.
Fractals are self-similar, the object contains similar parts of itself on different length scales. This
has a consequence that the fractal dimension D is constant for every length scale. For fractal-like
structures, which do not satisfy the self-similarity on all scales, still a fractal dimension can be
determined. The value of D can be calculated by so-called cube-counting, the number of cubes
Nc (S) with side length a are counted for an object S. The fractal dimension is then given by:
D = lim

a→0

ln(Nc (S))
.
ln(a)

(2.5)
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3. Experimental setup
This chapter shows the experimental background of the performed measurements. It includes
the preparation of the used samples, this is the growth procedure of graphene and hydrogenation
of graphene. Also the applied measurement techniques (AFM and STM) will be discussed.

3.1

Growth of expitaxial graphene on SiC

There exist several methods to fabricate graphene[12][15]. The two most promising techniques for
large scale graphene production are chemical vapour deposition (CVD) on a metallic substrate
and epitaxial graphene growth on silicon carbide (SiC) induced by thermal decomposition[17].
Both techniques show potential for large scale graphene production. However, graphene samples
fabricated by the CVD method are impractical for electronic applications because of its conducting substrate transfer. Various experiments have shown that epitaxial graphene can be grown on
both the carbon as the silicon side. However the number of grown graphene layers is harder to
control[20], when the C-face (SiC(0001)) is used for growth. Throughout this thesis the graphene
samples are fabricated by thermal decomposition of 6H-SiC(0001), so the graphene is grown on
the Si-face. A concise description of the fabrication procedure is included in this section.
The production of epitaxial graphene consists of two main steps: etching and growing. Prior
to the etching and growing the 6H-SiC(0001) samples (4 mm × 4 mm) are cleaned with acetone
followed by isopropanol. Hereafter the samples are placed in a graphite susceptor, which will
be inserted an oven. The etching procedure starts immediately after the degassing at 825 ◦ C.
During the etching in hydrogen atmosphere, surface defects and impurities on the SiC surface
are removed. This results in a smooth surface containing terrace-like structures. The samples
are etched at a temperature of 1550 ◦ C and a hydrogen flow of 3 slm.
The etching step is followed by degassing and the graphene growth. The growth of epitaxial
graphene is carried out by thermal decomposition in an argon atmosphere, which iniates Si atoms
to sublimate, leaving a layer of carbon atoms on top of the substrate. This process creates a
buffer layer, often called the zero/interface layer graphene. This layer of carbon atoms is formed
above the SiC substrate. However, not all the carbon atoms of the buffer layer are bonded to
a silicon atom of the substrate, which results in dangling bonds, see figure 3.1. There are indications that these dangling bonds are involved in establishing ferromagnetism in hydrogenated
graphene [5]. The actual monolayer graphene is placed on top of this buffer layer, shown in
figure 3.1. The conditions for growth are a temperature of 1650 ◦ C and an argon flow of 0.1 slm.
Subsequent to this step is the cooling down phase in a low pressure climate (2 10−5 mbar) with a
cooling rate of approximately 90 ◦ C per minute. The fabricated graphene samples are expected
to contain terraces of (1 -5)µm in size. An in-depth and more detailed description of the used
growing procedure is given in [26].
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The characteristic, so-called A-B, stacking of the carbon layers above the SiC substrate produces Moiré interference patterns. A second Moiré pattern arises due the fact that Si atoms of
the substrate are not perfectly aligned under a carbon atom of the upper layer. These structures
originates from the structural transformations
the thermal
It is known that
√
√ treatment.
√
√ during
the SiC(0001) surface consists of both a 3 × 3R30◦ and a 6 3 × 6 3R30◦ structure [19].
These structures, often called superlattices, evolve due to different
√ lattice
√ constants of graphene
(2.46 Å) and the SiC substrate (3.08 Å). An illustration of the 3 × 3R30◦ cell, which stems
from the interference between the substrate and the buffer layer, is shown in figure 3.2.

Figure 3.1: One monolayer graphene on top of the buffer layer and SiC substrate. Source: ref
[25]

Figure 3.2: Top view of the buffer layer above the SiC substrate. The
is highlighted. Source: ref [19]

3.2

√

√
3× 3R30◦ reconstruction

Hydrogen treatment

Hydrogenation of graphene significantly changes both the morphology as electronic properties
of pure graphene[21][2]. The adsorption of one hydrogen atom on a carbon atom, causes a local
deformation in the initial two dimensional surface. The hydrogen atom induces a transition
from the C=C sp2 bonding to a C-H sp3 bonding by adsorbing on the graphene surface. The
internal electronic rearrangement causes the appearance of an energy barrier of approximately
0.2 eV, therefore the hydrogenation is mainly a thermally activated process [22]. Consequently
the carbon atom puckers ∼0.35 Å out of the graphene surface[23]. This transition in morphology
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Figure 3.3: Local change of morphology due single hydrogen adsorption. a) C=C sp2 bonding
in pure graphene. b) C-H sp3 bonding due to hydrogen adsorbate, the carbon atom puckers
approximately 0.35 Å out of the plane. Note that the morphology changes significantly for
multiple hydrogen adsorbates[21].
is exemplified in figure 3.3. Theoretical studies have shown that the adsorption barrier decreases
for sticking of the second hydrogen atom[23]. Also depending on the strength of the local curvature of the graphene surface, it becomes more or less favorable for the hydrogen atoms to adsorb.
This could result in the formation of kinks, containing a linear chain of hydrogen atoms on the
graphene surface[24]. Although the binding mechanism for multiple hydrogen adsorbates is still
not fully understood, it is most probably that the electronic transition as shown in figure 3.3
does not reflect the reality for multiple hydrogen adsorbates in close proximity to each other.
The graphene samples are hydrogenated by exposure to dissociated hydrogen radicals, which
are produced by leading hydrogen gas through a heated capillary tube. The hydrogenation process occurs at room temperature and low pressure, approximately 2 · 10−6 mbar. A schematic
overview of this setup is shown in figure 3.4. The hydrogen radicals interact with the graphene
surface, after which a fraction of these radicals chemisorbs on a carbon atom. Increasing the exposure time results in a higher coverage rate of hydrogen atoms on top of the carbon surface[21]. For
high coverage rates, AFM measurements and simulated STM images show clusters of hydrogen
atoms, called hydrogen islands, on top of the graphene. Continuous chains of less-hydrogenated
surface show up around these islands [12]. On the other hand, for low hydrogen coverage, preferred pairs (dimers) of hydrogen atoms form on the hexagonal lattice. The possible dimer
configurations are shown in figure 2.5.

Figure 3.4: Scheme of the hydrogenation setup. Hydrogen gas is lead through a hot metallic
capillary, wherein the hydrogen molecules dissociate. The sample is placed in front of the tube
where hydrogen radicals exit.
The change in electronic structure, theoretically modeled in chapter 2, can be measured with
scanning tunneling spectroscopy (STS). Local density of states (LDOS) can be probed close to
and far from the hydrogen impurities. One expects to observe similar density of states profiles
as calculated in the previous chapter. STS measurements are not performed in this report, room
temperature STS-experiments are suggested for future research.
11
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3.3

AFM and STM setup

The topology of the hydrogenated graphene samples are investigated by room-temperature AFM
(atomic force microscopy) and STM (scanning tunneling microscopy) measurements. The AFM
results are obtained in intermittent-contact, tapping, mode. Here the oscillation amplitude of
the cantilever is the feedback parameter. Keeping the tip-sample interaction constant gives information about the morphology of the surface, without damaging the surface. The tip-sample
interaction, in tapping mode, is mainly dominated by short ranged Coulomb and exchange repulsion and long ranged attractive Van der Waals forces[27]. The strong repulsion occurs when
the tip-sample distance is a few angstroms, this is when electronic orbitals start to overlap. The
origin for the attractive force are polarisation interactions between atoms. Spontaneous polarisation of an atom induces polarisations in nearby atoms establishing an attractive interaction.
Since the samples are in contact with air, water molecules are able to attach at the surface,
therefore hydrophobic interactions could also affect the AFM measurement. The characteristic
force-distance curve is shown in figure 3.5. However, the actual force on the tip is also strongly
affected by the geometry of the tip[27].

Figure 3.5: Force-distance diagram corresponding to a Lennard-Jones-like potential. The red
coloured section of the curve illustrates the relevant force region for tapping mode AFM. The
oscillating tip pokes repeatedly into the repulsive region to probe the surface.
The AFM measurements are performed with a silicon tip. Since the tip is not atomically
sharp, the AFM image does not reflect the true surface features, there is always convolution
between the tip and the surface. This so-called tip imaging results in artificial features which
can be observed in AFM images. Considering that the tip apex radius is of similar size as that
of the surface features, a few nanometers, it can be shown that:
√
rc = 2 Rr.

(3.1)

Here r is de radius of a spherical feature on the sample surface, R is the radius of the tip and rc
the radius of the observed feature by AFM (curvature radius). The tip radius R is approximately
6 nm. Therefore 1 nm size surface features will appear in the AFM image as 7 nm size features.
The geometry of the tip-sample convolution is presented in figure 3.6.
In STM, a tunneling current flows between the tip and sample surface. This happens when
a voltage is applied over the conducting tip and conducting sample and when the tip is in close
proximity to the sample. Since the SiC substrate is not conducting, the sample is placed on
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Figure 3.6: Tip of radius R probing a sphere on a surface with radius r. The red dashed curve
indicates the appearance of the surface feature in an AFM image.
top of a metallic plate. The hydrogenated graphene surface is afterwards connected with the
metallic plate by silver paint. When the sample is positively biased, electrons from the tip tunnel
into unoccupied electron states of the sample. For the case that the sample is negatively biased,
electrons from the occupied states in the sample tunnel into the tip. The STM tips are manually
fabricated from platinum iridium (PtIr) wire. The controllable parameters are the bias voltage,
Vbias and the tunnel current It . For an ideal conducting sample the following expression holds:
Rgap =

Vbias
.
It

(3.2)

Here Rgap is the resistance due to the air gap between the tip and the surface of the sample.
The topography of the surface can be determined by keeping Rgap constant. Note that it becomes
more complicated when probing hydrogenated graphene. Significant changes in the tunneling
current can be observed when probing a surface containing different electronic structures. This
is because the local density of states is strongly affected by the presence of a hydrogen adsorbate,
shown in chapter 2. This could to a local increase or decrease of the tunneling current, which
will be imaged by STM as a height contrast on the surface. Also the tip-sample interaction,
for example Coulomb repulsion, depends on the material of the surface. Since hydrogenated
graphene consists both of hydrogen and carbon atoms on the surface, one needs to be careful
interpreting such a STM image. A schematic representation of the STM setup is shown in 3.7.
The (change of) electronic states can be probed very accurately (∼ 1nm) in contrary to AFM
imaging. Take into account that the STM measurements are performed at room temperature
and atmospheric pressure, which makes it more difficult to obtain atomic resolution.
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Figure 3.7: STM tip, negatively biased by Vbias , probing the surface. Electrons from the tip
tunnel into unoccupied electronic states of the sample, also exemplified in the energy diagram
for the tip and the sample. The tunnel current is given by It .
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4. Experimental results
This chapter contains AFM and STM results of the hydrogenated graphene samples. Throughout
this thesis epitaxial graphene on 6H-SiC(0001) samples are hydrogenated for three different
treatment times. Sample α is hydrogenated for less than 1 minute. Afterwards, sample α is
re-hydrogenated for another 10 minutes, this sample will be referred to as sample γ. Sample
β got a 3 minute hydrogen treatment. Sample δ is produced by re-hydrogenating sample β for
another 7 minutes. Supplementary information concerning the fabrication of these samples is
presented in Appendix A. In the end the overlap and differences between the AFM and STM
measurements are shown.

4.1

AFM measurements

AFM scans are performed for 1µm scan size to acquire an indication of the hydrogen coverage
on the graphene surface for different treatment times. These results for the samples α (<1
minute hydrogen exposure), β (3 minutes), γ (>10 minutes) and δ(10 minutes) are presented in
figure 4.1. Figure 4.1 shows clearly the increase of hydrogen coverage for increasing treatment
time. For sample α bright spots of approximately 10 nm size are observed. Note that the size
of these features could be significantly affected by tip convolution, see section 3.3. Sample β
shows evidently the island-like structures as predicted by [21]. Although figure 4.1 shows an
intuitive trend of increasing coverage for increasing treatment duration, this result is not entirely
in agreement with experimental results obtained by ref [12]. The re-hydrogenated sample, γ, does
not contain island-like structures as expected based on results from [12]. The re-hydrogenated
sample δ contains the same island-like structures as seen in β, seemingly the hydrogen structures
do not grow during the second hydrogen treatment. Only the area’s between the hydrogen
islands, formed during the first hydrogenation process, become hydrogenated during the second
treatment. However no new island-like structures will form during the second treatment, clearly
seen in sample γ.
The proposed explanation for the absence of hydrogenated patches and non-hydrogenated
chains after the second hydrogen treatment is as follows . After the first hydrogenation session,
the graphene surface is partially covered by hydrogen atoms. The presence of these hydrogen
adsorbates, deforms the surface morphology and defines the initial state for the second hydrogenation session. During the second hydrogenation treatment new hydrogen radicals, driven by
free energy minimisation, attach on the surface[22]. In this process the assumption is that the
new hydrogen radicals are able to diffuse over the predefined surface while the initial hydrogen
atoms are fixed. Although ref [21] reports that diffusion is highly unlikely because of its activation barrier, which is approximately ∼1.14 eV, STM results have shown preference of forming
hydrogen dimers [17][13]. The dominant existence of these pairs of hydrogen atoms strongly
suggests that diffusion is certainly involved in this process. The deviant distribution of hydrogen
atoms on the graphene surface could be caused by hindered diffusion due to the morphology,
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which is defined in the first hydrogen treatment. A second option could be that the samples are
contaminated during the period when the samples are exposed to air. The contamination could
block the hydrogen atoms to adsorb on a preferential site, which results in a totally different
hydrogen distribution than observed by ref [12]. For future research it is recommended to try
heating up the sample before the second hydrogen treatment or to try two-step hydrogenation
without taking the sample out of the hydrogenation chamber. To fully understand the mechanism
of the formation of these hydrogen islands, continuated research is necessary.
To investigate the hydrogen structures in more detail, AFM images of 500 nm size and the
corresponding height landscape are compared for the four different samples , see figure 4.2.
Besides the variation of hydrogen structures, one can observe a significant contrast in the height.
The height increases for increasing coverage, compare α with β, this is consistent with [21][12].
However, for samples γ and δ figure 4.2 shows that the re-hydrogenated area’s contain relative
smaller height differences in the morphology of the hydrogenated graphene surface. This could
be in agreement with ref [21]. An increased coverage could lead to a relatively less rough surface,
this occurs after a certain critical coverage value [21]. Furthermore figure 4.2 shows clearly
the similarity between sample β and sample δ. Seemingly the hydrogen islands do not grow,
instead new hydrogen adsorb randomly at non-hydrogenated area’s after the first hydrogenation
procedure. Note the almost identical distribution of hydrogenated spots in sample γ and in
sample δ (between the hydrogen islands). Since the surface of sample α is less rough than
sample β, one expects for re-hydrogenation of sample α some new island-like structures. Both
figure 4.1 and 4.2 show that this does not occur. This makes the option that the sample is
contaminated before applying the second hydrogenation step more plausible.
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Figure 4.1: 1µm×1µm AFM images of the hydrogenated graphene samples, each reflecting their
hydrogen coverage. The bright coloured domains indicate the hydrogenated areas. Mind that the
samples γ and δ are nearly fully covered. It is clearly visible that the coverage of the graphene
surface increases for increasing duration of hydrogen exposure. Again: a) sample α (<1 minute
hydrogen exposure), b) sample β (3 minutes hydrogen treatment), c) sample γ (>10 minutes
hydrogen treatment) and d) sample δ (10 minutes hydrogen treatment).
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Figure 4.2: 500 nm×500nm AFM images and the corresponding height profiles, indicated with
the white dashed line. Here y represents the height and x corresponds to the cross-section
distance. a) Sample α shows again the bright features as in figure 4.1. b) Sample β contains
hydrogenated islands with a size varying form tenths to hundreds of nanometers. The registered
height of the hydrogenated regions is noticeably larger than these observed in sample α and
γ. c) Sample γ shows a dense coverage of the surface, the height of the hydrogenated areas is
comparable to a). d) Sample δ contains the same island-like structures as sample β, however the
area’s in between are now also coverd with hydrogen adsorbates.
18
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In relation to the ferromagnetic behaviour of hydrogenated graphene[5], it is interesting to
investigate the shapes of the hydrogen islands and non-hydrogenated chains. The hydrogen
structures can be considered as natural phenomena with fractal-like features, see 2.3. In figure
4.3 the fractal dimension (D), presented in section 2.3, is determined for different scan size
AFM images of the three different samples α, β and γ. The applied algorithm is based on cube
counting, described in section 2.3.The fractal dimension for sample α (D ' 2.2) is significantly
lower than the fractal dimension for samples β and γ (D ' 2.5). This result is consistent with
the AFM images shown in figures 4.1 and 4.2, where we observe no fractal-like structures for
sample α. Note that the fractal dimension decreases for large (≥2µm) and small (≤100nm)
scan sizes. At small scales the detailed structures are faded due to tip convolution[28], also the
topography heavily depends on the scan location. For large scan sizes, the appearance of stepedges of the terraces strongly affects the fractal dimension. Mind that evaluating D at varying
scan sizes is not equivalent to evaluating D at self-similarities of the hydrogen structures. This
result shows us that the fractal behaviour for the hydrogen structures, observed for sample β and
γ, are comparable (D ' 2.5), even though their optical appearance differ, see figure 4.2. Since
the fractal dimension gives a measure for the complexity of the structure, this outcome suggests
that the complexity of the hydrogen patterns does not increase anymore after a certain hydrogen
coverage.

Figure 4.3: Fractal dimension, D, for varying scan size AFM images. The fractal dimension of
sample α, red circles, deviates notably from the values for sample β (black squares) and γ (blue
triangles).
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4.2

STM measurements

To probe the electronic structure of the hydrogenated graphene surface, STM measurements at
room-temperature are performed. Figure 4.4 shows the STM images (100nm × 100nm) for the
samples α, β and γ. The increase of bright features (3-5 nm in size) for increasing treatment
duration, as illustrated in figure 4.4, is in accordance with the AFM results. The trend of
increasing number of bright features indicates that these bright spots are probably related to
adsorbed hydrogen atoms. However, mind that the STM only probes the electronic states and
does not ’see’ the actual hydrogen atoms. Therefore it is possible that these bright features
consist of more than one hydrogen adsorbate. The presented registered height could be strongly
affected by tip-sample interactions. The height peaks could relate to an increase of electron
tunneling near a hydrogen impurity, thus the quantitative value does not reflect a real height.
What the height of the STM output actually reflect could be a combination of the strength of
Coulomb repulsion (tip-sample interaction) and the present local electronic structure.

Figure 4.4: STM images (100nm×100nm) for the graphene samples with different hydrogen
treatment times. The STM images clearly show an increase of bright coloured features (3-5 nm
in size) for increasing hydrogenation duration. The quality of the image decreases noticeably
for increasing hydrogen coverage, assuming that the bright features are related to hydrogen
adsorbates. The elongated structures in figure b) could be a result of drift during the scan. The
images are obtained by 2 Hz scan rate, It =3 pA and Vbias = 250 mV.
The acquired resolution
the STM images gets worse for increasing hydrogen coverage.
√ of √
Figure 4.4 a) reveals the 6 3×6 3R30◦ super structure (Moiré), see section 3.1, which originates
from interference between the graphene lattice and the underlying buffer layer. The calculated
periodicity of this hexagon pattern is (1.64 ± 0.06)nm. Although the super structure is not
clearly visible in figure 4.4 b) and c), the periodicity can be determined by analysing the FFT
of a larger scan size STM image, see appendix B. The obtained periodicties are (1.83 ± 0.04)nm
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and (2.19 ± 0.07)nm for samples β and γ respectively, figures 4.4 b) and c). This result shows
an indication of increasing periodicity for increasing hydrogen coverage. However, more research
is required to ascertain this result. From theoretical calculations it is known that the roughness
increases for increasing hydrogen coverage (within the regime of our interest) [21]. This result
suggests that the Moiré pattern is strongly influenced by the buckling (roughness) of the surface
and therefore related to the amount of hydrogen atoms on the graphene surface. The distortion of
the pattern has been studied by ref [30] for clean graphene containing areas of significant strain.
Furthermore buckling of the graphene surface enlarges the mismatch between the graphene layer
and the buffer layer. These effects seemingly cause the increase of the periodicity of the Moiré
pattern.
As mentioned in the previous section it is unclear why the hydrogen coverage of the rehydrogenated sample γ deviates from obtained results obtained by ref [12]. Based on the results
of [12], where island-like hydrogen structures has been observed in AFM for 10 minute hydrogenation treatment, one expects to obtain dense clusters of bright spots in a STM measurement. For
future research it is recommended to investigate the effect of re-hydrogenation of hydrogenated
samples in more detail.
To obtain an improved interpretation of the hydrogen structures observed in the STM and
AFM images, a side by side comparison is made in figure 4.5. Here the 200 × 200 nm2 AFM and
STM images for sample β (3 minutes hydrogenation) are displayed. Whereupon the STM image
is reconstructed with a simulated AFM measurement, named STM (blur). For this simulation a
tip with a radius of approximately 10 nm is used. Figure 4.5 evidently points out the difference
between AFM and STM in imaging the hydrogenated features. Interestingly is the similarity
between the blurred STM image and the AFM image. The, impression based, drawn contours,
see figure 4.5 c), are supposed to be a guide for the eye. The silhouettes have sizes and coverageś
comparable to observed hydrogen structures in AFM. The results shown in figure 4.5 highly
suggest that the (by AFM) observed hydrogen islands and non-hydrogenated chains, presented
in section 4.1, are an artificial appearance due to tip convolution.
Returning to questions concerning the hydrogen structures in relation to its ferromagnetic
behaviour, no clear indications of specific ordering of hydrogen adsorbates can be observed in
the STM images, see figure 4.4 and 4.5 . The proposed quasi one-dimensional chain of hydrogen
atoms along a kink of the graphene surface cannot be confirmed by the obtained STM results
[24]. For continuation of this work STS measurements (at room-temperature) are suggested to
relate the bright features, observed in figures 4.4 and 4.5, with certainty to hydrogen adsorbates.
The observed bright features visualised in figure 4.4 and 4.5, could consist of one or multiple
hydrogen adsorbates. So based on these results the possibility of a majority formation of dimers,
proposed by [13], can not be excluded. It is recommended to investigate these bright features in
more detail to clear these issues up.
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Figure 4.5: A side by side comparison of an AFM and STM measurement for sample β. The scan
size is 200 × 200 nm2 . a) AFM image visualising the hydrogen islands. b) STM image showing
multiple bright features with a size varying between 2 and 5 nanometers. The STM image is
reconstructed by an AFM simulation, this result is shown in c). White contours are drawn as a
guide for the eye to illustrate clusters of bright features. STM scan parameters are: Vbias =3 pA
and It = 500 mV.
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5. Conclusion
In this project I studied hydrogenated graphene both theoretically and experimentally. Within
the tight-binding model and a Mott-Hubbard like Hamiltonian the (local) density of states
((L)DOS) for hydrogenated graphene is determined. The validity of this model holds for low
hydrogen coverage graphene (≤1%). Experimental results are obtained by room-temperature
AFM and STM measurements. Throughout this report four different hydrogenated graphene
samples are produced, with varying hydrogen treatment times.
The combination of the presence of a sharp density of states near the Fermi level and a
large exchange interaction, which is originated by Coulomb repulsion, could lead to ferromagnetic behaviour as in ferromagnetic materials like iron or nickel. The tight-binding model for
hydrogenated graphene shows a narrow banded state near the Fermi level [2]. By adding an extra
on-site Coulomb repulsion U , which represents the dominant exchange, it is possible to model the
origin of the ferromagnetic behaviour in hydrogenated graphene. The (local) density of states is
calculated for different ratios of VU , here V represents the hybridisation energy between a carbon
atom and a hydrogen atom. The results shows dominant presence of spin polarised states near
the Fermi level, for 0 ≤ VU ≤ 1. If increasing this ratio to VU ≥ 1 the spin polarised peaks shift
into the band edges and the system becomes an insulator.
Furthermore the theoretical model shows that one hydrogen adsorbate can affect its surrounding area up to a few nanometers. Also it seems that carbon atoms, located on the same
sublattice and near hydrogen adsorbate, experience almost no resonance. This in contrary to
carbon atoms located on the other sublattice, which experience a large resonance. This is a
common property also shared by vacancies in the graphene surface [2]. To verify the theoretical
results, it is advised to do (spin-polarised) STS measurements in future research.
AFM result show that the sample with 3 minute hydrogen treatment (sample β) contains
island-like hydrogen structures, also observed by Konec̆ný [12]. Surprisingly the re-hydrogenated
sample (10 minutes after 1 minute hydrogen treatment, sample γ ) does not contain similar
structures as β, which is reported by ref [12]. Also when re-hydrogenating sample β no new
hydrogen structures can be observed. The results show that the hydrogen atoms during the
second hydrogen treatment attach on non-hydrogenated sites without forming new island-like
structures. However, when investigating the fractal behaviour of the 3 minute sample β and the
re-hydrogenated sample γ, comparable fractal dimensions (D ∼ 2.5) are obtained.
Comparing AFM and STM images has led to an improved interpretation of the hydrogen
structures on graphene. Individual bright spots (typically ∼ 3-5 nm) observed in STM are
imaged as island-like structures in AFM. The artificial appearance of these islands structures are
a consequence of AFM tip-sample convolution. For continuation of this work it is recommended
to do STS measurement to relate with certainty the bright spots, observed in STM, to actual
hydrogen adsorbates.
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A. Supplementary sample information
The specific information during hydrogenation of the graphene samples are tabulated in A.1.
Table A.1: The relevant parameters during hydrogenation of the graphene samples. Note
that sample γ is produced by re-hydrogenation of sample α and sample δ is produced by rehydrogenating sample β.
Sample

Treatment
Time (min)

Pressure A (mbar)

α
β
γ
δ

<1
3
10
7

2.6
5.8
1.9
3.8

·10−8 ·10−8 ·10−9 ·10−9 -

3.8·10−8
1.3·10−8
2.9·10−8
4.3·10−8

Pressure B (mbar)

6.9
2.3
3.9
3.8

·10−8 ·10−8 ·10−6 ·10−6 -

2.3·10−6
1.0·10−6
2.5·10−6
2.4·10−6

Voltage(V) Current(mA)
A
1000 - 43
1000 - 43
1000 - 43
1000 - 43

Voltage(V) Current(A)
B
8.5 - 2.35
8.5 - 2.35
8.5 - 2.30
8.5 - 2.30

Here column pressure A gives the pressure before and after shut down of the ion pump. Pressure
B shows the pressure before and after opening the hydrogen valve. The voltage and current (A)
show the applied voltage and current over the emission coil and the metal tube. The last column
in A.1 give the values of the voltage and current applied over the emission coil.
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B. Additional AFM and STM images
Additional figures obtained by AFM and STM are shown below.

Figure B.1: AFM images of the three different samples for different scan sizes. Scan sizes are
1000nm, 500nm and 200nm.
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Figure B.2: STM images of the three different samples for different scan sizes. Scan sizes are
500nm, 200nm and 100nm.
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Figure B.3: Typical FFT images of 200nm scan size STM measurement. The bright spots,
indicated with the white loops, correspond to the hexagon pattern from the super lattice (Moiré).
Due to drift the bright spots in reciprocal space are not perfectly symmetric aligned. The bright
vertical lines through the origin is related to the horizontal scan stripes in the real STM images.
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Figure B.4: Side by side comparison between AFM and STM images. The STM images are
blurred afterwards or manually edited to intensify the bright features. For sample α, the AFM
bright features (∼ 10nm size) are probably related to the smaller bright spots in STM due to
tip convolution. The STM blur for sample γ does not show the island-like structures observed
in AFM. The AFM reconstruction of the STM image fails for dense coverage.
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C. Theoretical background
In this section the method of obtaining the lattice Green’s functions is explained briefly. Using the
six-fold symmetry of the graphene honeycomb lattice, the Green’s functions can be determined
efficiently. Consider the graphene sheet illustrated in figure C.1. Horiguchi ref [31] has shown that
all the lattice Green’s functions, gml , are determined by three fundamental Green’s functions.
The three fundamental lattice Green’s functions are g00 , g20 and g40 , as shown in figure C.1.

Figure C.1: The three fundamental lattice Green’s functions, g00 , g20 and g40 , are marked with
the black circles. All Green’s functions in two-dimensional space are then defined by these three
Green’s functions. The red circled lattice point relates to g11 and the green circle represents the
lattice point for g24 .
The exact formula’s for the Green’s functions, given in ref [31], are expressed in terms of
elliptic integrals. The elliptic integrals are numerically evaluated with use of the arithmic geometric mean (AGM) method. The imaginary part of the lattice Green’s function g00 , presented
in figure C.2, shows similarity with the DOS of pure graphene as expected. The peaks observed
at S = 0.5 correspond to the band edges at 2.6 eV. So to make the transition to the real graphene
system a scaling factor 5.2 is used.
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Figure C.2: The real and imaginary part of the lattice Green’s function g00 , the imaginary part
shows clearly the well-known v-shaped DOS near the Fermi-level.
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D. Additional theoretical results

Figure D.1: The LDOS of the hydrogen adsorbate and near located carbon atom, for VU = 0.5.
The red curve and the blue curve correspond to the LDOS of the spin-up and the spin-down
electrons respectively.
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Figure D.2: The LDOS of the hydrogen adsorbate and near located carbon atom, for VU = 2.0.
The red curve and the blue curve correspond to the LDOS of the spin-up and the spin-down
electrons respectively.
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