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Preface

Dimensionality is one of the most decisive characteristics of a material: the same
substance can have very different properties when forming a 0, 1, 2, or 3 dimensional
structure. While quasi zero dimensional (e.g. quantum dots), quasi one dimensional
(e.g. nanotubes and nanowires) and of course three dimensional crystal structures
have been and are widely studied, the research on two dimensional crystals has been
minimal until the recent (2004) experimental realization of two dimensional atomic
crystals [1]. Among these newly discovered materials, a single one, called graphene,
has been catching almost all attention because of its extraordinary properties and
its relative ease of fabrication. This remarkable 2D crystal is nothing more than a
single layer of graphite and has, as such, already been known for some time as a
theoretical material.

Graphene is the main subject material of this thesis, but only a few of the unique
features of graphene will be explored because it has so many interesting aspects
that it is impossible to cover them all. This is well illustrated by the exponentially
growing literature which already reached over 2000 research papers in 2009 alone.
This enormous interest can be explained on the one hand by the special properties
of graphene, which makes it interesting from an academical point of view, and on
the other hand the variety of possible applications that seem to follow from these
unique features. That the entire field of graphene research has grown well mature
now is evidenced by 8 separate PACS classification numbers on topics involving
graphene.

The focus of the work presented here is on the interaction between graphene and
atomic and molecular adsorbates. With the use of ab initio calculations this interac-
tion is simulated and the results are linked with experimental findings. The thesis is
divided into 4 parts: in the first part some properties and applications of graphene
are discussed and also the most widely used methods to produce graphene samples
are presented. The second part is more technical and deals with all the theoretical
tools that are needed to perform and interpret the different calculations that are
done in the third part. In this third part, physisorption and chemisorption on
graphene are investigated, together with the permeability of graphene membranes

7



8 CONTENTS

and the properties of the graphene derivatives graphane and fluorographene. Fi-
nally, a summary and outlook are given.
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Chapter 1

Carbon allotropes

Carbon forms the basis of all organic molecules, which makes it the most important
element for life on our planet. Furthermore it is present in over 95% of the known
chemical compounds overall [2]. It is unequaled by any of the other elements of the
periodic table when it comes to the versatility of bond formation: carbon atoms
bind to a variety of other atoms, both electropositive and electronegative, and are
able to form long chains or crystals when bonding among themselves. Even when
the rich chemistry resulting from the interaction with other elements is excluded,
carbon possesses an extraordinary flexibility and has a variety of interesting al-
lotropes. The diversity of the bonds it can form is nicely demonstrated by the
properties of the two best known carbon materials, graphite and diamond. These
two crystals appear to be so different from one another that it might be difficult
to convince the layman of the fact that they consist of the same element and only
differ insofar the type of bonding is concerned.

The carbon allotropes, i.e. those materials which consist entirely of carbon atoms,
can be divided into three classes according to the type of bonds linking the atoms to-
gether. This type of bonding depends on the hybridization of the carbon atomic or-
bitals which is (usually) sp2 or sp3. When all carbon atoms have sp3-hybridization,
diamond-structures are formed and in the case of sp2-hybridization one gets graphitic
materials. The third class of allotropes contains the amorphous carbons which
consist of (non-crystalline) mixtures of sp2- and sp3-hybridized carbon atoms. A
schematic overview of the different carbon allotropes is given in Fig. 1.1. The mixed
carbon allotropes are interesting materials but they play no role in this thesis and
are therefore not given any further attention. The other two classes are shortly
described in the following.

11
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diamond graphitic amorphous carbon

CARBON

graphitefullerenes nanotubes

3D, sp3
sp2 3D, sp2:sp3

3D1D0D

graphene
2D

cubic hexagonal

Figure 1.1. The different carbon allotropes: the dimensionality and (main) hybridization

are indicated.

1.1 Diamond

Diamond is the strongest of all bulk materials and has the highest thermal conduc-
tivity ever measured. It owes these exceptional properties to the strong covalent
bonding between its atoms. Each atom in diamond has four bonding partners with
which it forms equivalent sp3-bonds. In this way, different crystal structures can be
built such as the usual cubic diamond structure and the hexagonal Lonsdaleite. All
these materials are characterized by an exceptional hardness and they have a large
band gap in their electronic spectrum which makes them excellent insulator and
gives them their transparent appearance. Cubic diamond is the thermodynamically
stable form of carbon for pressures above 60 kbar.

1.2 Graphitic materials

In contrast to diamond, the carbon atoms of the second class of allotropes are
sp2-hybridized. These sp2-bonded materials are special in that they can have any
dimension ranging from 0D fullerenes to 3D graphite. They are often referred to
as graphitic materials since graphite is the best and longest known representative
of this class.

1.2.1 Graphite

Graphite is the most stable carbon allotrope and is therefore most common in
nature. Consequently, it has already been known for centuries. It owes its pri-
mary use as a material to make writing tools (i.e. pencils) and lubricants to its
unusual layered structure at the nanoscale. As shown in Fig. 1.2, the graphite
structure consists of planes of covalently bonded carbon atoms which are held to-
gether by weak van der Waals-forces. This results in an in-plane bonding that
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exceeds the interlayer bonding in strength by several orders of magnitude. This is
also demonstrated by the in-plane bond length of 1.42 Å as compared to 3.35 Å
for the interlayer bonds. The electric and thermal properties of graphite are highly
anisotropic, because electrons and phonons can propagate much faster along the
planes than from one plane to another. So, although it is 3D in nature, graphite
can often be regarded as a (2+1)D material.

In the last decades, there has been an enormous expansion of the known carbon
allotropes with the discovery of 0D fullerenes in 1985, 1D carbon nanotubes in
1991, and eventually 2D graphene in 2004. The last one, graphene, forms the basis
of all these other graphitic allotropes (see Fig. 1.2) which makes it all the more
curious that it has been discovered only recently. A possible explanation for this
might be the fact that researchers for long believed it could not exist. Contrary
to the case of fullerenes and nanotubes, which were predicted before their actual
observation, 2D graphene was thought to be unstable at any finite temperature
(see below).

PROGRESS ARTICLE
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crystal, whereas 100 layers should be considered as a thin fi lm of a 
3D material. But how many layers are needed before the structure is 
regarded as 3D? For the case of graphene, the situation has recently 
become reasonably clear. It was shown that the electronic structure 
rapidly evolves with the number of layers, approaching the 3D limit 
of graphite at 10 layers20. Moreover, only graphene and, to a good 
approximation, its bilayer has simple electronic spectra: they are both 
zero-gap semiconductors (they can also be referred to as zero-overlap 
semimetals) with one type of electron and one type of hole. For three 
or more layers, the spectra become increasingly complicated: Several 
charge carriers appear7,21, and the conduction and valence bands 
start notably overlapping7,20. Th is allows single-, double- and few- 
(3 to <10) layer graphene to be distinguished as three diff erent types 
of 2D crystals (‘graphenes’). Th icker structures should be considered, 
to all intents and purposes, as thin fi lms of graphite. From the 
experimental point of view, such a defi nition is also sensible. Th e 
screening length in graphite is only ≈5 Å (that is, less than two layers 
in thickness)21 and, hence, one must diff erentiate between the surface 
and the bulk even for fi lms as thin as fi ve layers21,22.

Earlier attempts to isolate graphene concentrated on chemical 
exfoliation. To this end, bulk graphite was fi rst intercalated23 so that 

graphene planes became separated by layers of intervening atoms or 
molecules. Th is usually resulted in new 3D materials23. However, in 
certain cases, large molecules could be inserted between atomic planes, 
providing greater separation such that the resulting compounds 
could be considered as isolated graphene layers embedded in a 3D 
matrix. Furthermore, one can oft en get rid of intercalating molecules 
in a chemical reaction to obtain a sludge consisting of restacked and 
scrolled graphene sheets24–26. Because of its uncontrollable character, 
graphitic sludge has so far attracted only limited interest.

Th ere have also been a small number of attempts to grow 
graphene. Th e same approach as generally used for the growth of 
carbon nanotubes so far only produced graphite fi lms thicker than 
≈100 layers27. On the other hand, single- and few-layer graphene 
have been grown epitaxially by chemical vapour deposition of 
hydrocarbons on metal substrates28,29 and by thermal decomposition 
of SiC (refs 30–34). Such fi lms were studied by surface science 
techniques, and their quality and continuity remained unknown. 
Only lately, few-layer graphene obtained on SiC was characterized 
with respect to its electronic properties, revealing high-mobility 
charge carriers32,33. Epitaxial growth of graphene off ers probably the 
only viable route towards electronic applications and, with so much 

Figure 1 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled 
into 1D nanotubes or stacked into 3D graphite.

nmat1849 Geim Progress Article.i184   184nmat1849 Geim Progress Article.i184   184 8/2/07   16:22:278/2/07   16:22:27

Figure 1.2. Graphene forms the basis of the other graphitic carbon allotropes; from left

to right: fullerenes (C60), carbon nanotubes, and graphite. (Figure taken from ref. [3].)
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1.2.2 Fullerenes and carbon nanotubes

Fullerenes and (single-walled) carbon nanotubes can be thought of as rolled up
monolayer graphene (see Fig. 1.2) and, consequently, many of their properties
can be derived from those of graphene. Especially carbon nanotubes with large
diameters can be considered as graphene to which periodic boundary conditions
are applied in the direction perpendicular to the tube axis. Therefore a great deal
of the results obtained for graphene in this thesis can also be extrapolated to these
systems.

1.3 Graphene: the non-existing material

It has been a widely accepted belief that monolayers of graphene could not exist
because these materials are two-dimensional. More than 70 years ago Peierls [4]
and Landau [5] showed that a divergent contribution of thermal fluctuations in all
low-dimensional crystals induces displacements of atoms that are comparable to
the interatomic distances at any finite temperature. Therefore strictly 2D crystals
are thermodynamically unstable and can not exist. Experimental observations of
a decreasing melting temperature for films with a decreasing thickness seemed to
provide strong support for this theory. It came therefore as a surprise when, in
2004, several 2D materials were observed by Geim et al. at Manchester University
[1]. Among these 2D materials were graphene, the structurally similar boron ni-
tride, and others, but only graphene has been intensively studied till now. There
has been a long debate on the cause of the apparent stability of graphene mono-
layers but there seems to have emerged a consensus that the 2D crystals become
intrinsically stable by a soft crumpling in the third dimension (see Fig. 1.3). This
crumpling has been observed on a lateral scale of approximately 10 nm and is
believed to suppress thermal vibrations [6]. An alternative explanation is found
when one considers the graphene layer as extracted from a 3D material (graphite)
which is kept in its metastable state by (van der Waals) interaction with a support-
ing substrate and the strong in-plane bonds which prevent the formation of defects.
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Figure 1.3. Simulated model for the crumpling of a graphene monolayer in the third

dimension. (Figure from Ref. [3] (journal cover).)
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Chapter 2

Graphene: Synthesis and

Electronic Properties

A variety of factors can change the properties of graphene because of its two-
dimensional nature. As will be shown in the next section, the preparation mode is
one of the key factors on which these properties depend. But first I will describe
some of the most important electronic and mechanical properties of (perfect) mono-
layers of graphene.

2.1 Electronic properties

2.1.1 Dirac particles in graphene

The electronic properties of graphene are well described by the electronic structure
of a perfect, flat, freestanding and infinite graphene crystal in vacuum1. Such
an idealized case can be treated theoretically and can therefore provide a lot of
insight. The results of several theoretical approximations for the electronic band
structure and the density of states are shown in Fig. 2.1. These were calculated
with density functional theory (DFT), first-neighbor tight-binding (TB) involving
only pz atomic orbitals, and the Dirac-Weyl equation (i.e. the Dirac equation for
massless fermions), respectively. The details of these theoretical calculations are
given in the next chapter because here we are only concerned with the results.
The DFT-calculations are the most accurate ones, but it can be seen from the
figure that the TB-approximation gives a (qualitatively) correct description of the
valence and conduction bands. For small excitations (<2eV) from the Fermi-level

1This is an idealization in several ways since every ’real’ system has defects and ripples and is

supported in some way or the other (and of course it is finite and not in vacuum).

17
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Figure 2.1. The electronic band structure (left) and the density of states (right) for in-

trinsic graphene, calculated with different theoretical models: (a) density functional theory,

(b) nearest-neighbour tight-binding, and (c) Dirac theory (QED) for massless fermions.

The Fermi-energy is set to zero.

of the neutral system a good description is provided by a linear spectrum which
can be deduced from a 2D Dirac-Weyl hamiltonian,

H ≈ ~vF
(

0 px − ipy
px + ipy 0

)
= ~vFσ · p, (2.1)

where vF denotes the Fermi velocity (a constant) and σ represents the 2D vector
of Pauli matrices, (σx, σy). The Fermi velocity is isotropic for small excitations
and can be measured or calculated to be vF ≈ 1.106ms−1. This is about 300 times
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smaller than the velocity of light in vacuum. The point in the energy spectrum
that coincides with the Fermi-level of the neutral system is called the Dirac point,
but this name is also used for the corresponding point in reciprocal space (usually
the K-point) of the hexagonal lattice. The DOS is zero at the Dirac point, but at
the same time there is no gap in the band structure so that graphene is actually a
zero gap semiconductor.

2.1.2 Ambipolar electric field effect

An interesting consequence of the unique electronic spectrum of graphene is the
possibility to change the amount and type of charge carriers continuously from elec-
trons to holes through the application of a homogeneous electric field perpendicular
to the graphene sample. The electric field shifts the Fermi-level up and down and
is therefore capable of inducing both electrons or holes in graphene. In Fig. 2.2 the
experimental confirmation of this ambipolar electric field effect is demonstrated by
resistivity measurements under varying gate voltages.

Figure 2.2. Experimental observation of the ambipolar electric field effect in monolayer

graphene on a SiO2 substrate. The insets show the conical low-energy spectrum with

different positions of the Fermi-energy, EF , corresponding to negative, zero, and positive

gate voltages, Vg, respectively.(Taken from ref. [3].)

2.1.3 Klein tunneling

Another surprising consequence of the Dirac-Weyl nature of the charge carriers
in graphene is the fact that they can tunnel without reflection through potential
barriers for normal incidence [7]. This can be understood when the influence of the
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potential is regarded as a local shift of the Fermi-level of the system (see Fig. 2.3).
The Dirac-particle changes its nature from electron to hole (or vice versa) in the
barrier so that it can go through without scattering. This strange behavior of the

EF

b b b

E

V0

b

Figure 2.3. Klein-tunneling in graphene: an electron state outside the barrier can tunnel

without reflection through the barrier as a hole state.

charge carriers has both advantages and disadvantages for practical applications
of graphene in electronics: the reduced scattering makes quasi-ballistic transport
possible but, on the other hand, it is very difficult to constrain the carrier flow by
potential barriers. Furthermore, it is impossible to ‘switch off’ the conductivity of
graphene devices (see below) which is an important requirement for some electronic
applications such as field effect transistors.

2.1.4 Minimum conductivity

As can be seen from Fig. 2.2, the resistivity remains finite, even at vanishing gate
voltage. Since the density of states is zero at this point (see Fig. 2.1), this means
there is a non-vanishing conductivity although there appear to be no charge carriers
in graphene. The Dirac spectrum of intrinsic graphene leads to the prediction of a
universal ballistic conductivity in the zero-carrier regime which has, however, not
been observed experimentally. Instead, experimental measurements of the minimal
conductivity find a sample-dependent minimum which is approximately a factor of
π larger than the theoretical predicted value. The commonly accepted solution to
this problem ascribes this minimum conductivity to randomly distributed electron-
hole puddles caused by inhomogeneities in the environment of the sample (such as
ripples and defects in the substrate) [8]. The different electron and hole puddles
are not isolated, because of the Klein tunneling, which makes sure that there is
always a finite amount of possible charge carriers present in graphene.

2.1.5 Creating a band gap

The minimal conductivity caused by the Dirac-Weyl nature of the electronic band
structure is a major drawback for most applications in electronics (see below).
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This problem should be solved if one can induce a gap in the band spectrum. This
can be done in several ways: confining the electrons in one direction by cutting
stripes (nanoribbons) from a graphene layer or applying a potential difference over
a bilayer of graphene can lead to the opening of an appreciable band gap. Another
possibility is to create a gap by chemical modification of the graphene layer. When
radicals such as atomic oxygen, hydrogen or fluorine are adsorbed to the graphene
surface they form covalent bonds with the carbon atoms. To make these covalent
bonds possible, the carbon atoms change their hybridization from sp2 to sp3 which
leads to the opening of a band gap (similar as in diamond). This last possibility is
further examined in Chapter 12.

2.2 Mechanical properties

The mechanical properties of graphene are also remarkable. Graphene is the
strongest material ever measured with a Young’s modulus of about 1 TPa, but
at the same time it is very soft and can take the form of the underlying substrate.2

The mechanical properties of graphene and some related materials will be treated
later in this thesis, so I will not go into detail here.

2.3 Graphene sample preparation

2.3.1 Introduction

The 2D nature of graphene causes it to be exposed completely to the environment,
i.e. every carbon atom of the graphene crystal is capable of interacting with the
surroundings. Most graphene samples are grown or deposited on a substrate with
which they interact while the other side of the graphene sheet is exposed to an
atmosphere or vacuum. Variations in the nature of the substrate or atmosphere
lead to a wide variety of electronic properties of the graphene sample. E.g. the
type of charge carriers in graphene, electrons or holes, depends strongly on the
environment.
Consequently, it is very important to know the different experimental circumstances
and preparation methods for graphene. However, these experimental circumstances
are still a subject of debate and the preparation methods are evolving at an in-
creasingly high pace. In this section an attempt is made to give an overview of the
most common preparation methods so far. The possible environmental influences
are treated later when necessary.

2This issue appears to be still rather controversial and is highly dependent on the type of

underlying substrate.
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Two major classes of preparation techniques can be distinguished; those that start
from graphite and in a variety of ways try to isolate few layer graphene (FLG) and
ultimately monolayers (top-down approach), and those in which the graphene is
actually synthesized out of some non-related materials that contain carbon atoms
(bottom-up). Techniques of the first class will be called exfoliation methods, while
the second class of techniques will be referred to as synthesis methods.

2.3.2 Exfoliation methods

The layered structure of graphite in which there is strong (covalent) bonding be-
tween the carbon atoms in a plane and weak van der Waals-bonding between the
different planes, suggests an easy route to produce graphene by breaking the weak
interlayer bonding and separate the different planes. However, several difficulties
with this procedure might be expected: how can this separation be done in a con-
trollable way so that different samples contain the same number of layers, and how
can the layers be kept apart after separation? The importance of these problems
depends strongly on the actual technique that is used to produce the FLG.

Mechanical exfoliation

Mechanical exfoliation is the preparation method that lead to the very first isolation
of a graphene sample [1]. Besides its historical importance, mechanical exfoliation
is still extremely valuable. Especially in academic research it is a widely applied
technique because the resulting sample quality is still unequaled by any of the
more recent techniques. The conceptual simplicity of this technique, which is also
referred to as the ‘scotch-tape method’, makes it surprising that it took so long to
discover single layer graphene samples. Essentially, the whole preparation process
consists of the repeated peeling of a multilayered graphitic material of a highly or-
dered pyrolytic graphite (HOPG) crystal with a celluphene tape and, subsequently,
pressing the tape on a Si/SiO2 substrate to deposit the (few-layered) graphene sam-
ples. The SiO2 of the substrate must have a carefully chosen thickness (∼ 300 nm)
to enhance the optical contrast of a single layer of graphene by an interference
effect. With an optical microscope it is then possible to distinguish between mono-
layer graphene and the many multilayered graphitic materials, left behind on the
substrate after removal of the tape. The size of the samples produced this way is
of the order of several µm2, but putting a polymer coating on the substrate can
increase the adhesion of the graphene sheets thereby allowing the production of
larger (mm2) pieces.
The graphene samples produced by mechanical cleavage have very good electronic
quality and are essentially free of defects, but there are some serious problems
that are difficult to overcome. It seems impossible to use this method for mass
production because there is no control over the number of layers. The monolayers
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of graphene are produced among a myriad of FLG’s and have to be searched for
with an optical microscope, so it is difficult to imagine how this could ever become
a high-throughput method for industrial applications. Therefore other techniques
are needed for these applications.

Chemical exfoliation

A more recent technique for graphene production is to separate the individual
sheets in graphite with a solution-based process (for a review see ref. [9]). This
method makes use of an intermediate step in which graphite is chemically modified
to make it water dispersible. One way is to oxidize graphite to graphite oxide (GO)
which can be intercalated with water to separate the layers (see Fig. 2.4). However
it is graphene that is wanted not GO, therefore it is necessary to reduce the GO
again to graphene. This can be done by thermal annealing or chemical reduction
in solution. The problem with chemical reduction in solution is that the different
layers quickly aggregate after reduction since they are no longer soluble. This is a
problem that seems difficult to overcome. Another way is thermal reduction after
the solution is deposited by spray coating on a heated substrate like SiO2.

Figure 2.4. Molecular model for the conversion of graphite to chemically derived

graphene through oxidation/reduction process (from ref. [10]).

The main advantage of chemical exfoliation is that it is low cost and has massive
scalability. But the quality of the samples is very low because a lot of defects are
introduced in the oxidation/reduction process.

2.3.3 Synthesis methods

The other strategy to produce graphene is from the bottom up by ‘gluing together’
precursor organic molecules or carbon atoms. This can be done in many ways and
the various methods are evolving very fast. But it is possible to distinguish between
three different approaches: organic synthesis in solution, chemical vapor deposition
on a metal substrate, and thermal decomposition of a silicon carbide substrate.
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Organic synthesis

The synthesis of planar benzene-based macromolecules from polycyclic aromatic
hydrocarbons (PAH) is a research field that dates back from long before the dis-
covery of graphene. But the field is now attracting renewed interest as a possible
route to graphene. The macromolecules are synthesized in solution. This restricts
their size because increasing the weight of a macromolecule decreases the solubility
and enhances the formation of more 3D-like structures. However in 2008 it was
demonstrated that graphene nanoribbons with lengths of about 12 nm could be
produced this way [11]. With further development this might become an attractive
route to graphene for electronic applications.

Epitaxial graphene on silicon carbide

Another technique, which is perhaps one of the most promising techniques for
large-scale graphene production, is to extract graphene layer by layer from a sil-
icon carbide (SiC) crystal surface by controlled heating in vacuum or a suitable
oxygen-containing atmosphere. A lot of theoretical and experimental work has
been performed to identify the processes behind the graphene formation on the
SiC surface and this has resulted in a reasonable understanding of the important
factors involved [12]. The most decisive factor for the properties of the produced
graphene multilayers is the surface from which it is extracted.

J. Phys.: Condens. Matter 20 (2008) 323202 Topical Review

Figure 5. The unit cell structure of 4H- and 6H-SiC. Filled circles
are carbon atoms and open circles are silicon atoms.

a graphene lattice that lead to nearly commensurate structures
with the SiC(0001) and (0001̄) surfaces. Many of these
structures are observed in the graphene/SiC system. Which
of these structures form depends on the specific SiC polar face
chosen for growth along with other experimental conditions.
Therefore, we present these structures in this section as a
reference for future discussions. Since we will be dealing
with both graphene and SiC basis vectors, we will need to
switch between notation to describe the surface periodicity
of various supercells. To avoid confusion we will write the
periodic supercells in graphene basis vectors with the subscript
G, i.e. (n × m)G. Cells in the SiC basis vectors will not be
subscripted.

In general these commensurate phases can be calculated
when an integer multiple of the SiC unit cell is nearly equal to
an integer multiple of the graphene unit cell;
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where n′, m ′, n and m are integers. For convenience we define
the dimensionless distances RG = √
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The rotation angle of the commensurate graphene sheets,
relative to the SiC n′aSiC direction, can be calculated for
different integer m and n’s:
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Figure 6. (a) and (b) are two graphene–SiC (6
√

3 × 6
√

3)R30 unit
cells, one with graphene rotated 30◦ and the other with graphene
rotated −2.204◦ relative to the SiC unit cell (red/light grey line).
Open circles are atoms in the SiC and filled circles are C atoms in the
graphene layer. The shaded area shows high symmetry points
between the graphene lattice and the SiC lattice. A (6 × 6) unit cell
connecting the high symmetry points is also shown. (c) A
(2

√
3 × 2

√
3)R30 cell with graphene rotated 6.59◦ is also shown

with its quasi-(2 × 2) cell.

One structure of particular relevance is the (6
√

3 × 6
√

3)R30
structure that is the predominant reconstruction observed by
low energy electron diffraction (LEED) for graphene grown on
the Si-face of SiC [54–56]. A ball model of this commensurate
graphene structure is shown in figure 6. Note the high
symmetry points of the graphene lattice relative to the SiC
(shaded hexagons). These are points where either a carbon
atom in the graphene layer sits directly above an atom in the
SiC layer below, or that a SiC atom lies directly below the
center of a graphene hexagon. We can define a quasi-unit-
cell that is defined by these high symmetry points. For the
commensurate (6

√
3 × 6

√
3)R30 structure shown in figure 6

the quasi-cell would be a (6 × 6) SiC unit cell. Many of the
nearly commensurate graphene/SiC structures have these high
symmetry sites that lead to smaller quasi-cells. These cells
are mentioned because, as we will see in sections 3 and 4.1,
the influence of the SiC substrate/graphene interaction and the
graphene–SiC interface structure causes an apparent distortion
of the first 1–2 graphene layers so that scanning tunneling
microscopy (STM) images often see a surface unit cell that is
smaller than the cell measured by diffraction.

Table 2 is a short list of these commensurate graphene/SiC
structures showing the graphene sheet’s rotational angle
relative to the SiC[001̄0] direction along with their relative
strain. The strain is defined as �l/ l = 1 − (aG/aSiC)RG/ l or

5

Figure 2.5. Crystal structure of 4H-SiC and 6H-SiC. Filled circles are carbon atoms

and open circles are silicon atoms. The Si-face and C-face are indicated. (Taken from

ref. [12].)
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The most used crystal types for the SiC are 4H-SiC and 6H-SiC (see Fig. 2.5). These
are hexagonal lattices that have two different polar faces along the c-axis. When
taking a finite slab of these crystals, this results in two inequivalent surfaces, (0001)
and (0001̄), which are respectively Si-terminated and C-terminated. The growth of
graphene on these surfaces comes about when the Si atoms are evaporated from the
surface. The Si atoms bind to oxygen to form SiO molecules and desorb from the
surface. The C atoms are left behind and they reconstruct to form graphene layers.
The graphene layer closest to the SiC is called the buffer layer and it is chemically
bonded to the Si or C atoms of the substrate so that π-bands are absent in the
electronic spectrum of this layer (see Fig. 2.5). The following layers exhibit the
Dirac spectrum typical for freestanding graphene. But, depending on the growth
side, the graphene samples are n-doped (Si-face) or slightly p-doped (C-face), as
shown in Fig. 2.6.

Figure 2.6. Electronic band structure for graphene layers grown on the Si-face (a,c) and

the C-face (b,d) of a SiC crystal. (a) and (b) show the band structure of the buffer layer,

while (c) and (d) show the Dirac-like spectrum of the first true graphene layer (Taken

from ref. [13].)

Chemical Vapor Deposition

Maybe the most promising technique for the future is chemical vapor deposition.
This technique can be described as the growing of graphene on a heated metallic
substrate in a well-chosen atmosphere containing organic molecules. A lot of differ-
ent substrates (Ni, Cu, Ru, ...) and atmospheres (CH4/H2, CH4/H2/Ar, ...) have
already been examined, but there is still much room for improvement. There are
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a lot of advantages of this method compared to the other ones: after etching away
the substrate it is possible to transfer the graphene samples to any other substrate
and, in principle, there is no limit on the size of the samples since they cover the
whole substrate; another interesting consequence of this is the possibility to use
prepatterned substrates to grow graphene samples with a well defined shape (see
Fig. 2.7).
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Figure 2 | Various spectroscopic analyses of the large-scale graphene films
grown by CVD. a, SEM images of as-grown graphene films on thin (300-nm)
nickel layers and thick (1-mm) Ni foils (inset). b, TEM images of graphene
films of different thicknesses. c, An optical microscope image of the
graphene film transferred to a 300-nm-thick silicon dioxide layer. The inset
AFM image shows typical rippled structures. d, A confocal scanning Raman
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Figure 3 | Transfer processes for large-scale graphene films. a, A
centimetre-scale graphene film grown on a Ni(300 nm)/SiO2(300 nm)/Si
substrate. b, A floating graphene film after etching the nickel layers in 1 M
FeCl3 aqueous solution. After the removal of the nickel layers, the floating
graphene film can be transferred by direct contact with substrates. c, Various
shapes of graphene films can be synthesized on top of patterned nickel layers.
d, e, The dry-transfer method based on a PDMS stamp is useful in
transferring the patterned graphene films. After attaching the PDMS
substrate to the graphene (d), the underlying nickel layer is etched and
removed using FeCl3 solution (e). f, Graphene films on the PDMS substrates
are transparent and flexible. g, h, The PDMS stamp makes conformal contact
with a silicon dioxide substrate. Peeling back the stamp (g) leaves the film on
a SiO2 substrate (h).
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Figure 2.7. a) Chemical vapor deposition of graphene on an patterned Ni layer. b,c)

Etching with different techniques and subsequent transfer to another substrate.(Taken from

ref. [14].)

But for now there are still many problems: good ways to control the number of
grown layers are still to be found and the presence of different growing centers
induces polycrystalline samples which reduces the sample quality.

2.4 Applications

It is evident that the remarkable properties of graphene can lead to interesting new
applications. These applications appear to be the subject of a lot of speculations,
but some of these speculations are not so far from being realized anymore.

2.4.1 High-speed electronics

With the fundamental limitations of silicon-based electronics in sight, it is time
to look for other materials to continue the advancement in electronic applications.
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Graphene might be a good candidate because it obviously possesses many prop-
erties that make it interesting to use in electronics: it has high mobility charge
carriers, even at high carrier concentrations, and exhibits ballistic transport on
a submicrometer level, even at room temperature. However, the actual use of
graphene in practical electronics is still very limited.

2.4.2 Transparent electrodes

Indium tin oxide (ITO) is the most used material these days for the fabrication of
conducting coatings for liquid crystal displays (LCD), solar cells and the like. How-
ever, the high cost, limited resources, and brittle nature of ITO greatly restrict its
application. The exceptional chemical and mechanical stability of graphene com-
bined with its high conductivity, atomic layer thickness and essentially unlimited
supply, make it an ideal candidate to replace ITO and become the leading material
for transparent conducting electrode applications. Furthermore graphene is much
more flexible and is therefore also a good material to use in touch screens etc. The
applicability of graphene for this kind of usage has already been demonstrated [14].

2.4.3 Sensors

The small dimensions of graphene make it very sensitive to external influences. This
is a useful property for sensor applications and allows one to transform graphene
samples into nanosensors.

Mass sensors

Graphene can be made into a free-hanging, suspended membrane by (partially)
etching away the SiO2 substrate or deposition on a prepatterned substrate with
holes into it. As such it can be made in a high-frequency resonator of which
the frequency is highly dependent on any adsorbed species. The slightest mass
differences can be detected in this way because of the low mass density of graphene.

Gas sensors

A new generation of gas sensors has recently emerged with the advent of carbon
nanotubes and semiconductor nanowires. Because of the small dimensions of these
materials, the charge carrier concentrations that result from adsorbed gas molecules
can lead to detectable signals. The usual way to do this is by using these nanoma-
terials in a field effect transistor (FET) device in which the adsorbing molecules
play the role of the gate voltage. The induced resistivity changes can be measured
and in this way an exceptional sensitivity is achieved allowing the detection of toxic
gases in concentrations of the order of one part per billion (p.p.b.).
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Graphene can be regarded as the most recent member of this new generation of
gas sensors but it has some superior properties that increase the sensitivity even
further.

• Graphene is a 2D material and has, consequently, its whole volume exposed
to possible adsorbates.

• Graphene is highly conductive and has therefore low Johnson-noise3 even in
the absence of charge carriers.

• In its neutral state, there are no charge carriers in graphene so that a few
charge carriers can cause notable changes in the carrier concentration and
hence the conductivity.

• Graphene crystals are almost defect-free which ensures decreased noise due
to thermal movement of defects.

The combination of all these features allows for the ultimate detection of single
molecular adsorption events with graphene sensors [15].

The usability of graphene for gas sensors has been demonstrated [15], but a lot
of research still needs to be done to understand all the processes involved in the
sensing mechanism. A great part of this thesis is concerned with the theoretical
investigation of the interaction between adsorbates and graphene which might be
useful for this kind of applications. Properties such as binding energies and charge
transfers between molecules and graphene layers will be examined by simulating
the adsorbate-graphene system within the density functional theory formalism.

3Johnson noise is the electronic noise generated by the thermal agitation of charge carriers.
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Chapter 3

General Introduction

In this part, I will cover all the theoretical methods that are used in the following.
The knowledge of these theories in not always necessary to understand the results
that are achieved with them, but they are included for completeness. One exception
is the qualitative molecular orbital theory (section 4.3) which is used to interpret
a lot of the results and is therefore required to understand the conclusions.

3.1 The Schrödinger equation

To get a better understanding of the adsorption properties of graphene, a good
theoretical model is very useful. This model should at least be quantum mechan-
ical since we are dealing with interactions at the atomic and molecular level, but
relativistic effects can be neglected for the low mass atoms which we are concerned
with in this thesis. Most of the properties of interest here can be deduced from
static, i.e. time-independent, situations. In conclusion, our model needs to start
from the non-relativistic, time-independent Schrödinger equation which, from now
on, will be simply referred to as the Schrödinger equation.

The problem is now to find solutions for this Schrödinger equation. Suppose the
system under study consists of N electrons and M nuclei, so the Schrödinger equa-
tion can be written as

ĤtotΨ(x1, ...,xN ,R1, ...,RM ) = EtotΨ(x1, ...,xN ,R1, ...,RM ), (3.1)

where the coordinates xi represent both the position coordinates, ri, and the spin
coordinates, σi, of the N electrons and the coordinates RI are the position coordi-
nates of the M atomic nuclei in the system. The hamiltonian operator, Ĥ, is given

31
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by
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where me is the mass of an electron and MI and ZI are respectively the mass
and the charge (atomic number) of the nuclei. The first and the second term of
equation (3.2) correspond to the kinetic energies of the electrons and nuclei, while
the others represent the electron-nucleus, electron-electron, and nucleus-nucleus
Coulomb interaction terms respectively.
It is clear that finding the ground state solution of the Schrödinger equation (3.1)
with the hamiltonian given by (3.2) is not an easy task. In fact, it is impossible
to solve this equation exactly but for the simplest problems such as the hydrogen
atom. However, it is possible to make a number of approximations to this equation,
based on physical arguments, so that approximate solutions are feasible.

3.2 The Born-Oppenheimer or adiabatic approxi-

mation

A first approximation can be made when considering the large difference in mass
between electrons and nuclei. The lightest nucleus, the proton, weighs approxi-
mately 1800 times more than an electron and for carbon atoms this ratio is already
about 22000. This means that the kinetic energy of the nuclei (the second term
in (3.2)), which is inversely proportional with the nuclear mass MI , is relatively
small and can be neglected. Consequently, the nuclei can be considered as frozen
and the nucleus-nucleus repulsion term becomes merely a constant. Taking this
into account, the hamiltonian can be rewritten as

Ĥtot ' Ĥe + Enuc, (3.3)

with
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It is now possible to solve the electronic part (3.4) separately using the nuclear
coordinates as parameters, and then add the nuclear repulsion part (3.5) to get
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the total energy. When looking for the ground state of the system, the nuclear
positions can be changed until the total energy minimum has been reached (see
next section).
Because the nuclear repulsion energy is easily calculated, only equation (3.4) is of
real interest now. For convenience in notation I will simply refer to Ĥe as Ĥ and
define ~ = e = me = 1 to get rid of all the constants in our notation (i.e. we switch
to atomic units), so that

Ĥ = −1
2
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(3.6)

and the energy is expressed in hartree (1 hartree = 27.21138 eV) and lengths in bohr
(1 bohr = 0.529177 Å). Note that the hamiltonian (3.6) is completely determined
by the number of electrons N , and the positions {RI} and charges {ZI} of the
nuclei. Or, stated in another way, the hamiltonian is entirely specified through
the third term on the right in (3.6), i.e. the term originating from the nuclear
potentials, while the first two terms can be considered universal.
A consequence of applying the adiabatic approximation to the hamiltonian (3.2)
is the removal of the nuclear coordinates from the many particle wavefunction as
given in (3.1). The total energy is given by

Etot = 〈Ĥtot〉 ' 〈Ĥ〉+ Enuc = 〈T̂ 〉+ 〈V̂ee〉+ 〈V̂ext〉+ Enuc, (3.7)

where the expectation values are taken with respect to ψ(x1, ...,xN ). This does
not mean that the energy is independent of the nuclear coordinates, but that the
interaction of the electrons with the nuclei is only included as an interaction with
the external potential Vext(r) =

∑
I

ZI

|r−RI | .

3.3 The force theorem

Suppose that it would be feasible to find the exact ground state wavefunction,
ψ0(x1, ...,xN ), for any given set of nuclear coordinates {RI}. Is it possible in this
case to find that particular set of nuclear coordinates that minimizes the total
energy (3.7)? After all, it does not seem possible to check all sets of coordinates
and then pick the one with the lowest energy. However, if we can calculate the
forces on the nuclei we can move them according to classical mechanics until all
forces on them vanish,1 i.e.

FI = −∂Etot
∂RI

= 0 for I = 1, ...,M. (3.8)

1This only ensures we reach a local minimum, of course.
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For the calculation of these forces we can apply the force theorem stated by
Hellmann[16] and Feynman[17]: an evaluation of the forces from (3.7) gives

−∂Etot
∂RI

= −〈 ∂ψ0

∂RI
|Ĥ|ψ0〉 − 〈ψ0|

∂Ĥ

∂RI
|ψ0〉 − 〈ψ0|Ĥ|

∂ψ0

∂RI
〉 − ∂Enuc

∂RI
. (3.9)

The first and the third term on the right vanish because of the variation principle.
So we get

FI = −〈ψ0|
∂Ĥ

∂RI
|ψ0〉 −

∂Enuc
RI

= −〈 ∂T̂
∂RI

〉 − 〈∂V̂ee
∂RI

〉 − 〈∂V̂ext
∂RI

〉 − ∂Enuc
∂RI

= −〈∂V̂ext
∂RI

〉 − ∂Enuc
∂RI

= −
∫
drρ0(r)

∂Vext(r)
∂RI

− ∂Enuc
∂RI

(3.10)

with the ground state electron density, ρ0(r), defined as

ρ0(r) = N

∫
|ψ0(x1, ...,xN )|2dσ1dx2...dxN , (3.11)

So the forces on the nuclei only depend on the ground state density and the positions
of the other nuclei and can be calculated if the wavefunction (or electron density)
is known.



Chapter 4

Approximate Solutions

Now that we know that it is possible to find the total ground state solution if
we are capable of finding the (electronic) ground state solutions for fixed nuclear
configurations, our problem is reduced to finding these electronic ground state
solutions. For this it is useful to introduce some additional approximations.

4.1 The variation principle and finite basis sets

It is still an impossible task to find any eigenfunction of the hamiltonian operator,
but suppose all the (many-body) eigenfunctions {φi} were known. The set of
these eigenfunctions is complete and can be chosen to be orthonormal. It is then
possible to write any wavefunction ψ (with the same number of electrons) formally
as ψ =

∑
i ciφi and the expectation value for the energy of this wavefunction1 is

then

E = 〈ψ|Ĥ|ψ〉 =
∑
i,j

c∗jci〈φj |Ĥ|φi〉 =
∑
i

|ci|2Ei ≥ E0

∑
i

|ci|2 = E0, (4.1)

with E0 the lowest eigenvalue of Ĥ, i.e. the ground state energy. The expectation
value of the energy of any wavefunction ψ is thus higher than or equal to the ground
state energy. This is a very important result because this allows us to search for
the ground state wavefunction and energy by testing different ‘trial wavefunctions’
and taking the state corresponding to the lowest energy as the best approximation
for the true ground state.
The problem is now to find good trial wavefunctions. It is often clear from the
system under study what the wavefunctions should look like. Based on this in-
sight, a particular wavefunction Ψ(x; p1, p2, ..., pn), depending on a finite number

1The wavefunction is assumed to be normalized.

35
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of parameters {pi}, can be proposed. In that case, the expectation value for the
energy, E, is a function of these parameters and can be minimized with respect to
them by requiring that

∂E

∂p1
=
∂E

∂p2
= ... =

∂E

∂pn
= 0. (4.2)

In practice, it can be very useful to define a finite basis set of (often orthonormal)
functions, {χj}, and search for solutions that are linear combinations of these basis
functions,

φ =
Nb∑
j

cjχj , (4.3)

through the variation of the (finite) set of coefficients {cj}, while keeping the ba-
sis functions fixed. The approximate ground state corresponds to the best linear
combination of the basis functions and is obtained when

∂

∂c∗j

〈φ|Ĥ|φ〉
〈φ|φ〉 = 0 (4.4)

for all cj . Introducing a Lagrange multiplier λ, we can rewrite this as

∂

∂c∗j

(
〈φ|Ĥ|φ〉 − λ(〈φ|φ〉 − 1)

)
= 0. (4.5)

and after substitution of the wavefunction (4.3) into (4.5), we get∑
j

cj

(
〈χi|Ĥ|χj〉 − λ〈χi|χj〉

)
= 0. (4.6)

This can be cast in the form of a generalized eigenvalue equation,∑
j

Hijcj = λ
∑
j

Sijcj , (4.7)

with Hij = 〈χi|Ĥ|χj〉 and Sij = 〈χi|χj〉. These Nb equations (i = 1, ..., Nb) can be
solved once the matrix elements Hij and Sij are calculated. From the Nb solutions
the one with the lowest expectation value for the energy is the best approximation
of the ground state. After multiplying (4.6) with c∗i and summing over i we find

λ =

∑
i,j c
∗
i cj〈χi|Ĥ|χj〉∑

i,j c
∗
i cj〈χi|χj〉

(4.8)

i.e. λ corresponds with the expectation energy, so the solution of (4.7) with the
lowest eigenvalue is the sought-after approximation.
In the following sections a few specific examples are given of special basis sets that
will be helpful in analyzing some of the results of more advanced calculations.
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4.2 Independent particles: the Hartree-Fock ap-

proximation

A major problem with trying to solve the many-body Schrödinger equation is the
representation of the many-body wavefunction. Imagine the amount of information
needed to describe the many-body wavefunction of a system containing 10 electrons.
Suppose we want to represent each electron numerically on a very coarse grid of
103 points (3D), then (103)10 = 1030 values are needed to represent the many-body
wavefunction at the same level of accuracy. One solution to this problem is to look
at the different electrons as independent of one another, with the consequence
that, in our example, only 10 × (103) = 104 values are needed to represent the
wavefunction. This approximation, known as the Hartree-Fock approximation, is
relatively crude, of course, but it has the advantage that it gives an intuitive picture
of electrons occupying different orbitals2. Furthermore this approximation forms
the basis of the, in principle, exact configuration interaction theory. However, this
is not the reason for including the Hartree-Fock theory here: the HF approximation
will not be used in any of the performed calculations but it is very important for a
good understanding of the Kohn-Sham approach to density functional theory which
will be used extensively. Therefore the emphasis here will be on the introduced
concepts.
Assuming that the different electrons of the system under study can be repre-
sented occupying different orbitals, Hartree proposed a wavefunction of the form
ψH(x1, ...,xN ) = φ1(x1)φ2(x2)...φN (xN ), with the (single-particle) orbitals {φi(xi)}
unspecified (but they are usually chosen to be orthonormal)[18]. It was soon re-
alized by Slater [19] and Fock [20] that this could easily be improved upon by
enforcing the Pauli exclusion principle on ψH , i.e.

ψHF (x1, ...,xN ) =
1√
N !

N !∑
i

(−1)P (i)Pi{φ1(x1)φ2(x2)...φN (xN )}, (4.9)

where the sum is over all the different permutations of the orbitals {φi}. Wavefunc-
tions of the form (4.9) have the correct fermion behavior when any two electrons
are interchanged, i.e they change sign, and they are known as Slater-determinants.
We can now use this wavefunction as a trial wavefunction for our hamiltonian

Ĥ = −1
2

N∑
i

∇2
i −

N∑
i

M∑
I

ZI
|ri −RI |

+
1
2

N∑
i6=j

1
|ri − rj |

(4.10)

≡
N∑
i

ĥ1(ri) +
1
2

N∑
i6=j

ĥ2(ri, rj), (4.11)

2Actually they are spin orbitals, but I will just call them orbitals.
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with the single-particle operator ĥ1 and the two-particle operator ĥ2 defined as

ĥ1(ri) =
1
2
∇2
i +

M∑
I

ZI
|ri −RI |

, and ĥ2(ri, rj) =
1

|ri − rj |
. (4.12)

It is easy to show that for a Slater determinant with the additional constraint that
〈φi|φj〉 = δij we get

〈Ĥ〉 = 〈ψHF |
N∑
i

ĥ1(ri) +
1
2

N∑
i6=j

ĥ2(ri, rj)|ψHF 〉

=
N∑
i

〈φi|ĥ1(ri)|φi〉+
1
2

N∑
i6=j

(
〈φiφj |ĥ2(ri, rj)|φiφj〉 − 〈φjφi|ĥ2(ri, rj)|φiφj〉

)

≡
N∑
i

〈φi|ĥ1(ri)|φi〉+
1
2

N∑
i,j

(Jij −Kij) (4.13)

On the last line the Coulomb interaction terms, Jij , and the exchange terms, Kij ,
are defined. The exchange terms result from imposing the antisymmetry on the
wavefunction in (4.9), when interchanging two electrons. Note that the Coulomb
terms also contain the non-physical self-interaction terms (for i = j) which are
removed by the corresponding exchange terms.

Applying the variation principle to the different orbitals, i.e. φi → φi + δφi, we
arrive at the Hartee-Fock equations,

F̂HFφj = εjφj for j = 1, 2, ..., N, (4.14)

where εj , ..., εN are the Lagrange multipliers, and the Fock operator F̂HF is defined
by

F̂HF = ĥ1 +
N∑
i

(Ĵi − K̂i). (4.15)

So the many-body Schrödinger equation has been replaced by the single-particle
Hartree-Fock equation of which the N lowest energy solutions can be combined
into a Slater determinant to give the approximate many-body wavefunction. The
interaction between the electrons occupying different orbitals is included in the
Coulomb and exchange operators, Ĵi and K̂i, which will be discussed in more
detail now.



4.2. INDEPENDENT PARTICLES: THE HARTREE-FOCK APPROXIMATION39

The Coulomb operator

The Coulomb operator, Ĵi, is defined by

Ĵiφj(x1) =
∫
φ∗i (x2)ĥ2φi(x2)φj(x1)dx2 =

∫ |φi(x2)|2
|r1 − r2|

dx2 φj(x1) (4.16)

⇒ Ĵi =
∫ |φi(x2)|2
|r1 − r2|

dx2 (4.17)

In other words, Ĵi corresponds to the classical electrostatic potential that an elec-
tron at position r1 feels due to the average charge distribution of an electron in φi.
Since the result of the Coulomb operator, Ĵiφj(x1), on an orbital, φj , only depends
on the value of the orbital at x1, the operator is called local.

The exchange operator

In contrast to the Coulomb operator, the exchange operator, K̂i, has no classical
counterpart and is only defined through its operation on an orbital φj(x1)

K̂iφj(x1) =
∫
φ∗i (x2)ĥ2φi(x1)φj(x2)dx2

=
∫
φ∗i (x2)φj(x2)
|r1 − r2|

dx2 φi(x1) (4.18)

So the operation of K̂i leads to an interchange of the coordinates of the two orbitals
and, consequently, the result of the exchange operator on an orbital, φj , depends on
the value of φj at every point in space. Therefore K̂i is called a non-local operator.
It is clear that both Ĵi and K̂i depend on the orbitals φi so that the Fock operator
(4.15) depends on all the orbitals φ1, ..., φN . Therefore the solutions of the Hartree-
Fock equations (4.14) have to be found self-consistently: starting from an initial
guess for the orbitals, new orbitals are computed from the HF equations which can
then be used as a better guess for the orbitals. This procedure can be repeated until
convergence has been reached, i.e. until the input and output orbitals are (nearly)
the same. A problem with the procedure of finding the electron orbitals is that they
still have to be represented at every point in space, which is, in practice, impossible.
The use of a finite basis set to represent the different orbitals, as described in the
previous section, can resolve this problem and leads to the so-called Hartree-Fock-
Roothaan method [21].

Discussion

The N lowest energy solutions of the Fock-operator can be combined into a Slater-
determinant which is the approximate ground state wavefunction for the hamilto-
nian (4.10). But it is also possible to regard this wavefunction as the exact solution
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for the independent-particle hamiltonian

ĤHF =
N∑
i

F̂HF (i). (4.19)

However, the expectation value for this hamiltonian, 〈ψHF |ĤHF |ψHF 〉, is not the
energy of the system described by (4.10). But from (4.15) and (4.13), it follows
that they are related,

E = 〈Ĥ〉 = 〈ĤHF 〉 −
1
2

∑
i

〈Ĵi − K̂i〉. (4.20)

4.3 LCAO and qualitative molecular orbital the-

ory

Molecular orbital (MO) theory is a very widely used theory in quantum chemistry
which is able to give both quantitative as qualitative results for molecular systems.
Since there are better suited approaches to get quantitative results for the problems
in this thesis, such as density functional theory, the focus will be on the qualitative
results that can be obtained with molecular orbital theory. These will be very
important for the interpretation of many of the performed calculations. Because
this theory is not so well known in the physics community, several examples will
be given to demonstrate this interpretative power.
Molecular orbital theory is comparable to the Hartree-Fock theory. Just like the
Hartree-Fock approximation, it assumes the different electrons in the system to
occupy different orbitals, represented by orthonormal wavefunctions which can be
combined into a Slater determinant to get the full many-body wavefunction. But
in contrast to HF theory, the hamiltonian (4.10) is replaced with an (unknown)
effective hamiltonian, Ĥeff, which has as exact eigenfunctions Slater determinants,
Ψ(x1, ...,xN ) = |φ1, ..., φn|,

Ĥeff =
N∑
I

ĥeff(i) (4.21)

⇒ ĤeffΨ =
N∑
I

ĥeff(i)Ψ = (
N∑
i

εi)Ψ = EΨ (4.22)

with ĥeffφi = εiφi. Similar to the Hartree-Fock-Roothaan approach, it is possible
to express the orbitals as linear combinations of a predefined basis set. In the
qualitative application of MO theory the (normalized) atomic orbitals, {χ1, ...χNb

},
of the different atoms of the system, which are supposed to be known, are taken as
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the basis. So φp can (approximately) be written as a linear combination of atomic
orbitals (LCAO), φp =

∑Nb

j cjpχj and it follows that

〈χi|ĥeff|φp〉 '
Nb∑
j

cjp〈χi|ĥeff|χj〉 = εp

Nb∑
j

cjp〈χi|χj〉. (4.23)

This can be written as a generalized matrix eigenvalue problem∑Nb

j cjp(Hij − εpSij) = 0, j = 1, ..., Nb

⇒ (H− εS)c = 0.
(4.24)

with the effective hamiltonian matrix and the overlap matrix respectively defined
by Hij = 〈χi|ĥeff|χj〉 and Sij = 〈χi|χj〉. The last equation only has a non-trivial
solution if the determinant of the matrix (H − εS) is zero, |H − εS| = 0. This
is called the secular equation and it is easily solved once Hij and Sij are known.
But, although the matrix elements Sij are known, because the atomic orbitals are
supposed to be given, Hij is unspecified since ĥeff is not known. In practice, several
strategies are used to get realistic estimates for these unknowns, e.g. by fitting to
experimental data, but these are not very important when only qualitative results
are desired. Some simple examples will be given to demonstrate how it is possible
to get qualitative estimates of the unknown matrix elements.

4.3.1 Homonuclear diatomic molecules

As a first example, the simplest molecule of all is studied, namely the hydrogen
molecule-ion, H+

2 . The basis set for this molecule consists of only two atomic
orbitals, the spherical symmetric 1s-orbitals, sa and sb, of the two hydrogen atoms.
Writing the molecular orbitals as a linear combination of these atomic orbitals,
σi = c1isa + c2isb, the secular equation becomes∣∣∣∣ Haa − εSaa Hab − εSab

Hba − εSba Hbb − εSbb

∣∣∣∣ = 0. (4.25)

Saa = Sbb = 1, because of the normalization of the atomic orbitals, and if we define
Sab = Sba ≡ S, Haa = Hbb ≡ α, and Hab = Hba ≡ β, the determinant can be
written as ∣∣∣∣ α− ε β − εS

β − εS α− ε

∣∣∣∣ = 0. (4.26)

which results in

ε1 =
α+ β

1 + S
, ε2 =

α− β
1− S (4.27)
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and the corresponding normalized molecular orbitals are

σ1 =
1√

2(1 + S)
(sa + sb), σ2 =

1√
2(1− S)

(sa − sb) (4.28)

So the problem is completely solved once we know α and β. The hydrogen molecule-
ion is a single electron system and therefore the exact effective hamiltonian (4.21)
is known

Ĥeff = ĥeff(1) = −1
2
∇2 − 1

ra
− 1
rb

+
1
R

(4.29)

where ra and rb are the distances of the electron from the two nuclei which are
separated by a distance R. Note that the repulsion term between the two nuclei
(3.5) has been explicitely incorporated here. It is now possible to find an explicit
expression for the so-called Coulomb integrals, α,

α = 〈sa|ĥeff(1)|sa〉 = 〈sa| −
1
2
∇2 − 1

ra
|sa〉+ 〈sa| −

1
rb

+
1
R
|sa〉 (4.30)

= E1s +
(
−
∫ |sa|2

rb
dx1 +

1
R

)
. (4.31)

The first term follows from the fact that sa is an exact eigenfunction of the hydrogen
hamiltonian with energy E1s. The term between brackets will be close to zero when
the distance between the nuclei is large enough. Therefore it will be neglected so
that the self-interaction can be approximated by

α ≈ E1s. (4.32)

The so-called resonance intergrals (or exchange integrals), β, can be treated in a
similar way.

β = 〈sa|ĥeff(1)|sb〉 = 〈sa| −
1
2
∇2 − 1

ra
|sb〉+ 〈sa| −

1
rb

+
1
R
|sb〉 (4.33)

= E1sS +
(
−
∫
sa

1
rb
sbdx1 +

S

R

)
. (4.34)

However, now the term between brackets can not be neglected. The maximum
of the overlap between sa and sb is situated right between the two nuclei and
therefore its interaction with one nucleus (the first term between the brackets) is
roughly twice as large as the interaction between the two nuclei weighted with the
overlap (the second term between the brackets). So the resonance integral, β, can
be approximated as

β ≈ E1sS −
S

R
⇒ β ∼ S (4.35)
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Inserting these approximations into the formulas (4.27) for the solution of the
secular equation gives

ε1 = E1s −
S

R(1 + S)
, ε2 = E1s +

S

R(1− S)
(4.36)

Because the overlap S is a positive quantity ε1 < E1s and ε2 > E1s. Therefore
the corresponding molecular orbitals, σ1 and σ2, are referred to as the bonding
and anti-bonding orbitals, respectively. The denominator of the energy shifts in
(4.36) makes sure that the anti-bonding orbital is always more anti-bonding than
the bonding orbital is bonding. A schematic summary of the results so far is given
in Fig. 4.1a.

b b

sa sb

σ1

σ2

b

b

sa

sb
σ1

σ2

a) b)

Figure 4.1. The energy levels of the MO’s of a) a homonuclear and b) a heteronuclear

molecule.

From this approximation one could get the impression that decreasing the distance
between the nuclei, and consequently increasing the overlap, will infinitely lower
the energy of the bonding orbital. However, the approximations were only valid
for large distances and a short look at (4.31) makes it clear that at short distances
the energy will increase enormously by the nuclear repulsion. This is also shown in
Fig. 4.2 where the approximate solutions are plotted together with the full LCAO
solutions.

4.3.2 Heteronuclear diatomic molecules

In the example of the hydrogen molecule the two interacting atomic orbitals had
the same energy. Let us now examine what happens if the two interacting atomic
orbitals, sa and sb have different energy. In that case the secular equation can be
written as ∣∣∣∣ αa − ε β − εS

β − εS αb − ε

∣∣∣∣ = 0. (4.37)
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Figure 4.2. Variation of the energy levels with the internuclear distance in a hydrogen

molecule-ion.

Assuming that the difference in energy, (αb − αa) > 0, is large, the solutions are

ε1 ≈ αa −
β2

αb − αa
, ε2 ≈ αb +

β2

αb − αa
(4.38)

and the corresponding (unnormalized) molecular orbitals are

σ1 ≈ sa −
(

β

αb − αa

)
sb, σ2 ≈

(
β

αb − αa

)
sa + sb. (4.39)

So the bonding orbital, σ1, has an energy that is a little bit lower than the lowest
energy of the atomic orbitals and is located largely at the position of the atom
with the lowest atomic orbital energy. On the other hand, the anti-bonding orbital
has an energy that is higher than the highest energy of the atomic orbitals and
is located largely at the position of this atom with the highest energy. This is
schematically represented in Fig. 4.1b.

Discussion

From the two simple examples, given above, a lot of qualitative information and
rules can be deduced which can be applied to much more complicated systems.
The picture that was given is not only applicable to the interaction between two
atomic 1s-orbitals, but can be applied to any number of orbitals with arbitrary
symmetry. Bringing together two arbitrary orbitals results in the formation of two
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new orbitals, a bonding and an anti-bonding one, of which the first is (usually)
shifted down in energy and the second is shifted up by a larger amount. The rules
for the shifting of the energies can be summarized as follows:

∆E ≈
{

β if αa = αb
β2

αb−αa
if αa � αb

(4.40)

with αa and αb the energies of the interacting orbitals. In other words there
will only be interaction between orbitals that have similar energies and nonzero
overlap. This last requirement follows from the fact that the resonance integral, β,
is proportional with the overlap S (see (4.35)). So when e.g. two atoms approach
each other only those atomic orbitals interact with each other that have nonzero
overlap and are close in energy. Usually only the orbitals of valence electrons will
have an appreciable overlap and core electrons can be neglected.

Many-electron systems

Until now, only single electron systems have been treated. In the qualitative molec-
ular orbital theory a description of many-electron molecules is obtained by simply
adding extra electrons in the molecular orbitals of the system. In other words,
the (inter-atomic) electron-electron interaction is neglected. When filling up the
molecular orbitals with electrons, some interesting conclusions can be made with
respect to bonding and charge transfers between the atoms. To illustrate the bond-
ing and charge transfer mechanisms between atoms, consider the fictitious system
of interacting atoms, A and B, of which the orbital energies are given in Fig. 4.3.
Four possible orbital-orbital interactions are explicitly shown.

A B

1

2

3

4

Figure 4.3. The interaction between the orbitals of two fictitious atoms A and B. Four

interactions are explicitly shown.

The first one (1) is between empty orbitals and it is clear that this interaction will
(in general3) have no influence on the bonding and does not induce charge transfer.

3For exceptions, see later.
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The interaction between filled and empty orbitals, (2) and (3), stabilizes the bond
between A and B since the filled orbitals are pushed down due to the interaction.
The empty orbitals are shifted to higher energies but, because they are empty, this
has no influence on the energy. Both the interactions will lead to charge transfer:
interaction (2) induces a charge transfer from B to A and interaction (3) from A to
B. The total charge transfer depends on the relative strength of the two interactions
which in turn depends on the overlap and the energy difference of the orbitals.
The interaction between filled orbitals, interaction (4), is always repulsive because
the resulting bonding orbital is less stabilized than the anti-bonding MO is desta-
bilized. There is no charge transfer involved here since both orbitals were already
filled.

For now, only interacting atoms have been considered, but all the results are readily
generalized to interacting molecules. The only difference is that instead of inter-
acting atomic orbitals, one has interacting molecular orbitals now. However, the
interaction between molecules is usually weaker.
In this thesis, the interaction of atoms and molecules with a graphene surface is
investigated. Graphene, however, is a solid and it is not immediately clear how
the ideas discussed above can be applied to this case. It is necessary therefore to
generalize these ideas to the solid state case. This can be done with the well-known
tight-binding approximation.

4.4 Tight-binding approach

The tight-binding approach is a well-known model in condensed matter physics.
It is closely related to the LCAO approximation from the previous section and
might be considered as the application of this approximation to periodic structures
(crystals). For periodic structures one can apply the Bloch theorem (see Appendix
A). In short, the basis of nb atomic orbitals in the LCAO method can be replaced
by a basis set of nb basis functions per wavevector, k, constructed by placing the
atomic orbitals at all the lattice sites, R,

φi(r) → Φi,k(r) =
∑
R

ck,Rφi(r + R). (4.41)

For these basis functions to obey the Bloch theorem,

Φi,k(r + R′) = eik·R
′
Φi,k(r), (4.42)

it is required4 that ck,R = e−ik·R, so that

Φi,k(r) =
∑
R

e−ik·Rφi(r + R). (4.43)

4This follows immediately from inserting (4.41) in (4.42)
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With these basis functions it is possible to set up a secular equation for every
wavevector, k,

|Hij,k − ESij,k| = 0, (4.44)

with Hij,k = 〈Φi,k|Ĥ|Φj,k〉 and Sij,k = 〈Φi,k|Φj,k〉. The overlap matrix Sij,k is
usually taken to be the identity matrix, δij . The hamiltonian matrix, Hij,k, can
be written as

Hij,k = 〈Φi,k|Ĥ|Φj,k〉 =
∑
R

∑
R′

eik(R−R′)〈φi(r + R)|Ĥ|φj(r + R′)〉 (4.45)

= N
∑
R′

e−ikR′〈φi(r)|Ĥ|φj(r + R′)〉. (4.46)

where N denotes the number of unit cells. Dividing (4.46) by N makes sure that
the energy in (4.44) is given per unit cell. From (4.46) it can be seen that the
interaction of an orbital, φi, with all the orbitals, φj at every lattice site, R′, is
taken into account. But we know from MO theory that the interaction at large
distance is negligible (since it is proportional to the overlap between the interacting
orbitals), so it is sufficient to calculate

Hij,k =
∑

R≤R0

e−ikR〈φi(r)|Ĥ|φj(r + R)〉. (4.47)

with R0 some appropriate distance (usually the first or second nearest neighbor
distance). For the remaining terms one can apply similar approximations as for
the LCAO approximation.
As an example of the tight-binding approach, I will use it to give a qualitative
description for the valence and conduction band of graphene.

Graphene: tight-binding approximation

The crystal structure of graphene is shown in Fig. 4.4 together with the first Bril-
louin zone. The high symmetry points that determine the lines along which the
electronic band structure is usually calculated (as shown in e.g. Fig. 2.1) are also
indicated.
Graphene is very well suited for a description with a tight-binding model. The
reason for this is that its two dimensional nature allows the separate treatment of
atomic orbitals that are symmetric and anti-symmetric with respect to the graphene
plane. The overlap between these two types of orbitals is necessarily zero so they
will not interact. In Fig. 4.5 the different atomic orbitals of the carbon atoms in a
graphene crystal are shown.
The three different sp2-orbitals are lower in energy than the pz orbital and will
have much more overlap with the orbitals of the same symmetry on neighboring
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Figure 4.4. a) The crystal structure of graphene: there are two carbon atoms per unitcell

which build up two sublattices shown in different colors. b) The corresponding reciprocal

space and the first BZ: the high symmetry point, Γ, K, and M are indicated.
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Figure 4.5. a) Energy levels of carbon atomic orbitals and hybridized orbitals. b) The

interaction between the (valence) orbitals of carbon atoms in a graphene crystal.

atoms. Therefore the resulting bonding and anti-bonding molecular orbitals will
lie far below and above the Fermi-level, respectively. The interaction between the
pz-orbitals of neighboring atoms will be smaller, which results in bonding and anti-
bonding orbitals close to the Fermi-level. Since we are interested in the behavior
of electrons around the Fermi-level, only the pz-orbitals will be considered. So
there are two atomic orbitals per unitcell, one pz-orbital on each carbon atom,
that are taken into account. From these two orbitals, pA and pB , Bloch waves of
the form (4.43) are constructed that are spread out over the A- and B-sublattice,
respectively. These Bloch-waves, PA,k and PB,k, are used to set up the secular
equation for every wavevector, k,∣∣∣∣ HAA,k − E HAB,k

HBA,k HBB,k − E

∣∣∣∣ = 0, (4.48)

where the overlap matrix, Sij,k, has been approximated by the identity matrix. If we
take only into account nearest-neighbor interaction then every pz-orbital interacts
only with itself and with 3 pz-orbitals on the other sublattice (see Fig. 4.5b). Using
(4.47), the secular equation becomes∣∣∣∣ α− E βf(k)

βf(k)∗ α− E

∣∣∣∣ = 0,
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with α = 〈pA|Ĥ|pA〉, β = 〈pA|Ĥ|pB〉. The form factor, f(k), is defined by

f(k) = eik( 1
3a1+ 1

3a2) + eik( 1
3a1− 2

3a2) + eik(− 2
3a1+ 1

3a2). (4.49)

if only first-neighbor interaction is taken into account. α is usually taken to be
zero because it merely shifts the energy scale, while the value of β is determined
from fits to experiment or density functional theory calculations. A fit to a DFT-
LDA calculation (see next section) gives β ≈ 2.8 eV. With this value for β we
can solve the secular equation and find Ei(k). It is easy to solve this equation at
high symmetry points such as the Γ-point, (0,0), or the K-point, (1

3 ,
2
3 ) in reduced

coordinates. The graphene bonding and anti-bonding orbitals at the Γ-point are
shown in Fig. 4.6. It can be readily seen that the (relative) energies corresponding
to these orbitals are 3β and -3β, respectively, since every atomic orbital forms 3
bonding or anti-bonding combinations with its nearest neighbors and there are two
atoms per unitcell.

a) b)

Figure 4.6. The bonding (a) and anti-bonding (b) graphene orbitals at the Γ-point.

At the K-point the situation is completely different. As shown in Fig. 4.7 the
bonding and anti-bonding combinations are equivalent and correspond to orbitals
which are restricted to one of the two sublattices. In the nearest-neighbor approxi-
mation this means that these orbitals are non-bonding so that their relative energy
is zero. It can also be seen that the approximation of the overlap matrix Sij,k by
the identity matrix is exact at the K-point. Since the Fermi-surface of intrinsic
graphene corresponds to these K-points, this means that our simple tight-binding
model is actually a very good model for the low energy excitations in graphene.
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a) b)

Figure 4.7. The (real part) of the two equivalent graphene orbitals at the K-point.



Chapter 5

Density Functional Theory

The most advanced theoretical formalism that I will use is density functional theory
(DFT). A short description of this theory is given in the following.
DFT is entirely based on two theorems stated by Hohenberg and Kohn [22] in 1964.
But, although these theorems are very important, DFT would not be so popular
today without the ingenious approach of Kohn and Sham to put this theory into
practice [23]. In the following sections the Hohenberg-Kohn theorems and the
Kohn-Sham approach will be treated together with some practical considerations
that are important for the results obtained in this thesis.

5.1 The Hohenberg-Kohn theorems

As stated before, DFT is based on the two Hohenberg-Kohn (HK) theorems: the
first theorem states that the wavefunction, which has a central position in standard
quantum theory, can be replaced by the electron ground state density without any
loss of information and the second theorem is more or less the equivalent of the
variation principle in standard quantum mechanics. The proofs of these theorems
are rather easy and are included here for completeness. The main focus, however,
will be on the physical picture.
Before stating the HK theorems in a more rigorous way let us recall our hamiltonian:

Ĥ = T̂ + V̂ee + V̂ext, (5.1)

with the different terms on the right defined in (3.6). As noted before, the first two
of these terms are universal while the third uniquely determines the hamiltonian.

5.1.1 The first Hohenberg-Kohn theorem

The first Hohenberg-Kohn theorem can be stated as follows:

51
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The external potential, Vext(r), of any system of interacting particles is
uniquely determined (up to a constant) by the particle density, ρ0(r),
of the ground state.

So the hamiltonian (5.1), which is completely specified by this external potential,
is also uniquely determined by the ground state electron density. Before proving
this theorem it is useful to have a more intuitively feeling for it: starting from the
ground state electron density, it is possible to deduce important information about
the potential producing this same density. First, the density has maxima at the
positions of the nuclei {RI} and the charge of the nuclei {ZI} is closely related to
the density at these same positions [24]. Second, the integral of the density over all
space provides the total number of electrons, therefore all the parameters needed
for the unique specification of the hamiltonian, {N ,{RI},{ZI}}, are known. This
makes the theorem at least plausible.

The rigorous proof of the first theorem is based on reductio ad absurdum and ac-
tually requires that the ground state is non-degenerate. Suppose that two external
potentials which differ by more than a constant, V 1

ext(r) and V 2
ext(r), lead to the

same ground state density ρ0(r), i.e.

Ĥ1ψ1 = (T̂ + V̂ee + V̂ 1
ext)ψ1 = E1ψ1 ⇒ ψ1 → ρ0(r) (5.2)

Ĥ2ψ2 = (T̂ + V̂ee + V̂ 2
ext)ψ2 = E2ψ2 ⇒ ψ2 → ρ0(r) (5.3)

First we prove that ψ1 and ψ2 can not be the same. Suppose ψ1 = ψ2 = ψ, then
it follows from subtracting (5.3) from (5.2) that

(V̂ 1
ext − V̂ 2

ext)ψ = (E1 − E2)ψ, (5.4)

so V 1
ext and V 2

ext differ by a constant, namely E1−E2. This contradicts our as-
sumption and implies that ψ1 and ψ2 cannot be the same. ψ2 can now be used as
a trial wavefunction for Ĥ1. Taking into account the variation principle and our
assumption of a non-degenerate ground state, it follows that

E1 < 〈ψ2|Ĥ1|ψ2〉 = 〈ψ2|Ĥ2|ψ2〉+ 〈ψ2|Ĥ1 − Ĥ2|ψ2〉
= E2 + 〈ψ2|V̂ 1

ext − V̂ 2
ext|ψ2〉,

and after inserting the definition of V̂ext (given in (3.6))

E1 < E2 +
∫
ρ0(r)(V 1

ext − V 2
ext)dr. (5.5)

After interchanging the indices 1 and 2 and repeating the above steps we arrive at

E2 < E1 +
∫
ρ0(r)(V 2

ext − V 1
ext)dr. (5.6)
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Addition of the equations (5.5) and (5.6) leads to a clear contradiction

E1 + E2 < E1 + E2

In other words, there cannot be two external potentials leading to the same ground
state density. It follows then that the external potential is uniquely determined by
the ground state density. This completes the proof of our first theorem.

The fact that the ground state particle density specifies the hamiltonian (5.1) of
the system, allows us to consider all properties of the system as functionals1 of
the ground state density. In particular the ground state energy of the system with
hamiltonian (5.1) can be written as

EHK [ρ0] = T [ρ0] + Vee[ρ0] + Vext[ρ0]

≡ FHK [ρ0] +
∫
ρ0(r)Vext(r)dr, (5.7)

where FHK [ρ0] = T [ρ0] + Vee[ρ0] is a universal functional of the density. But this
is only a formal reformulation, a matter of principle, which does not tell us what
these functionals look like. In fact, how can we even be sure that the density ρ0

corresponding to the lowest energy given by the EHK [ρ], is the ground state density
we are looking for? The answer to this last question is the subject of the second
Hohenberg-Kohn theorem.

5.1.2 The second Hohenberg-Kohn theorem

The second Hohenberg-Kohn theorem can be stated as follows:

The ground state energy of a system with an external potential Vext(r)
is given by the minimum value of the energy functional EHK [ρ] and the
density for which this minimum is reached corresponds with the ground
state density ρ0(r).

Note that the functional EHK [ρ] in (5.7) depends on the particular potential Vext(r)
but that this dependence is universal. This theorem is nothing more than the en-
ergy variation principle applied to the density instead of the wavefunction. The
proof is therefore analogous.

Suppose we have two different densities ρ1(r) and ρ2(r). According to the first HK
theorem, these densities correspond with two different external potentials V 1

ext(r)
and V 2

ext(r) and, obviously, with two different ground state wavefunctions ψ1 and

1A functional is roughly a function of a function, i.e. it transforms functions into numbers
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ψ2.

E1
HK [ρ1] = E1 = 〈ψ1|Ĥ1|ψ1〉

E2
HK [ρ2] = E2 = 〈ψ2|Ĥ2|ψ2〉 (5.8)

Using ψ2 as a trial wavefunction for Ĥ1, we get

〈ψ2|Ĥ1|ψ2〉 = E′2 > E1 = 〈ψ1|Ĥ1|ψ1〉. (5.9)

Since we did not make any assumptions2 about ρ2(r), it is clear that the energy
given by the Hohenberg-Kohn functional (5.7) for the correct ground state (i.e. E1)
is indeed lower than the energy from this expression for any other density (i.e. E′2).

5.1.3 The constrained search formulation

Several assumptions which were made in the proofs of the original Hohenberg-Kohn
theorems are actually not necessary. The necessity of a non-degenerate ground state
and the V-representability of the density in the proofs of the first and the second
theorem respectively, can be removed within the constrained search formulation of
Levy and Lieb. Although these are important technical improvements, this is not
the reason for including the constrained search formulation here. The main reason
is that this approach provides us with an in-principle way to determine the exact
energy functional.
The approach of Levy and Lieb starts with the formulation of the ground state
energy, E, in terms of the variation principle

E = min
ψ
〈ψ|Ĥ|ψ〉 = min

ψ
〈ψ|T̂ + V̂ee + V̂ext|ψ〉. (5.10)

where the variation is over all many-body wavefunctions ψ(x1, ...,xN ) with N par-
ticles. They continue by introducing an intermediate step in which they first look
for the minimum in a subset of wavefunctions that produce a certain density ρ(r)
which is then varied until the minimum is reached

E = min
ρ
ELL[ρ] = min

ρ

(
min
ψ→ρ
〈ψ|T̂ + V̂ee + V̂ext|ψ〉

)
= min

ρ

(
min
ψ→ρ
〈ψ|T̂ + V̂ee|ψ〉+

∫
ρ(r)Vext(r)dr

)
≡ min

ρ

(
F [ρ] +

∫
ρ(r)Vext(r)dr

)
(5.11)

where F [ρ] = minψ→ρ〈ψ|T̂+V̂ee|ψ〉 is a universal functional of ρ(r). This functional
can be compared with the Hohenberg-Kohn functional defined in (5.7). Although

2except for the fact that the potential should be V-representable
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they should both give the same results for the ground state density, the Levy-Lieb
functional has the advantage of having a clear meaning: it is the minimum of
the sum of the kinetic and internal interaction energy for all possible many-body
wavefunctions producing the given density ρ(r).
At first sight, it may seem that we arrived again at the starting point since the
only progress we have made in finding the functional is to define it in terms of
many-body wavefunctions. It will only be possible to appreciate these results well
in light of the Kohn-Sham approach which is the subject of the following section.

5.2 The Kohn-Sham approach

In a sense the Kohn-Sham approach can be regarded as an attempt to include
the benefits of the Hartree-Fock formalism in density functional theory while at
the same time preserving all the electron correlations. The main problem when
trying to find an approximate expression for the energy functional directly from
the ground state density is the term coming from the kinetic energy. We only
now how to express the kinetic energy as a functional of the wavefunction, i.e.
T [Ψ] = 〈Ψ|1/2∑i∇2

i |Ψ〉. The problem is that the same density can be reproduced
by a variety of wavefunctions and these can actually have any kinetic energy. This
can be demonstrated by regular plane waves, eikx, which all correspond to the same
density but their kinetic energy is proportional with k2. The actual ground state
wavefunction is uniquely specified as the one corresponding to the lowest (total)
energy but it should be clear now that it is not easy to get this directly from the
density. Therefore Kohn and Sham proposed to make use of an auxiliary system
for which it is possible to find the wavefunctions. It was shown in the Hartree-Fock
approach that it is possible to construct a non-interacting hamiltonian which has
Slater-determinants as exact solutions for the many-body wavefunction. The idea
of Kohn and Sham was to construct a similar non-interacting reference system,
i.e. a system of which the wavefunction can be found, so that its density equals
the density of the real system. In other words, they assumed a reference system
described by a hamiltonian with an effective local potential Vs(r),

ĤS = −1
2

N∑
i

∇2
i +

N∑
i

Vs(ri), (5.12)

of which the solution is a Slater-determinant ΨS = |φ1φ2...φN | so that

ρS(r) =
N∑
i

|φi|2 = ρ0(r). (5.13)
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In analogy with Hartree-Fock, the different solutions φi are given by the N lowest
energy solutions of

F̂KSφ ≡
(
−1

2
∇2 + Vs(r)

)
φ = εφ. (5.14)

These equations are called the Kohn-Sham (KS) equations. Note that in contrast
with the Hartree-Fock operator, F̂HF (4.15), which contains the non-local exchange
operator, K̂i, F̂KS is purely local since Vs(r) is local by construction. The problem
is now to determine this Vs(r) so that (5.13) is fulfilled. To this end, it should
be realized that the only object linking the auxiliary independent particle system
with the real system is their identical ground state density, ρ0(r). Therefore, it is
convenient to write the energy of the independent particle system as an explicit
functional of this density,

ES [ρ0(r)] ≡ TS [ρ0(r)] +
∫
ρ0(r)Vs(r), (5.15)

in which TS has been introduced as the kinetic energy functional of the independent
particles. The whole idea of introducing this reference system was the calculation
of the kinetic energy in the hope that it captures a great part of the kinetic energy
of the real interacting system. Therefore we include the functional TS explicitely
in the energy functional of the interacting system (5.7) as follows:

E[ρ(r)] = T [ρ(r)] + Vee[ρ(r)] + Vext[ρ(r)]

≡ TS [ρ(r)] +
1
2

∫
ρ(r)ρ(r′)dr′

|r− r′| + Vext[ρ(r)] + Exc[ρ(r)]. (5.16)

in which a new functional, the exchange-correlation functional Exc[ρ(r)], has been
defined as

Exc[ρ(r)] = (T [ρ(r)]− TS [ρ(r)]) +
(
Vee[ρ(r)]− 1

2

∫
ρ(r)ρ(r′)dr′

|r− r′|

)
. (5.17)

This functional contains those parts of the energy for which there is no (exactly)
known functional expression.
From the second HK theorem, it follows that the energy functionals of both sys-
tems, E[ρ(r)] and ES [ρ0(r)], are both extrema with respect to variations of ρ0(r).
After the introduction of a Lagrange multiplier, µ, to keep the amount of particles
constant, we get on the one hand,

0 = δ

(
ES [ρ(r)]− µ

{∫
ρ(r)dr−N

})
=

(
δTS [ρ(r)]
δρ(r)

+ VS(r)− µ
)
δρ(r), (5.18)
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and on the other hand,

0 = δ

(
E[ρ(r)]− µ

{∫
ρ(r)dr−N

})
(5.19)

=
(
δTS [ρ(r)]
δρ(r)

+
∫

ρ(r′)
|r− r′|dr

′ + Vext(r) +
δExc[ρ(r)]
δρ(r)

− µ
)
δρ(r).

Equating (5.18) and (5.19), the local potential VS(r) is found to be

VS(r) =
∫

ρ(r′)
|r− r′|dr

′ + Vext(r) + Vxc(r), (5.20)

with Vxc = δExc

δρ . Note that the effective local potential, VS , depends on the particle
density so that the solutions of the Kohn-Sham equations, (5.14), have to be found
self-consistently, just like the Hartree-Fock equations.
We have arrived now at a formally exact procedure to find the ground state energy
and density of any many-body system. An additional benefit of introducing an
independent particle reference system is the simultaneous introduction of useful
tools for physical interpretation like the electronic band structure of the system
and the density of states.

5.3 Practical implementation of the DFT formal-

ism

Although the theoretical formalism described until now is formally exact, approx-
imations are unavoidable if one wants to make any practical calculation.

5.3.1 The exchange correlation functional

The main problem with the Kohn-Sham procedure described above is the intro-
duction of the unknown exchange-correlation functional (5.17). As long as there is
no expression for this term, it is impossible to solve the KS equations. Therefore
several approximations have been devised to get an explicit form for this func-
tional. The most widely used approximations in solid state physics are the local
density approximation (LDA) and the generalized gradient approximation (GGA).
The idea behind the local density approximation is to assume that the Exc can be
written in the following form

ELDA
xc [ρ] =

∫
ρ(r)εxc(ρ(r))dr. (5.21)

where εxc(ρ(r)) is a function that gives the exchange-correlation energy per particle
of an electron gas of a uniform density ρ(r). The exchange part of this uniform
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electron gas can be found exactly whereas very accurate data, based on quantum
Monte-Carlo simulations, is available for the correlation part [25]. At first sight, it
would seem that LDA is not very accurate since the density of any real system is
far from homogeneous, but in practice it seems to work surprisingly well.
LDA can be regarded as the zeroth order approximation of the exchange-correlation
functional. When gradient corrections are added to this approximation,

EGGA
xc [ρ] =

∫
εxc(ρ(r), |∇ρ(r)|, ...)dr. (5.22)

we get the so-called generalized gradient approximations (GGA). There are a lot
of different exchange-correlation functionals of the GGA type which are based on
both physical (ab initio) insights and empirical data. In general, one can say that
GGA improves on LDA when it comes to calculating bond lengths and energies,
but for some systems where GGA fails, LDA leads to correct results because of
some hazardous error cancellations.

5.3.2 Bloch states

The Kohn-Sham approach to DFT leads to an auxiliary independent particle sys-
tem described by (5.14). To find the solutions for this system we can make use of
the Bloch theorem (see Appendix A) and write the single particle wavefunctions
from (5.14) as

φk(r) = eik·ruk(r). (5.23)

For large systems, the spectrum of k-points is quasi continuous so that an inte-
gration over k is needed to calculate properties like the energy or density of the
system. The integration can be restricted to the first Brillouin zone (due to the
symmetry) but, since there is no trivial functional dependence between k and ψk

or εk, one has to approximate these integrals by discretized versions on a finite,
well chosen, grid of k-points. The most widely used method to do this is due to
Monkhorst and Pack who proposed to use uniform grids defined by

km1,m2,m3 =
3∑
i=1

2mi − qi − 1
2q

bi with mi = 1, 2, ..., qi (5.24)

in which qi denotes the number of discretization steps in the direction of the re-
ciprocal lattice vector bi, so that there are q1q2q3 k-points in total. This number
can be further decreased by taking the symmetry of the system into account by
restricting the k-points to the so-called irreducible Brillouin zone. The number
of k-points that is needed to get a good description of a system depends on the
size and nature of the system, but also on the particular property under study.
Therefore any calculation should be checked to give converged results with respect
to the k-point grid.
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5.3.3 Basis set

As was the case for the Hartree-Fock orbitals, it is also more efficient to represent
the Kohn-Sham orbitals with the help of a basis set instead of trying to represent
them on a finite grid. Different basis sets have been proposed and it depends on the
system , the desired accuracy and the computational limitations which basis set is
the most appropriate. The ab initio code that will be used to perform the DFT
calculations in this thesis, abinit, uses a plane wave basis set which has several
advantages (and also disadvantages) as compared to others (see below).
Only the cell periodic part of the Bloch states (5.23), uk(r), needs to be expressed
in the plane wave basis. This can be done with a simple Fourier series (i.e. a
discrete spectrum of plane waves) because the uk(r) is periodic by construction,

uk(r) =
∑
G

ck,Ge
iG·r, (5.25)

where the summation is over all the reciprocal lattice vectors G of the system un-
der study. In any practical calculation, the discrete, but infinite, basis set of plane
waves has to be truncated. This can be done by demanding that |G| < Gmax,
which is roughly the same as stating that details in the structure of the wavefunc-
tion smaller than λ = 2π/Gmax are ignored.

One advantage of a plane wave basis set is that it is easy to switch between real
space and reciprocal space by fast Fourier transformations (FFT). Another is that
the basis states stay fixed when one is relaxing the system, i.e. when one changes
the position of the atoms. This should be contrasted to local basis sets where the
basis changes when the atoms move. In the last case one can get artificial effects
because space in not uniformly described by the basis. Furthermore it is easy to
improve the plane wave basis set in as systematic way by including more plane
waves corresponding to increasingly small wavelengths. The greatest disadvantage
is the size of the basis set: compared to other basis sets, an enormous amount
of basis functions is needed to describe realistic wavefunctions accurately. This
problem can be partially solved by replacing the nuclear potentials of the system
with pseudopotentials and the valence wavefunctions by smoothed wavefunctions.

5.3.4 Pseudopotentials and PAW

The single-electron wavefunctions of the valence states of atoms contain a lot of
oscillations to satisfy the orthogonality condition with respect to the core states.
These oscillations are confined to the core region which is not so important for
the interaction between atoms and require a lot of plane waves for an accurate
description. Therefore it would be very useful if these oscillations could be removed.
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Different schemes have been devised to deal with this of which two will be used
frequently in the following.

Pseudopotentials

The method that will be used most often here is the pseudopotential method.
It consists of two steps: first the core electrons are removed and next, the va-
lence wavefunctions are replaced by smoother pseudowavefunctions that require
less plane waves for their description.

The wavefunctions of the core electrons of an atom are very compact and remain
almost unaffected when the atom interacts with other atoms. Therefore it is not a
serious approximation to take these core states as fixed and remove them from the
calculation. The core electrons can be incorporated into the potential acting on
the valence electrons. It should be noted that valence wavefunctions with differ-
ent angular momentum will feel a different potential because of the orthogonality
condition with respect to the core states. E.g. in case of a carbon atom the 2s va-
lence state feels a different potential than the 2p valence state because the 2s state
should be orthogonal to the 1s core state. The modified potential is consequently
non-local (in the angular coordinates) and is called a pseudopotential.
The second step in the pseudopotential technique is to replace the full ionic core
interaction potential (which includes the orthogonality condition) by a softer pseu-
dopotential so that the resulting wavefunctions are smoother and nodeless. Further-
more, the pseudopotentials can be constructed in such a way that their scattering
properties (i.e. the phase shifts) are identical to the real atomic potential to first or-
der in energy [26]. This last requirement is fulfilled if the radial part of the smooth
wavefunction (pseudowavefunction) is the same as the true wavefunction outside
some core radius, rc, and the matching of the pseudowavefunction and its derivative
at rc is continuous, while at the same time the (integrated) norm of the wavefunc-
tion inside the core region is preserved. An actual pseudopotential is constructed
the other way around, i.e. one constructs a pseudowavefunction that fulfills these
requirements and inverts the Schrödinger equation to get the pseudopotential.
There are many different ways to construct a suitable pseudowavefunction, but in
this thesis the scheme due to Troullier and Martins [27] is always followed. Troullier
and Martins proposed the following form for the smooth part of the radial part of
the valence wavefunctions inside rc,

Rl(r) = rlep(r) (5.26)

p(r) = c0 + c2r
2 + c4r

4 + c6r
6 + c8r

8 + c10r
10 + c12r

12.

This form for the pseudowavefunctions is physically justifiable and contains 7 pa-
rameters to fullfill the 3 requirements mentioned above. The 4 extra parameters
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are used to enhance the smoothness [27].

Projector augmented waves

Another method that is often applied in this thesis is the projector augmented
wave (PAW) method due to Blöchl [28]. This method is more difficult to explain
in detail so I will limit its discussion to the general ideas.
In contrast to the pseudopotential method, the PAW method keeps the core elec-
trons (in a frozen state) and the full all-electron valence wavefunctions. The core
wavefunctions are imported directly from all-electron calculations for the consid-
ered atom. The true wavefunctions are replaced by smooth wavefunctions inside
some core radius rc (similar as with the pseudopotential method). A linear trans-
formation operator can be constructed to obtain the true wavefunction from the
smooth one in the following way:

1. Find the true (all-electron) wavefunction solutions, φi, for the atom under
study.

2. Transform the true wavefunctions into smoother ones, φ̃i, with the use of
a pseudopotential method. These smooth wavefunctions are called the aux-
iliary wavefunctions or partial waves and the operator that determines the
inverse transformation is defined as φi = T φ̃i = (1 + T0)φ̃i, in which T0 is
restricted to the core region.

3. The set of wavefunctions {φ̃i} can be used to expand smooth valence wave-
functions, ψ̃, of the atom inside the core region in real calculations (i.e. when
the atom interacts with other atoms). The smooth valence wavefunction can
then be converted into the true wavefunction, ψ, by T . To make the expan-
sion possible one defines so-called projectors p̃i by 〈p̃i|φ̃j〉 = δij , which are
restricted to the core region.

To summarize, the true wave function, ψ, in a system is expanded into different
terms,

|ψ〉 = |ψ̃〉+
∑
i

(
|φi〉 − |φ̃i〉

)
〈p̃i|ψ̃i〉. (5.27)

Since φi, {φ̃i}, and p̃i are known from a separate all-electron calculation, the true
wave function can be reconstructed from a smooth pseudowavefunction. This pro-
cedure is in principle exact, but the basis of auxiliary wavefunctions has to be
truncated in a real calculation. In practice, the basis can be chosen very small (2
partial waves per angular momentum state) because the missing basis states are
partially accounted for by the plane wave basis.
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Overall the PAW method is more accurate and allows a smaller plane wave basis
(i.e. a lower energy cutoff) than the pseudopotential method, but it is more complex
and requires more care to implement.
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Chapter 6

Test Models and Preliminary

Surveys

In this chapter, a variety of systems and methods is examined which will be useful to
understand and interpret the results of the following chapters. The computational
details of the performed calculations are only given insofar as they are important
for the obtained results.

6.1 Graphene

Since graphene is the principal material in this thesis, it is important to have a
detailed understanding of the influence of the computational methodology on its
properties.

6.1.1 Electronic band structure

Different models for the electronic band stucture of graphene were already given in
the introductory part on the electronic properties of graphene (Fig. 2.1). The most
detailed information was given by the DFT band structure which is reproduced in
Fig. 6.1. But the problem with this kind of pictures is that the large amount of
details make it difficult to get all the information out of it. One solution to this
problem is to decompose the total band structure (or the DOS) with the help of
simpler models that allow the isolation of the different contributions to the total
system. E.g. it was shown before that the valence and conduction band can be
more or less reproduced by a nearest-neighbor TB approximation involving only
the 2pz orbitals of the 2 carbon atoms.
We can also include the 2s, 2px, and 2py orbitals in the TB-approximation. These
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Figure 6.1. The electronic band structure of graphene as calculated within the DFT

formalism. The Fermi-level is put to 0.

orbitals hybridize to form sp2 orbitals that form a strong σ-bond network and
provide an additional 6 bands to the electronic band structure, 3 below and 3
above the Fermi-level. But it can be seen that there are much more bands present
at higher energies. Some of these bands are artificial and are related to the fact
that we use periodic boundary conditions. These bands result from free energy
states that are bounded by the graphene planes. These states are well described
by wavefunctions of the form

ψkn(r) =

√
2
V
eikxxeikyy sin(nπz/Lz), (6.1)

with energies

εkn =
~2(k2

x + k2
y)

2me
+

~2π2

2meLz
n2. (6.2)

with Lz the interplane distance. To recognize these bands, εkn in Fig. 6.1 they have
to be represented in the same unitcell and shifted by the work function of graphene
(∼ 4.5eV). The free electron bands obtained in this way are shown in Fig. 6.2. The
symmetry of the bands is easy to recognize in the band structure of graphene. The
spacing between these bands is inversely proportional to the vacuum between two
graphene layers (see (6.2)) and, consequently, the DOS resulting from the different
calculations in this thesis will vary somewhat for the high-energy states.

6.1.2 The different carbon allotropes

It is also interesting to know how the two naturally occurring carbon allotropes,
diamond and graphite, are described by our DFT formalism. In table 6.1 some
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Figure 6.2. Free electrons bands between graphene layers.

properties of these materials are calculated within LDA and GGA and compared
with experimental data.

Table 6.1. Properties of graphite and diamond: the unit cell lengths (a, c) and C-C bond

lengths, dCC , are given in Å and the interlayer binding energy EB in meV. The band gap

of diamond, Egap, and the formation energy with respect to graphite Ef are given in eV.

LDA GGA experiment
graphite a 2.445 2.465 2.46

c 6.712 8.642 6.67
dCC 1.412 1.423 1.42
EB 26 ∼ 2 61±5

diamond a 3.529 3.578 3.57
dCC 1.529 1.549 1.54
Egap 5.629 5.568 5.48
Ef -0.010 0.122 ∼ 0.03

It can be seen from table 6.1 that LDA gives a better description of the interaction
between graphene layers in graphite. The interlayer distance for LDA is relatively
well reproduced, but the interlayer binding energy EB in graphite is only half the
experimental value. However, this is much better than the GGA result which gives
a much too large interlayer distance and almost no binding at all. The better
description by LDA is believed to be rather accidental and it has been suggested
that it results from a cancellation of errors.
As is typical with LDA, the bond lengths are a little underestimated in comparison
with the experimental results. The GGA results, on the other hand, give a more
accurate description of the (inplane) lattice constants (a) in graphite and diamond.
Note that the formation energy of diamond is negative in the LDA case although
it is known from experiment that graphite is more stable than diamond [29]. This
is a consequence of the underestimation of the interlayer van der Waals (vdW)
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interaction energy in graphite as can be seen from table 6.1. If we include the vdW
interaction energy1, the formation energy of diamond is 25 meV which is close to the
experimental result of ∼0.03 eV [29]. In agreement with earlier GGA calculations
[30] it is found that GGA overestimates the formation energy of diamond.

6.2 Molecular systems

6.2.1 The simulation of molecules

The DFT code that is used for all the calculations in this thesis uses a plane wave
basis and periodic boundary conditions in all 3 directions. This is clearly not an
ideal case for the description of molecular systems. Therefore it is needed to test
whether these systems are described accurately enough. To this purpose, several
molecular systems will be examined. Some properties of H2O, NH3, NO2, and H2

molecules were calculated and they are shown in table 6.2.

Table 6.2. Properties of some particular molecules. The bond length, d, is given in Å,

the bond angle, θ, in degrees and the electric dipole moment, P , in Debye.

molecule d θ P

LDA 0.769 - 0
H2 GGA 0.752 - 0

exp. 0.741 - 0

LDA 0.990 104.9 1.883
H2O GGA 0.964 104.2 1.813

exp. 0.958 104.5 1.85

LDA 1.215 133.3 0.277
NO2 GGA 1.199 134.1 0.272

exp. 1.197 134.3 0.30

LDA 1.028 107.7 1.490
NH3 GGA 1.015 106.8 1.493

exp. 1.017 107.8 1.42

The results makes clear that these molecules can be accurately described with the
applied methodology and that GGA gives more accurate geometrical results than
LDA. However, it is always necessary to check whether the artificial interaction
between periodic images of the molecules is important for the obtained results

1This can be artificially realized by adding the difference between the experimental and LDA

values for the interlayer binding energy to the formation energy.
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or not. E.g. polar molecules will interact appreciably with their images and this
can increase the total energy of the system. But when only energy differences are
considered this will have a much smaller influence (see later).

6.2.2 Van der Waals interaction

One of the major shortcomings of the applied theoretical methodology is the ne-
glection of van der Waals interactions. Although this can be a serious problem in
some cases, especially when physisorption processes are considered, it is possible
to estimate its importance and to put restrictions on the applicability of the cal-
culated results.
The van der Waals interaction between two neutral subsystems is generally con-
sidered to consist of 3 kinds of interaction:

1. dipole - dipole: The permanent dipoles of the two subsystems interact with
each other through an attractive or repulsive force that decreases as r−3 for
large distances. This interaction usually dominates when permanent dipoles
are present.

2. dipole - induced dipole: The permanent dipole of one of the subsystems
induces a charge polarization (i.e. a dipole) in the other subsystem which
leads to an attractive force.

3. induced dipole - induced dipole: This interaction, also called the London
dispersion interaction, is the result of correlation effects between the charge
distributions of the two subsystems. An instantaneous charge fluctuation in
one subsystem results in a small dipole which induces a dipole in the other
subsystem and vice versa. The resulting interaction is attractive and can be
very important in cases where other (stronger) interactions are absent as is
the case for e.g. noble gases at low temperatures.

The first and the second interaction are present in our model, but the third, which
is usually the smallest, is not included.

The interactions that will be examined are primarily molecule/atom-graphene in-
teractions. The first interaction is absent in that case, but, because the investigated
molecules are usually polar, the second interaction is present. When the adsorbed
molecules are non-polar, an underestimation of the adsorption energy can be ex-
pected. This has e.g. been demonstrated recently (2010) by vdW density functional
studies (i.e. DFT studies where vdW interaction is explicitly incorporated) on the
adsorption of diatomic halogen molecules on graphene [31]. The results of this
study are shown in Fig. 6.3.
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FIG. 2: Adsorption energies of halogen molecules on graphene as a function of the separation between graphene and the center
of mass of the molecules: (a) F2, (b) Cl2, (c) Br2, (d) I2. Blue, green and red curves correspond to the total binding energy
calculated within vdW-DF approach, nonlocal vdW correction (Eq.2), and to the binding energies excluding vdW correction,
respectively. Brown curve corresponds to the PBE binding energy. Adsorption curves are shown only for the most stable
molecular configuration (Fig.1a).

TABLE I: Binding energies in graphene-halogen system for different high-symmetry adsorption sites of the molecules, and
corresponding equilibrium distances (in parentheses). Adsorption sites denoted as in Fig.1. Values are given in meV and Å,
respectively.

in-plane perpendicular-to-plane
a b c d e f g h

F2 -231 -227 -225 -226 -222 -214 -187 -218
(3.17) (3.23) (3.24) (3.23) (3.26) (3.47) (3.70) (3.46)

Cl2 -259 -248 -249 -250 -251 -208 -193 -210
(3.58) (3.65) (3.64) (3.65) (3.63) (4.21) (4.34) (4.21)

Br2 -296 -289 -287 -285 -288 -229 -207 -214
(3.74) (3.77) (3.77) (3.77) (3.78) (4.51) (4.67) (4.45)

I2 -523 -514 -508 -501 -512 -375 -352 -379
(3.80) (3.84) (3.83) (3.83) (3.81) (4.74) (4.85) (4.73)

tive adsorption of halogens on graphene, which usually
occurs for light molecules on metallic surfaces.26 We note,
however, that a careful description of this phenomenon
requires atomic dynamics to be taken into account, and
therefore should be investigated separately.

IV. ELECTRONIC STRUCTURE AND IONIC
INTERACTION

In the previous section we have shown that the vdW
interaction gives a significant contribution to the ad-
sorption energy, and, therefore, plays an important role
in formation of bonding between halogen molecules and
graphene. However, besides the vdW part there is an-
other source of interaction which gives rise to the bond-
ing. In particular, this contribution especially important
for fluorine and iodine adsorbates. In order to clarify the

Figure 6.3. Adsorption of different halogen molecules on graphene. The binding energy

as a function of the distance between the molecule and graphene is shown for the vdW-

corrected density functional (blue curve) and the PBE-GGA functional (brown curve).

The other two curves are of no importance here. (Figure taken from Ref.[31].)

In the figure the total energy is plotted as a function of the distance between the
molecules and graphene for DFT-GGA calculations with (blue curves) and without
(dark curves) vdW-interaction. It can be seen that our model, which corresponds
to the dark curves, would give more or less the correct adsorption distance, but
seriously underestimates the adsorption energy. This is not so bad as it looks
because the focus will be more on the charge transfer which mostly depends on the
distance and not on the energy.



Chapter 7

Molecular Adsorption on

Graphene

In this chapter, the interaction between different molecules and graphene is inves-
tigated. It is useful to understand this interaction for several reasons: it is e.g.
important to know how adsorbed gas molecules can have an influence on the per-
formance of graphene devices for almost every application. The most important
of these applications are those in which this influence is exploited to detect the
presence of (e.g. toxic) molecules in the environment, i.e. gas sensors.

7.1 Detection of gas molecules on graphene

Before the theoretical investigation of adsorbed molecules on graphene, I will give
a short review of some of the experiments that have stimulated a large part of
the research performed in this thesis. The most important of these experiments
is the one described in the paper of Schedin et al. which deals with the detection
of individual gas molecules with an optimized graphene-based sensor [15]. In this
paper, graphene-based gas sensors are made by incorporating graphene samples in
a FET device in analogy with nanowire and nanotube sensors.

7.1.1 Graphene FET’s for gas sensor applications

Graphene is an ideal material for use as the channel material in field effect tran-
sistors because of its flatness, high mobility charge carriers and ballistic transport
at the micron level. The absence of a band gap in its electronic structure makes it
impossible to turn off the FET which is a shortcoming that needs to be overcome if
one wants to use graphene FET’s for the usual applications in electronics. But for
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other applications of graphene-based field effect devices (FED), such as gas sensors,
this is a less important issue.

Graphene samples for field effect devices are usually prepared by mechanical exfoli-
ation at the surface of an oxidized silicon wafer (scotch tape procedure) because of
the superior quality of these samples. With the help of electron-beam lithography
(Au/Ti) contacts can be made to graphene. A scanning electron micrograph of
such a graphene field effect device is shown in the upper inset of Fig. 7.1. In this
particular case 6 contacts were attached to allow for Hall measurements which are
important to determine the sign of the charge carriers.
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Figure 1 Sensitivity of graphene to chemical doping. a, Concentration, 1n, of
chemically induced charge carriers in single-layer graphene exposed to different
concentrations, C, of NO2. Upper inset: Scanning electron micrograph of this device
(in false colours matching those seen in visible optics). The scale of the micrograph
is given by the width of the Hall bar, which is 1 µm. Lower inset: Characterization of
the graphene device by using the electric-field effect. By applying positive (negative)
Vg between the Si wafer and graphene, we induced electrons (holes) in graphene in
concentrations n= αVg. The coefficient α ≈ 7.2×1010 cm−2 V−1 was found from
Hall-effect measurements6–9. To measure Hall resistivity, ρxy , B= 1 T was applied
perpendicular to graphene’s surface. b, Changes in resistivity, ρ, at zero B caused
by graphene’s exposure to various gases diluted in concentration to 1 p.p.m. The
positive (negative) sign of changes is chosen here to indicate electron (hole) doping.
Region I: the device is in vacuum before its exposure; II: exposure to a 5 l volume of
a diluted chemical; III: evacuation of the experimental set-up; and IV: annealing at
150 ◦C. The response time was limited by our gas-handling system and a
several-second delay in our lock-in-based measurements. Note that the annealing
caused an initial spike-like response in ρ, which lasted for a few minutes and was
generally irreproducible. For clarity, this transient region between III and IV
is omitted.
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Figure 2 Constant mobility of charge carriers in graphene with increasing
chemical doping. Conductivity, σ , of single-layer graphene away from the neutrality
point changes approximately linearly with increasing Vg and the steepness of the
σ (Vg ) curves (away from the neutrality point) characterizes the mobility, µ
(refs 6–9). Doping with NO2 adds holes but also induces charged impurities. The
latter apparently do not affect the mobility of either electrons or holes. The parallel
shift implies a negligible scattering effect of the charged impurities induced by
chemical doping. The open symbols on the curves indicate the same total
concentration of holes, nt, as found from Hall measurements. The practically
constant σ for the same nt yields that the absolute mobility, µ = σ/nte, as well as
the Hall mobility are unaffected by chemical doping. For further analysis and
discussions, see the Supplementary Information.

molecules between different surfaces in the insert. After a near- 1

equilibrium state was reached, we evacuated the container again, 2

which led only to small and slow changes in ρ (region III in Fig. 1b), 3

indicating that adsorbed molecules were strongly attached to the 4

graphene devices at room temperature. Nevertheless, we found 5

that the initial undoped state could be recovered by annealing 6

at 150 ◦C in vacuum (region IV). Repetitive exposure–annealing 7

cycles showed no ‘poisoning’ effects of these chemicals (that is, the 8

devices could be annealed back to their initial state). A short-time 9

ultraviolet illumination offered an alternative to thermal annealing. 10

To gain further information about the observed chemical 11

response, we simultaneously measured changes in ρxx and ρxy 12

caused by gas exposure, which allowed us to find directly (1) 13

concentrations, 1n, of chemically induced charge carriers, (2) 14

their sign and (3) mobilities. The Hall measurements revealed that 15

NO2, H2O and iodine acted as acceptors, whereas NH3, CO and 16

ethanol were donors. We also found that, under the same exposure 17

conditions, 1n depended linearly on the concentration, C, of an 18

examined chemical (see Fig. 1a). To achieve the linear conductance 19

response, we electrically biased our devices (by more than ±10 V) 20

to higher-concentration regions, away from the neutrality point, so 21

that both σ = neµ and Hall conductivity, σxy =1/ρxy = ne/B, were 22

proportional to n (see Fig. 1a, lower inset)6–9. The linear response 23

as a function of C should greatly simplify the use of graphene-based 24

sensors in practical terms. 25

Chemical doping also induced impurities in graphene in 26

concentrations Ni = 1n. However, despite these further scatterers, 27
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Figure 7.1. Concentration, ∆n, of chemically induced charge carriers in single-layer

graphene exposed to different concentrations, C, of NO2. Upper inset: Scanning electron

micrograph of the experimental device (in false colors matching those seen in visible op-

tics). The scale of the micrograph is given by the width of the Hall bar, which is 1 µm.

Lower inset: Characterization of the graphene device by using the electric-field effect.

(From Ref. [15])

Longitudinal and Hall resistivity measurements as function of the gate voltage, Vg,
show that graphene samples prepared in this way are in their undoped state (see
lower inset of Fig. 7.1). The antisymmetry of the Hall resistivity with respect to Vg
nicely demonstrates the continuous change from hole to electron charge carriers.
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7.1.2 Gas detection with graphene sensor

For the detection of gas molecules, the FET device described above is put in a
relatively large (5l) glass volume containing the chemical target molecules strongly
diluted in an He or N2 atmosphere. In Fig. 7.2 the response of the sensor to the
chemicals NO2, NH3, H2O and CO in concentrations of 1 part per million (p.p.m.)
is shown. (From Ref. [15])
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Figure 1 Sensitivity of graphene to chemical doping. a, Concentration, 1n, of
chemically induced charge carriers in single-layer graphene exposed to different
concentrations, C, of NO2. Upper inset: Scanning electron micrograph of this device
(in false colours matching those seen in visible optics). The scale of the micrograph
is given by the width of the Hall bar, which is 1 µm. Lower inset: Characterization of
the graphene device by using the electric-field effect. By applying positive (negative)
Vg between the Si wafer and graphene, we induced electrons (holes) in graphene in
concentrations n= αVg. The coefficient α ≈ 7.2×1010 cm−2 V−1 was found from
Hall-effect measurements6–9. To measure Hall resistivity, ρxy , B= 1 T was applied
perpendicular to graphene’s surface. b, Changes in resistivity, ρ, at zero B caused
by graphene’s exposure to various gases diluted in concentration to 1 p.p.m. The
positive (negative) sign of changes is chosen here to indicate electron (hole) doping.
Region I: the device is in vacuum before its exposure; II: exposure to a 5 l volume of
a diluted chemical; III: evacuation of the experimental set-up; and IV: annealing at
150 ◦C. The response time was limited by our gas-handling system and a
several-second delay in our lock-in-based measurements. Note that the annealing
caused an initial spike-like response in ρ, which lasted for a few minutes and was
generally irreproducible. For clarity, this transient region between III and IV
is omitted.
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Figure 2 Constant mobility of charge carriers in graphene with increasing
chemical doping. Conductivity, σ , of single-layer graphene away from the neutrality
point changes approximately linearly with increasing Vg and the steepness of the
σ (Vg ) curves (away from the neutrality point) characterizes the mobility, µ
(refs 6–9). Doping with NO2 adds holes but also induces charged impurities. The
latter apparently do not affect the mobility of either electrons or holes. The parallel
shift implies a negligible scattering effect of the charged impurities induced by
chemical doping. The open symbols on the curves indicate the same total
concentration of holes, nt, as found from Hall measurements. The practically
constant σ for the same nt yields that the absolute mobility, µ = σ/nte, as well as
the Hall mobility are unaffected by chemical doping. For further analysis and
discussions, see the Supplementary Information.
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equilibrium state was reached, we evacuated the container again, 2

which led only to small and slow changes in ρ (region III in Fig. 1b), 3

indicating that adsorbed molecules were strongly attached to the 4

graphene devices at room temperature. Nevertheless, we found 5

that the initial undoped state could be recovered by annealing 6

at 150 ◦C in vacuum (region IV). Repetitive exposure–annealing 7

cycles showed no ‘poisoning’ effects of these chemicals (that is, the 8

devices could be annealed back to their initial state). A short-time 9

ultraviolet illumination offered an alternative to thermal annealing. 10

To gain further information about the observed chemical 11

response, we simultaneously measured changes in ρxx and ρxy 12

caused by gas exposure, which allowed us to find directly (1) 13

concentrations, 1n, of chemically induced charge carriers, (2) 14

their sign and (3) mobilities. The Hall measurements revealed that 15

NO2, H2O and iodine acted as acceptors, whereas NH3, CO and 16

ethanol were donors. We also found that, under the same exposure 17

conditions, 1n depended linearly on the concentration, C, of an 18

examined chemical (see Fig. 1a). To achieve the linear conductance 19

response, we electrically biased our devices (by more than ±10 V) 20

to higher-concentration regions, away from the neutrality point, so 21

that both σ = neµ and Hall conductivity, σxy =1/ρxy = ne/B, were 22

proportional to n (see Fig. 1a, lower inset)6–9. The linear response 23

as a function of C should greatly simplify the use of graphene-based 24

sensors in practical terms. 25

Chemical doping also induced impurities in graphene in 26

concentrations Ni = 1n. However, despite these further scatterers, 27
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Figure 7.2. Changes of the resistivity of graphene caused by the exposure to gases diluted

in concentrations of 1 p.p.m. The sign of the change is chosen to resemble hole (-) and

electron (+) doping. (From Ref. [15])

It can be seen that the molecules cause easily detectable resistivity changes. The
largest responses are observed for NO2 and NH3, but after some time saturation
occurs which is caused by the finite amount of gas molecules in the experimen-
tal atmosphere. When the glass volume is evacuated (region III) the resistivity
remains constant, indicating that the molecules are strongly attached. After the
sample is heated to 150◦C in vacuum (region IV), all the molecules detach from the
surface and the graphene device is annealed back to its initial state. The sign of the
charge carriers induced in the graphene layer by the different molecules is deter-
mined by simultaneous Hall measurements. NO2 and H2O appear to be acceptors
while the other molecules act as donors. The positive and negative signs of the
resistivity changes in Fig. 7.2 are chosen to resemble the electron or hole doping of
the graphene sample. When the longitudinal and Hall resistivity of NO2 and NH3

are combined one can reproduce the ambipolar electric field effect of the graphene
FET, shown in the lower inset of Fig. 7.1. This is demonstrated in Fig. 7.3 where
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the charges are now chemically induced instead of with a gate voltage1. This makes
it also possible to estimate the induced charge density by the adsorbates.

© 2007 Nature Publishing Group 
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Figure S2. Accumulation of dopants on graphene. 
Changes in the longitudinal (ρxx) and Hall (ρxy) resistivity 
of graphene exposed to a continuous supply of strongly-
diluted NH3 (right part). After the exposure, the device 
was annealed close to the pristine state and then exposed 
to NO2 in exactly the same fashion (left part).  Here,
measurements of both ρxx and ρxy were carried out in 
field B=1T. 

two additional Gaussian peaks for both negative and positive δR. However, the automated fitting procedures 
favour four additional peaks centred at ≈0.05 and 0.1 Ohm, which exactly corresponds to the transfer of e and 
2e. The 2e-peak is consistent with events where individual adsorption/desorption steps were not time-resolved 
and resulted in steps of the double height. The observed asymmetry in the histogram corresponds to the fact that 
large steps occur predominantly in one direction, that is, the adsorption is stronger than desorption, and 
graphene’s doping gradually increases with time (compare with the asymmetry in Fig. 3c).  
 
Accumulation of chemical doping  
We found that our graphene devices did not exhibit the saturation in the detected signal during long exposures to 
small (ppm) concentrations C of active gases. This means that the effect of chemical doping in graphene is 
cumulative. In the particular experiment shown in Fig. 1b, the apparent saturation observed in region II was 
found to be caused by a limited amount of gas molecules able to reach the micron-sized sensitive area, because 
of the competition with other, much larger adsorbing areas in the experimental setup. This is in good agreement 
with the theory of chemical detectors of a finite size [16]. Figure S2 illustrates the accumulation effect by 
showing changes in ρxx and ρxy as a function of exposure time t for the same sensor as in Fig. 1b but exposed to a 
constant flow of NO2 and NH3 (in ppm concentrations) rather than to a limited volume of these chemicals as it 
was the case of Fig. 1b of the main text. In Fig. S2, graphene’s doping continues to increase with time t because 
of the continuous supply of active molecules into the sensitive area (in contrast to the experiment shown in Fig. 
1). Within an hour, the device’s resistivity changed by 300%. Longer exposures and high C allowed us to reach a 
doping level up to ≈2x1013cm-2. Note that the behaviour in Fig. S2 clearly resembles the corresponding 
dependences in the lower inset of Fig. 1a but charge carriers in Fig. S2 are induced by chemical rather than 
electric-field doping. The observed accumulation effect yields that the detection limits for graphene sensors can 
be exceedingly small during long exposures that allow a sufficient amount of gas molecules to be adsorbed 

within the sensitive area. Alternatively, large arrays of 
such sensors would increase the catchment area and 
should allow a much higher sensitivity also for short-
time exposures [16].  
 
The mechanism of chemical doping in graphene is 
expected to be similar to the one in carbon nanotubes. 
Unfortunately, the latter remains unexplained and still 
controversial, being attributed to either charge transfer 
or changes in scattering rates or changes in contact 
resistance [3,S1,S2,S3,S4]. Our geometry of four-probe 
measurements rules out any effect due to electrical 
contacts, whereas the mobility measurements prove that 
the charge transfer is the dominant mechanism of 
chemical sensing. Also, it is believed that the presence 
of a substrate can be important for chemical sensing in 
carbon nanotubes. We cannot exclude such influence, 
although this is rather unlikely for flat graphene, where 
doping mostly occurs from the top. We also note that 
hydrocarbon residues on graphene’s surface (including 
remains of electron-beam resist) are practically 
unavoidable, and we believe that such polymers may 
effectively “functionalize” graphene, acting as both 
adsorption sites and intermediaries in charge transfer 
(see further). 
 

 
Constant mobility of charge carriers with increasing chemical doping 
No noticeable changes in µ with increasing chemical doping were observed in our experiments, as discussed in 
the main text. In order to estimate quantitatively the extent, to which chemical doping may influence carrier 

Figure 7.3. Changes of the longitudinal and Hall resistivity of graphene as a function

of time caused by the exposure to a continuous gas flow of NO2 (left) and NH3 (right)

molecules. (From Ref. [15])

7.1.3 Detection of individual NO2 molecules

The detection limit of the sensor device used above can be estimated from the sig-
nal/noise ratio to be of the order of 1 p.p.b., which puts graphene at the same level
of sensitivity as the most sensitive gas sensors. But to demonstrate the fundamental
limit for the sensitivity of graphene-based sensors, Schedin et al. optimized their
devices by using high driving currents to suppress the Johnson noise and annealing
the samples close to the neutrality point. It can be seen from the lower inset of
Fig. 7.2 or in Fig. 7.3 that the Hall resistivity, ρxy, is more sensitive to changes
in the carrier concentration around the neutrality point than the longitudinal re-
sistivity, ρxx. Therefore the changes in the Hall resistivity are used to examine
the fundamental sensitivity of the graphene-based sensor. For this experiment the
device was exposed to a vanishingly small leak of strongly diluted NO2 and then
evacuated again. The response of the Hall resistivity is shown in Fig. 7.4.
The Hall resistivity appears to change in discrete steps of which the direction
depends strongly on the adsorption (gas leak) or desorption (evacuation) mode of
the experiment (subfigure a). These steps can be linked with changes in the charge
carrier concentration (see above). But since we know the dimensions of the sample

1The experimental setup was changed for this particular experiment: the fixed glass volume

was replaced by a constant flow of gas molecules to avoid the saturation effect.
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Figure 3 Single-molecule detection. a, Examples of changes in Hall resistivity observed near the neutrality point (|n| < 1011 cm−2) during adsorption of strongly diluted NO2

(blue curve) and its desorption in vacuum at 50 ◦C (red curve). The green curve is a reference—the same device thoroughly annealed and then exposed to pure He. The
curves are for a three-layer device in B= 10 T. The grid lines correspond to changes in ρxy caused by adding one electron charge, e (δR≈ 2.5�), as calibrated in
independent measurements by varying Vg. For the blue curve, the device was exposed to 1 p.p.m. of NO2 leaking at a rate of ≈10−3 mbar l s−1. b,c, Statistical distribution of
step heights, δR, in this device without its exposure to NO2 (in helium) (b) and during a slow desorption of NO2 (c). For this analysis, all changes in ρxy larger than 0.5� and
quicker than 10 s (lock-in time constant was 1 s making the response time of ≈6 s) were recorded as individual steps. The dotted curves in textbfc are automated gaussian
fits (see the Supplementary Information).

we found no notable changes in µ even for Ni exceeding1

1012 cm−2. Figure 2 shows this unexpected observation by showing2

the electric-field effect in a device repeatedly doped with NO2.3

V-shaped σ(Vg) curves characteristic for graphene6–9 can be4

seen. Their slopes away from the neutrality point provide a5

measure of impurity scattering (so-called field-effect mobility,6

µ = 1σ/1ne = 1σ/eα1Vg). The chemical doping only shifted7

the curves as a whole, without any significant changes in their8

shape, except for the fact that the curves became broader around the9

neutrality point (the latter effect is discussed in the Supplementary10

Information). The parallel shift unambiguously proves that the11

chemical doping did not affect scattering rates. Complementary12

measurements in magnetic field showed that the Hall-effect13

mobility, µ = ρxy/ρxx B, was also unaffected by the doping and14

exhibited values very close to those determined from the electric-15

field effect. Further analysis yields that chemically induced ionized16

impurities in graphene in concentrations >1012 cm−2 (that is, less17

than 10 nm apart) should not be a limiting factor for µ until18

it reaches values of the order of 105 cm2 V−1 s−1, which translates19

into a mean free path as large as ≈1 µm (see the Supplementary20

Information). This is in striking contrast with conventional two-21

dimensional systems, in which such high densities of charged22

impurities are detrimental for ballistic transport, and also disagrees23

by a factor of >10 with recent theoretical estimates for the24

case of graphene11–13. Our observations clearly raise doubts about25

charged impurities being the scatterers that currently limit µ in26

graphene11–13. In the Supplementary Information, we show that a27

few-nanometre-thick layer of absorbed water provides sufficient28

dielectric screening to explain the suppressed scattering on charged29

impurities. We also suggest there that microscopic corrugations of30

a graphene sheet14,15 could be dominant scatterers.31

The detection limit for solid-state gas sensors is usually defined32

as the minimal concentration that causes a signal exceeding33

the sensors’ intrinsic noise1–4. In this respect, a typical noise34

level in our devices, 1ρ/ρ ≈ 10−4 (see Fig. 1b), translates into35

the detection limit of the order of 1 p.p.b. This already puts36

graphene on par with other materials used for most sensitive gas37

sensors1–4. Furthermore, to demonstrate the fundamental limit38

for the sensitivity of graphene-based gas sensors, we optimized39

our devices and measurements as described in the Supplementary 40

Information. In brief, we used high driving currents to suppress the 41

Johnson noise, annealed devices close to the neutrality point, where 42

relative changes in n were largest for the same amount of chemical 43

doping, and used few-layer graphene (typically, 3–5 layers), which 44

allowed a contact resistance of ≈50 �, much lower than for single- 45

layer graphene. We also used the Hall geometry that provided the 46

largest response to small changes in n near the neutrality point 47

(see Fig. 1a, lower inset). In addition, this measurement geometry 48

minimizes the sensitive area to the central region of the Hall cross 49

(≈1 µm2 in size) and allows changes in ρxy to be calibrated directly 50

in terms of charge transfer by comparing the chemically induced 51

signal with the known response to Vg. The latter is important for 52

the low-concentration region, where the response of ρxy to changes 53

in n is steepest, but there is no simple relation between ρxy and n. 54

Figure 3 shows changes in ρxy caused by adsorption and 55

desorption of individual gas molecules. In these experiments, we 56

first annealed our devices close to the pristine state and then 57

exposed them to a small leak of strongly diluted NO2, which was 58

adjusted so that ρxy remained nearly constant over several minutes 59

(that is, we tuned the system close to thermal equilibrium where 60

the number of adsorption and desorption events within the Hall 61

cross area was reasonably small). In this regime, the chemically 62

induced changes in ρxy were no longer smooth but occurred in a 63

step-like manner as shown in Fig. 3a (blue curve). If we closed the 64

leak and started to evacuate the sample space, similar steps occurred 65

but predominantly in the opposite direction (red curve). For finer 66

control of the adsorption/desorption rates, we found it useful to 67

slightly adjust the temperature while keeping the same leak rate. 68

The characteristic size, δR, of the observed steps in terms of ohms 69

depended on B, the number of graphene layers and, also, varied 70

strongly from one device to another, reflecting the fact that the 71

steepness of the ρxy curves near the neutrality point (see Fig. 1a) 72

could be different for different devices6–9. However, when the steps 73

were recalibrated in terms of equivalent changes in Vg, we found 74

that to achieve the typical value of δR it always required exactly 75

the same voltage changes, ≈1.5 mV, for all of our 1 µm devices and 76

independently of B. The latter value corresponds to 1n ≈ 108 cm−2
77

and translates into one electron charge, e, removed from or added 78
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Figure 7.4. Single molecule detection: a) The Hall resistivity during adsorption in

strongly diluted NO2 or desorption in vacuum. The green curve represents the noise level.

b) Statistical distribution of the resistivity changes due to noise. c) Statistical distribution

of the observed steps in (a). (From Ref. [15])

(1µm2) this can be directly translated in an effective charge transfer per step which
appears to be close to one electron (subfigure c). Therefore it seems that every
step can be related to the adsorption of a single NO2 molecule that withdraws one
electron from the graphene sample.

7.2 DFT investigation of molecules on graphene

To fully exploit the possibilities of graphene sensors, it is important to understand
the interaction between a graphene surface and adsorbing molecules. In this section
the adsorption process on graphene is examined for the different molecules that
were investigated in the experiment of Schedin et al., discussed in the previous
section. To this end, the adsorption of single H2O, NH3, CO, and NO2 molecules
on a pure graphene substrate is studied within the DFT formalism. The optimal
adsorption positions and orientations of these molecules on the graphene surface
are determined and the adsorption energies are calculated. Molecular doping, i.e.
charge transfer between the molecules and the graphene surface, is analyzed in
light of the molecular orbital theory which was treated before. The efficiency of the
doping of the different molecules is determined and the influence of their magnetic
moment is discussed.

7.2.1 Computational details

The first principles calculations are performed using density functional theory
(DFT) which has been successfully used for the study of molecular adsorbates
on single-walled (carbon) nanotubes (SWNT) [32–36]. All the DFT calculations
were carried out with the abinit code [37], within the generalized gradient approx-
imation (GGA) of Perdew, Burke, and Ernzerhof (PBE) [38]. The advantage of
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GGA over the local density approximation (LDA) in this work is that the GGA
will not lead to a strong binding of the molecules as in LDA. So if the molecules
bind in GGA, they will definitely bind in a real system (and in LDA) too. The dis-
tance between the adsorbate and the graphene surface, however, will be somewhat
overestimated and consequently the binding energy will be underestimated.
A plane wave basis set is used with a cutoff energy of 30 hartree and pseudopo-
tentials of the Troullier-Martins type [27]. For the adsorption of the molecules
NH3, CO, and H2O non-spin-polarized calculations are used, while for NO2 spin-
polarization is included. The total system consists of a 4 × 4 graphene supercell
(32 C atoms) with a single molecule adsorbed to it (Fig. 7.5) and with a distance
of 30 bohr (∼16 Å) between adjacent graphene layers. The sampling of the Bril-
louin zone is done with a 5× 5× 1 Monkhorst-Pack [39] grid, which was tested to
give converged results for all the calculated properties. For the calculation of the
density of states (DOS) a 15× 15× 1 Monkhorst-Pack grid is used and a Gaussian
smearing of 0.005 hartree is applied.

Figure 7.5. H2O on graphene. 4× 4 supercell of graphene with adsorbed H2O molecule.

Three different adsorption sites that are used in the simulations are indicated: the center

of a hexagon (C), on top of a carbon atom (T) and on the middle of a C-C bond (B).

Charge transfers are calculated with the Hirshfeld charge analysis method [40],
which is implemented in abinit. The Hirshfeld atomic charge QA for each atom is
obtained by

QA =
∫

ρ0
A(r)∑

A′ ρ0
A′(r)

ρ(r)dr, (7.1)

with ρ(r) the calculated density and ρ0
A(r) the electron density computed for the

isolated atom A and taken from Ref. [37]). From these atomic charges the charge
transfer (∆Q) can be deduced and it is therefore possible to determine the acceptor
or donor character of the adsorbates. It should be noted that the size of the charge
transfer depends on the method used to calculate it (see later).
The distance from the adsorbate to the graphene surface is calculated from the
difference in weighted averages of the different atoms of the molecule and the
carbon atoms of the graphene sheet, where the atomic number Z of the atoms is
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used as a weight factor.2

7.2.2 Results

For each adsorbate three adsorption sites are considered, namely on top of a carbon
atom (T), the center of a carbon hexagon (C) and the center of a carbon-carbon
bond (B) (see Fig. 7.5) . For these positions, different orientations of the molecules
are examined and the adsorption energy is calculated for all of them. The ad-
sorption energy (Ea) is defined here as the energy of the isolated graphene sheet
and isolated molecule minus the energy of the fully relaxed graphene sheet with
the molecule adsorbed to it. These energies are not corrected for the dipole-dipole
interactions which occur due to the finite size of the supercells. However, these
energies mainly cancel, resulting in corrections of the order of 2 meV in the worst
cases (H2O and NH3). This has no influence on any of the conclusions, so I decided
to neglect them.
The strength of the molecular doping is discussed in light of the density of states
and the highest occupied and lowest unoccupied molecular orbitals (HOMO and
LUMO) of the adsorbate. The position of these orbitals, visible as peaks in
the DOS, is practically independent of the orientation and adsorption site of the
molecule, so only the total DOS for one geometry per molecule is shown. We can
now distinguish two charge transfer mechanisms: i) a charge transfer can occur due
to the relative position in the DOS of the HOMO and LUMO of the adsorbate. If
the HOMO is above the Fermi level of pure graphene (the Dirac point), there is
a charge transfer to graphene. If the LUMO is below the Dirac point, charge will
transfer to the molecule. ii) The charge transfer between adsorbate and graphene is
also partially determined by the mixing (hybridization) of the HOMO and LUMO
with the graphene orbitals. As seen before, this mixing scales with the overlap of
the interacting orbitals and the inverse of their energy difference.
It is more difficult to discuss the adsorption energy using qualitative molecular
orbital theory because of the large amount of possible interacting orbitals present
in graphene. The investigation starts with the non-magnetic molecules H2O, NH3,
and CO, followed by the paramagnetic ones, NO2 and NO. The molecules are
discussed in the order of increasing complexity of their charge transfer mechanism.

H2O on graphene

The following orientations of the H2O molecule with respect to the graphene surface
are examined: starting from the O atom the H-O bonds pointing up (u), down (d)
or parallel to the graphene surface (n). Another orientation (v) was suggested in

2It is more common to take the mass of the atoms as the weight factor, but this seems quite

meaningless in a Born-Oppenheimer approximation where masses are irrelevant.
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a theoretical study, based on an empirical method, of the adsorption of H2O on
graphite [41]. This orientation has one O-H bond parallel to the surface and the
other one pointing to the surface.
All properties were found to be almost invariant with respect to rotations around
the axis perpendicular to the surface and through the oxygen atom, and therefore
this orientation will not be discussed. The results of the calculations are given in
table 7.1.

Table 7.1. H2O on graphene: the adsorption energy (Ea), the distance of H2O above

the graphene surface (d), and the charge transfer from the molecule to graphene (∆Q) for

ten different geometries.

Position Orientation Ea(meV) d(Å) ∆Q(e)
B u 18 3.70 0.021
T u 19 3.70 0.021
C u 20 3.69 0.021
B n 24 3.55 0.013
T n 24 3.56 0.015
C n 27 3.55 0.014
B d 18 4.05 -0.009
T d 19 4.05 -0.009
C d 19 4.02 -0.010
C v 47 3.50 -0.025

From table 7.1 it can be seen that all the adsorption energies are small (20-50
meV, which is partially a consequence of the calculation method. This is not very
important because the adsorption energies are only used to compare the different
geometries and to find the best position and orientation of the molecule for which
we need only relative values. Table 1 also shows that the adsorption energy is
primarily determined by the orientation (u, d, n, v) and to a lesser degree by the
position (C, B, T) of the molecule: the energy differences are 5-6 meV with respect
to the orientation, but they vary with only about 1-2 meV when changing the
position. This difference in importance of position and orientation is even more
pronounced when we look at the charge transfers. If the O atom points to the
graphene surface, there is a (small) charge transfer to graphene, but if the H atoms
point to the surface there is a small charge transfer to the water molecule. This
is a consequence of the form of the HOMO and LUMO of H2O and their relative
position with respect to the Dirac point (see Fig. 7.6).
The HOMO (1b1) is completely located on the O atom, but the LUMO (4a1) is
mostly located on the H atoms. In the u (and n) orientation the HOMO plays the
dominant role and donates, through a small mixing with graphene orbitals above
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Figure 7.6. H2O on graphene. Inset: (a) the HOMO and (b) the LUMO of H2O (the H

atoms are white and the oxygen atom is red; green and yellow indicate different signs of

the orbital wavefunction). Main panel: DOS of H2O on graphene. The blue dotted lines

show the positions of the molecular orbitals of H2O.

the Fermi level, some charge to graphene. There is also a (stronger) mixing with
the orbitals below the Dirac point, because they are closer in energy, but this does
not induce any charge transfer because all these orbitals are filled. In the d and
v orientation, the LUMO of H2O interacts stronger with the surface and is able,
through a small mixing with the graphene orbitals below the Dirac point, to accept
some charge from graphene. There is also a stronger mixing with orbitals above
the Dirac point now, but this does not induce any charge transfer because all these
orbitals are empty. In the n orientation it is again the HOMO that will interact
stronger, but now there is also some interaction with the LUMO. There will be a
charge transfer from the molecule to graphene, but, because of the interaction with
the LUMO, it will be smaller.
In the experiment described above [15] one finds that H2O acts as an acceptor on
graphene which is in accordance with these theoretical results where it is found
that the acceptor character (C,v) is energetically favored on perfect graphene.

NH3 on graphene

Two orientations of the ammonia molecule are investigated, one with the H atoms
pointing away from the surface (u) and the other with the H atoms pointing to
the surface (d). All properties were again found to be almost invariant to rotations
around the axis perpendicular to the surface and through the nitrogen atom. The
results of the calculations are given in table 7.2. The adsorption site and the
orientation are now seen to be of the same importance for the adsorption energy.
The charge transfer, however, is solely determined by the orientation of the NH3

molecule.
There is a small charge transfer from the molecule to the graphene surface of 0.03
e in the u orientation and there is (almost) no charge transfer in the d orientation.
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Table 7.2. NH3 on graphene: the adsorption energy (Ea), the distance of NH3 above

the graphene surface (d), and the charge transfer from the molecule to graphene (∆Q) for

six different geometries.

Position Orientation Ea(meV) d(Å) ∆Q(e)
B u 21 3.86 0.026
T u 20 3.86 0.026
C u 31 3.81 0.027
B d 15 4.08 0.001
T d 16 3.97 0.000
C d 25 3.92 -0.001

We can see how this comes about by looking at the HOMO (3a1) and LUMO (4a1)
of the NH3 molecule (Fig. 7.7(a) and (b)). In the u orientation, the HOMO is
the only orbital that can have a significant overlap with the graphene orbitals and
thus can cause charge transfer. As a consequence the NH3 molecule will act as a
donor. In the d orientation, both HOMO and LUMO can cause charge transfers
which are similar in magnitude but in opposite directions. The net charge transfer
is therefore close to 0.
The u orientation is energetically favored which explains the donor character as
observed experimentally [15].
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Figure 7.7. NH3 on graphene. Inset: (a) the HOMO and (b) the LUMO of NH3 (the

N atom is blue and the H atoms are white). Main panel: DOS of NH3 on graphene.

I also performed LDA calculations for the adsorption of NH3 on graphene. The
results of these are similar for the charge transfer, but the adsorption energy is
much larger (±100 meV). The real adsorption energy lies probably between the
two approximate values obtained through GGA and LDA. This is consistent with
the experimental observation [15] that the adsorbates can be removed from the
surface by annealing at 150◦C.
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CO on graphene

Three different orientations were used for the CO molecule. Two with the molecule
perpendicular to the surface, with the O atom above the C atom (u) and the other
way around (d), and one parallel to the surface (n).

Table 7.3. CO on graphene: the adsorption energy (Ea), the distance of CO above the

graphene surface (d), and the charge transfer from the molecule to graphene (∆Q) for

seven different geometries.

Position Orientation Ea(meV) d(Å) ∆Q(e)
B u 10 3.75 0.019
T u 10 3.75 0.019
C u 13 3.73 0.019
T d 8 3.72 0.009
C d 10 3.70 0.010
B n 14 3.74 0.013
C n 14 3.74 0.012

From table 7.3 it can be seen that the CO molecule always acts as a donor. The
size of the charge transfer only depends on the orientation of the molecule with
respect to the surface. The differences in charge transfer are due to differences in
orbital overlap between the HOMO (5σ) of the CO molecule and graphene. The
LUMO (2π) seems to play a less important role in the doping process although
it is closer to the Dirac point than the HOMO. To understand this one has to
take into account the spatial extension and symmetry of this orbital. The LUMO
is less extended than the HOMO so, without taking into account the symmetry,
the overlap will be much larger for the HOMO. Remember that the interaction
between orbitals scales as S2/∆E when the energy difference, ∆E, is large, so that
the overlap is more important than the energy difference. Furthermore, the DOS
below the Dirac point originates from (mostly) bonding combinations of the pz
atomic orbitals of the C atoms of graphene. The DOS above the Dirac point is
mostly due to anti-bonding combinations. The completely anti-symmetric LUMO
will therefore interact stronger with the DOS above the Dirac point which does not
cause any doping.
The HOMO is thus the more important orbital and the charge transfer is con-
sequently always to graphene. Because the HOMO is mainly located on the C
atom, the charge transfer is largest when the C atom is closest to the surface (u
orientation), smallest when the O atom is closer to the surface (d orientation) and
intermediate when both atoms are at an (almost) equal distance from the surface
(n orientation).
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Figure 7.8. CO on graphene. Inset: (a) the HOMO and (b) the LUMO of CO (the C

atom is black and the O atom is red). Main panel: DOS of CO on graphene.

NO2 on graphene

In Ref. [42] it was stated that adsorbates with a magnetic moment generally in-
duce a larger doping. Therefore the attention will now be turned to paramagnetic
molecules. The first one is NO2 which has, in a spin-polarized calculation, an
energy that is 0.4 eV smaller as compared to an unpolarized one and therefore
is paramagnetic. Three different orientations of the NO2 molecule are examined:
starting from the N atom, the N-O bonds pointing up (u), down (d) or parallel to
the graphene surface (n).

Table 7.4. NO2 on graphene: the adsorption energy (Ea), the distance of NO2 above

the graphene surface (d), and the charge transfer from the molecule to graphene (∆Q) for

six different geometries.

Position Orientation Ea(meV) d(Å) ∆Q(e)
B d 67 3.61 -0.099
T d 65 3.61 -0.099
C d 63 3.64 -0.098
B u 55 3.83 -0.089
T u 55 3.93 -0.090
C n 67 3.83 -0.102

The LUMO (6a1,↓) of NO2 is located 0.3 eV below the Dirac point (Fig. 7.9).
This induces a large charge transfer to the molecule. But there are also some
NO2 orbitals close enough to the Dirac point to cause some charge transfer in the
opposite direction through orbital mixing (especially the HOMO (6a1,↑)). The
latter charge transfer is, however, much smaller than the first so that the total
charge transfer is to the molecule.
Note that an experimental value of about 1e was found per adsorbed NO2 molecule
on graphene [15]. The reason for this apparent discrepancy with the theoretical
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Figure 7.9. NO2 on graphene. Inset: HOMO and LUMO of NO2 (the N atom is blue

and the O atom is red). Main panel: spin-polarised DOS of NO2 on graphene.

results obtained here is treated in the next chapter.

NO on graphene

To test whether or not there is always strong doping by paramagnetic molecules
another one, namely NO, is investigated. For NO a spin polarized calculation gives
an energy that is 0.3 eV lower than a non-spin-polarized one, so NO is indeed
a paramagnetic molecule. The same orientations and notations as for the CO
molecule are used (replace C with N). Contrary to the claim made in Ref. [42], it is
found that NO does not induce any strong doping. The charge transfers are an order
of magnitude smaller than in the case of the NO2 molecule (see table 7.5) which
is comparable to the non-magnetic molecules. Physically, we can understand this
if we compare the DOS of the adsorbates NO (Fig. 7.10) and NO2 on graphene.
For NO2 adsorbed on graphene, the LUMO is situated 0.3 eV below the Dirac
point of graphene. This induces a strong doping. In the case of NO (Fig. 7.10)
the HOMO is degenerate (2πx, 2πy) and is half filled (so it is also the LUMO) and
lies only 0.1 eV below the Dirac point. This induces a very small charge transfer
from graphene to NO, but, due to its small strength, it can be (over)compensated
by orbital mixing. The HOMO/LUMO of NO can, because it is half filled, cause
charge transfer in both directions by mixing with the graphene orbitals below and
above the Dirac point. But, as in the case of the LUMO of CO, it interacts mostly
with the latter. So the orbital mixing leads to charge transfer to graphene.
We see from table 7.5 that the charge transfer due to orbital mixing always over-
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Table 7.5. NO on graphene: the adsorption energy (Ea), the distance of NO above the

graphene surface (d), and the charge transfer from the molecule to graphene (∆Q) for six

different geometries.

Position Orientation Ea(meV) d(Å) ∆Q(e)
C u 16 4.35 0.006
T u 14 4.35 0.006
C d 13 4.11 0.007
T d 11 4.27 0.005
C n 28 3.71 0.018
B n 29 3.76 0.017

compensates the small transfer due to the position of the HOMO/LUMO, so NO
always act as a donor.3 It can be noticed that there are large differences in ∆Q
and in the distance d. They are obviously correlated because a smaller distance
between adsorbate and graphene leads to a larger orbital overlap and consequently
to more orbital mixing (i.e. a larger charge transfer).
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Figure 7.10. NO on graphene. Inset: (a) 5σ orbital and (b) HOMO/LUMO of NO

(the N atom is blue and the O atom is red). Main panel: spin-polarized DOS of NO on

graphene.

The differences in the distance can be explained by the overlap of the 5σ orbital.
The position of this orbital is very close in energy to that part of the graphene
DOS that originates from the (bonding) combinations of carbon pz orbitals around

3This result will be corrected later.
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the Γ point. Mixing of these orbitals induces a net energy shift upwards so they
repel each other strongly. The geometry of the 5σ orbital gives a large overlap in
the u orientation, a smaller overlap in the d orientation and the smallest overlap
in the n orientation. This gives a simple explanation for all the differences found
from the calculations.

7.2.3 Summary and conclusions

The charge transfer between the considered adsorbates and graphene is found to
be almost independent on the adsorption site but it does depend strongly on the
orientation of the adsorbate with respect to the graphene surface. I compared two
paramagnetic molecules, NO2 and NO, and found that NO2 induces a relatively
strong doping (-0.1e), but NO does not (<0.02e). This is in contrast to Ref. [42]
where it was claimed that paramagnetic molecules are strong dopants which was
found indeed to be the case for NO2 but not so for NO.

Table 7.6. Summary of results.

Adsorbate Theory Experiment [15] Ea (meV) ∆Q(e)
H2O acceptor acceptor 47 -0.03
NH3 donor donor 31 0.03
CO donor donor 14 0.01
NO2 acceptor acceptor 67 -0.10

For the considered adsorbates the sign of the charge transfer agrees with what was
found experimentally (see table 7.6) in Ref. [15]. It was shown that these charge
transfers can be understood from two charge transfer mechanisms. In NO2 on
graphene it is mainly due to the position of the LUMO below the Dirac point, for
all the other studied adsorbates it is caused by the mixing of the HOMO or LUMO
orbitals with the orbitals of graphene. The strength of this hybridization can be
deduced from the geometrical orientation of the HOMO and LUMO orbitals with
respect to the graphene surface.
The strength of the charge transfer and the binding energies must be seen in light of
the used approximations (GGA) and the method of calculation (Hirshfeld method),
which probably lead to an underestimation. The trends and relative values, on
the other hand, are much more trustworthy. E.g. for water molecules the size of
the charge transfer becomes much smaller when calculated with a more advanced
Hirshfeld method (see next chapter), although the direction of the charge transfer
remains the same for different orientations of the H2O molecule.
The results are also in good agreement with theoretical studies of the adsorption
of molecules on large SWNT’s in e.g. Ref. [32]. This suggests that some of the
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knowledge of adsorption on nanotubes should be transferable to graphene.



Chapter 8

Charge Transfer Calculations

The use of carbon nanotubes [43–48] and graphene [15] as very sensitive gas sensors
has stimulated a lot of theoretical work on this subject [32, 33, 35, 36, 42, 49–51],
as described in the previous chapter. Through ab initio calculations, researchers
have investigated the adsorption properties of these carbon materials and looked
for the mechanisms behind their good sensing capabilities. Although the ab initio
calculations were able to provide good qualitative agreement with experiment, e.g.
whether the gas molecules act as electron donors or acceptors, a large variation
in the size of the doping is found between different theoretical calculations. For
example, the calculated charge transfer between a (10,0) single-walled carbon nan-
otube (SWNT) and a NO2 molecule varies from −0.015e [33] to −0.10e [36], an
order of magnitude difference! The size of the doping is, however, a crucial factor
determining the sensitivity of the gas sensor. In this chapter the causes of these dis-
crepancies will be investigated. Two major computational aspects that vary among
the different theoretical studies are the charge analysis method used to calculate
the charges and the size of the investigated systems. Another influence might have
been the choice for the exchange-correlation functional, but this appears to have
only a very small influence on the charges.

8.1 Charge analysis methods

To calculate the charge transfer from a molecule to a surface, one needs a physically
meaningful and transparent approach to divide the electron density between them.
In this section, several methods for calculating effective charges will be investigated
and some of them appear to be able to describe the charge transfer more accurately
than the Hirshfeld method that was used in the previous chapter.
A variety of methods has been developed to calculate the effective charges of atoms

87
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in a molecule, such as Mulliken’s [52] or Bader’s [53] charge analysis method. It
should be noted that these effective charges are necessarily arbitrary because a
molecule is not the sum of its atomic components combined with charge transfers
among the different atoms. This can be simply demonstrated by the interaction
between two atomic orbitals as given in the qualitative molecular orbital theory.
Consider two atoms, a and b, with atomic orbitals φa and φb, respectively. Suppose
these two orbitals are occupied with one electron each and that their interaction
results in the following bonding (molecular) orbital,

ΦB = caφa + cbφb, (8.1)

with a density given by1

ρ = Φ2
B = c2aφ

2
a + 2cacbφaφb + c2bφ

2
a. (8.2)

This density corresponds to the charge density since ΦB is the only occupied orbital.
It is now clear that the partial density c2aφ

2
a should be attributed to atom a and the

density c2bφ
2
a to atom b, but what about the term 2cacbφaφb? A simple solution,

proposed by Mulliken [52], is to divide this term equally between the two atoms but
this is obviously an arbitrary choice. On the other hand, this does not mean that it
is unreasonable to talk about charge transfers altogether. If φa has a lower energy
than φb, ca will be larger than cb and a charge transfer to atom a is guaranteed. The
exact value of this charge transfer, however, is not specified and it depends on the
particular choice that is made to divide the total system into different components
corresponding to the different atoms. There are some obvious restrictions on this
division if a charge analysis method is to have any physical relevance and meaning:
e.g. at infinite separation, when the orbital overlap is zero, the calculated charge
transfer should have the correct behavior.
Several strategies to calculate the effective (partial) charges in a system have been
devised of which most are based on analyzing the wavefunction or the electronic
density. But it is also possible to make use of some special features of particular
systems to estimate the partial charges such as dipoles or magnetic moments (see
below).

8.1.1 Wavefunction based methods

In spite of its limited accuracy, the most widely used wavefunction based method
is the Mulliken population analysis which was described above. It is widely used
because of its simplicity and in some cases the charges can be calculated at no
extra computational costs. This is e.g. the case when one makes use of a basis
set of functions that are localized on the different atoms of the system such as

1supposing that the orbitals and constants ca and cb are real
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atomic orbitals, gaussians, etc. In this case the different coefficients, c1, c2, ..., are
calculated when the wavefunction is determined and the charge per atom can be
deduced from this since every coefficient belongs to a particular atom. However,
the abinit code that is used for the DFT calculations uses a plane wave basis so
that there is no particular benefit in trying to use a Mulliken charge analysis here.

8.1.2 Density based methods

When performing calculations in the DFT formalism, it is particularly interesting
to use a density based charge analysis method because the density is the central
object of the calculation.

Bader charges

The Bader charge analysis, introduced by Bader in 1991 [53], is a method which
is intuitively very plausible but it is actually rather difficult to apply in practice.
It makes use of the concept of a zero-flux surfaces which surround each atom. A
zero-flux surface is a closed2 surface S(rs) defined by

∇ρ(rs) · n(rs) = 0, (8.3)

where n(rs) is the unit vector normal to the surface S(rs). In other words, the
surface cuts the density at its extremes (usual minima) between the atoms (see
Fig. 8.1). The density enclosed by these surfaces determines the charge of the
different atoms. Although the calculation of the zero-flux surfaces is rather costly
and nontrivial to implement, this is probably the most used advanced method to
calculate charges in molecules and solids.

Hirshfeld charge analysis

The Hirshfeld method was introduced in the previous chapter to calculate the
charge transfers between several molecules and graphene. It will be treated here
in more detail because it forms the basis of the more advanced methods described
below.
Compared to the Bader charge analysis the Hirshfeld method is remarkably simple
to implement and the idea behind it is at least equally plausible. The total density
of the system is divided into atomic parts by

ρA(r) =
ρ0
A(r)∑

A′ ρ0
A′(r)

ρ(r), (8.4)

with ρ(r) the total density and ρ0
A(r) the electron density of a neutral isolated atom

A. The summation in the denominator runs over all the atoms of the system. The
2the closure can also be at infinity.
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Figure 8.1. Bader charge analysis: the separation of the density of NaCl with a zero-flux

surface is indicated by the dark line. The surface divides space in two and the integrated

densities of the two subspaces correspond to the charges on the Na and Cl atom.

idea behind this is that the total density of a bonded system, ρ, is similar to the
density that results from a summation over the densities of all the isolated atoms,
ρ0(r) =

∑
A′ ρ0

A′(r). The contribution of every atom A′ to this density ρ0(r) is
unambiguously determined, by the construction of this density, to be ρ0

A′(r). To
get a particular ρ0

A(r) again out of ρ0(r), all that is needed is to multiply ρ0(r) by
a weight function WA(r) defined by

WA(r)ρ0(r) ≡ ρ0
A(r)∑

A′ ρ0
A′(r)

ρ0(r) = ρ0
A(r). (8.5)

The same weight functions WA′ are now used to find the contributions of the
different atoms to the total density of the bonded system, ρ, which results in the
formula (8.4).
The Hirshfeld charges appear in several ways to be more physically justified than
the Bader charges. When the densities of neutral atoms are added together, the
Hirshfeld analysis gives, by construction, the intuitively correct result that there is
no charge transfer3. There is however no reason that this should also be the case
for the Bader charges for this artificial system. Furthermore, the density at every
point in space is attributed to all the atoms (weighted by WA(r)) in the Hirshfeld
analysis while it is completely attributed to a single atom in the Bader analysis.

3The Mulliken charges should also give the correct result.
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The iterative Hirshfeld method

The Hirshfeld method has one major shortcoming: the fact that the density is
divided on the basis of neutral atoms is a very arbitrary choice. Imagine e.g. the
case of a LiF molecule (this example comes from [54]). This is a highly ionic
system. When one calculates the Hirshfeld charges starting from the densities of
the neutral Li and F atoms one finds a charge of 0.57e on the Li atom and -0.57e
on the F atom. However, if one starts with the densities of a Li+ and a F− atom,
the charges are 0.98e and -0.98e respectively. The last case is more consistent than
the first: 0.0e charge leads to 0.57e while 1.0e leads to 0.98e.
This seems to lead to an obvious suggestion to improve the Hirshfeld method
but, in fact, it was only made in 2007, 30 years after Hirshfeld first proposed his
method [54]. This suggestion was as follows: first calculate the charges with the
normal Hirshfeld method. Put these charges on isolated atoms and use the resulting
densities to calculate the Hirshfeld charges again. These steps can be repeated until
the input and output charges have converged. In this way any arbitrariness in the
choice of initial densities is removed except for the fact that we take densities of
isolated atoms. But this is exactly what was required since the purpose was to
divide the total charge (density) among these different atoms.
The charges resulting from the iterative Hirshfeld method will be called Hirshfeld-I
charges, as proposed in Ref. [54].

Modified Hirshfeld method

The Hirshfeld method can be modified further to our needs if it is realized that to
know the charge transfer between two systems, such as a molecule and graphene, it
is not necessary to know the charges on all the different atoms. All that is needed
is the total charge of the molecule and the total charge of graphene. Therefore it
might be better to take the total densities of these two subsystems (i.e. the molecule
and the graphene layer) to construct the weight functions defined in (8.5). This
gives a different result from the atom-based Hirshfeld method because the weight
functions are different,

WH
a (r) =

∑
A′ ρ0

A′(r)∑
A′ ρ0

A′(r) +
∑
B′ ρ0

B′(r)
6= ρ0

a(r)
ρ0
a(r) + ρ0

b(r)
= WmH

a , (8.6)

where a and b are the two subsystems and {A′} and {B′} denote the atoms in these
subsystems. WH

a is the weight function for subsystem a as found for the atomic
Hirshfeld method and WmH

a for the modified version of this method based on the
total densities of the subsystems, ρ0

a(r).
In practice, the procedure looks as follows: first the total system is relaxed com-
pletely and the total electronic density is calculated. Then the density of the



92 CHAPTER 8. CHARGE TRANSFER CALCULATIONS

molecule and the graphene layer are calculated separately in the same configu-
ration as in the total relaxed system. These densities can now be used in the
Hirshfeld-I method instead of the separate atomic densities. When the charges of
the two subsystems are made self-consistent in this way, they will be referred to as
the modified Hirshfeld-I charges.

8.1.3 Testing the different methods

It is now time to examine the accurateness of the different charge analysis methods
by applying them to a concrete example. For this, the charge transfer between the
paramagnetic molecule NO2 and graphene is considered. This system was already
studied in the previous chapter, so the results obtained there can be used again.
The charge transfer for the most stable adsorption geometry is calculated with the
different methods and the results are given in table 8.1.

Table 8.1. The charge transfer from graphene to NO2 calculated with different methods.

method charge transfer (e)
Hirshfeld -0.099
modified Hirshfeld -0.161
modified Hirshfeld-I -0.181
Bader -0.212

The direction of the charge transfer is consistent, but the size of the charge transfer
seems to be strongly dependent on the calculation scheme: there is a difference of
a factor of 2 between the highest and the lowest one. How is it possible to decide
which value is most physically relevant? One way to make a physically meaningful
way to estimate the charge transfer can be obtained when a simple MO picture
of NO2 is considered. NO2 is a paramagnetic molecule and has, consequently, an
unpaired electron in one molecular orbital. This partially occupied MO (POMO)
can be expected to be dominant in any charge transfer from or to the molecule. A
schematic picture of this orbital is given in Fig. 8.2b.

a

φ

a) b)
N

O O

Figure 8.2. NO2 molecule: a) schematic view in which the N-O bond length, a, and the

bond angle, φ, are indicated. b) schematic picture of the POMO (6a1) of NO2.
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It can be seen that there is an anti-bonding interaction between the N and O atoms
while the O-O interaction is bonding. Therefore the geometry of the NO2 molecules
will change when the occupation of the POMO changes. Adding (removing) charge
to (from) the POMO will increase (decrease) the N-O bond length, a, and decrease
(increase) the bond angle, φ. So the bond length and bond angle are related with
the charge of the molecule. If we know this relation, we can get an estimate of
the charge transfer by calculating the bond length or angle of the molecule after
adsorption on graphene. The bond length/angle-charge relation is easily obtained
by the addition of charge to an isolated molecule and the subsequent observation
of the geometrical changes, as depicted in Fig. 8.3.
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Figure 8.3. The change of the N-O bond length, a, and the bond angle, φ, as a function

of the additional charge on a NO2 molecule.

The bond length and angle of a NO2 molecule adsorbed on a 4 × 4 graphene
supercell become a = 1.229Å and φ = 128.3◦, which translates in a charge transfer
of -0.205e and -0.215e, respectively. These results are more than twice the value
obtained with the standard Hirshfeld method (see table 8.1), which seems to rule
out this approach as a useful estimate for the charges, but the Bader charges are
very close to the obtained values. However, the inaccuracy of the geometrical
estimates is too large to rule out the other Hirshfeld approaches.
A more accurate physical estimate of the charge is necessary. The same reasoning
that leads to the use of the bond length and angle as a measure for the charge sug-
gests a more direct approach. If the charge transfer is related with the occupancy
of the POMO in a MO picture, it would be better to use this occupancy in a more
direct way. Unfortunately, the occupancies of molecular orbitals are not available
since the calculations are done within the DFT formalism. However, it is possible
to make use of the paramagnetism of the NO2 molecule to deduce the occupancy
of the POMO. The NO2 molecule has a magnetic moment of 1µb (bohr magneton)
and any charge transfer (< 1e) reduces this magnetic moment. The graphene layer,
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on the other hand, is diamagnetic. Therefore the total magnetic moment of the
system (graphene+NO2) is related to the charge transfer. A spin-polarized calcu-
lation gives a total magnetic moment of 0.818µb for the system which corresponds
to a charge transfer of -0.182e. This value is practically indistinguishable from the
result of the modified Hirshfeld-I analysis (-0.181e). This gives some confidence
that the modified Hirshfeld-I method is the most accurate one for our purpose and
therefore this is the only method that will be used from now on.4

8.2 Supercell dependence

Next, it will be investigated how the charge transfer depends on the size of the
supercell used in the ab initio calculations because the simulation of adsorption
processes at surfaces is necessarily restricted to finite supercells. At the same time
the influence of the k-point sampling of the Brillouin zone is examined.

The ab initio calculations in this section were performed within the density fun-
cional theory (DFT) formalism using the abinit code within the local spin density
approximation (LSD) and with Troullier-Martins pseudopotentials. A plane wave
basis set is used with an energy cutoff of 30 hartree, which was tested to give
converged results for all the properties studied here. Different graphene supercells
ranging from 2 × 2 to 6 × 6 were implemented. For the sampling of the Brillouin
zone (BZ) Monckhorts-Pack (MP) grids are used for the different supercells equiv-
alent to a range from 12× 12× 1 to 48× 48× 1 points for a single unit cell.

In the previous chapter, it was demonstrated that there are at least two differ-
ent charge transfer mechanisms. The charge transfer between the NO2 and NH3

molecules and graphene will be used here as typical examples of the two distinct
mechanisms. The interaction of these molecules will be examined in increasingly
large supercells, namely a 2× 2, 3× 3, 4× 4, and 6× 6 graphene supercell.

8.2.1 NO2 on graphene

To investigate the influence of the charge transfer on the size of the supercell,
only one configuration (i.e. adsorption site and orientation) for the adsorbed NO2

molecule is needed. The most stable configuration that was found before was
the one in which the molecule was placed on a C-C bond with the oxygen atoms
closest to the graphene surface. This configuration will be used in the following
calculations.

4Note that it is not necessary to use this method in case of paramagnetic molecules since the

total magnetic moment can be used instead.
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Figure 8.4. Supercell dependence of the charge transfer between a NO2 molecule and

graphene for different MP-grids.

In Fig. 8.4 the charge transfer, as calculated with the modified Hirshfeld-I method,
is shown for different supercells and k-point grids.

Dependence on the k-point grid

The dependence of the charge transfer on the k-point grid can always be eliminated
by taking finer grids. It is the computation time that is the limiting factor here.
Three different k-point grids have been examined as shown in Fig. 8.4. The charge
transfers seem to be converged reasonably well for a 24× 24× 1 MP-grid. Taking
into account that a 48 × 48 × 1 MP-grid increases the computation time with a
factor of 4, the 24× 24× 1 MP-grid will be used from now on.

Dependence on supercell size

There is a pronounced dependence of the charge transfer on the number of atoms
in the simulated graphene layer5. This can be explained by looking at the density
of states (DOS) of the total system (see Fig. 8.5). As seen before, the lowest
unoccupied orbital (LUMO) of NO2 is below the Dirac-point of graphene, which
causes the charge transfer to the molecule. But this charge transfer depends clearly
on the number of electronic states between the Dirac-point and the LUMO of
the NO2 molecule, which depends linearly on the number of carbon atoms in the
supercell. Therefore, it might be expected that if one takes a graphene supercell
that is large enough, one would eventually get a charge transfer of one electron [42].
However, it can be seen from Fig. 8.4 that there is no simple linear dependence.

5The number of atoms in the simulated graphene layer is equal to twice the number of unit

cells in the supercell.
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The position of the LUMO in the DOS depends on the filling of this orbital: the
more electrons in the orbital the more difficult it gets to put another one in it and
this translates in a shift of the LUMO towards the Dirac-point. In Fig. 8.6 this
shift is shown as a function of the number of carbon atoms in the supercell. It is
not obvious that the orbital becomes totally filled (a transfer of one electron per
paramagnetic molecule) before it coincides with the Dirac point, where the shift
would stop and the charge transfer would be converged to a value of less than one
electron per molecule.
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Figure 8.5. Spin-polarized DOS for NO2 adsorbed on graphene calculated with a 60 ×
60×1 MP-grid for a 4×4 supercell. The LUMO of the NO2 molecule and the Fermi-energy

are indicated.

Thus it seems that one can only obtain a quantitative meaningful value of the charge
transfer between a paramagnetic molecule and a graphene layer in two cases: i)
when the supercell used is large enough to get a charge transfer of one electron per
molecule, or ii) when the LUMO of the molecule coincides with the Dirac-point
and the charge transfer has converged. In the case of the NO2 molecule, one needs
a supercell that is much larger than the 6× 6 supercell that was used here due to
computational limitations. However, from Fig. 8.6 it is seen that if the LUMO stays
partially full, it takes more than a thousand carbon atoms to let it coincide with
the Dirac-point (if the trend remains the same). On the other hand, from Fig. 8.4
one may deduce that it is not unlikely that a charge transfer of 1e is reached before
the supercell contains 1000 carbon atoms. This leads to the conclusion that the
LUMO of NO2 will probably be completely filled before it reaches the Dirac-point.
This is compatible with the experimental observation [15] that the charge transfer
equals one electron charge per NO2 molecule.
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Figure 8.6. Distance, ∆E, of the NO2 LUMO to the Dirac-point with respect to the

number of carbon atoms used in the supercell. The inset shows a close-up of the total DOS

of graphene with an adsorbed NO2 molecule around the Dirac-point.

8.2.2 NH3 on graphene

As for the case of NO2, the most stable configuration of NH3 on graphene is used
to examine the dependence of the charge transfer on the supercell size. The same
k-point grid as for the NO2 case is used here.
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Figure 8.7. Dependence on the size of the supercell of the charge transfer between a

NH3 molecule and graphene for a 24241 MP grid.

The charge transfer between NH3 and graphene is caused by the hybridization of
the MO’s which is a local effect. Therefore it is expected that it does not depend
strongly on the supercell size. This is verified by the calculations shown in Fig. 8.7.
There seems to be (almost) no dependence of the charge transfer on the size of the
supercell for the larger supercells. The deviation for smaller supercells is rather
due to dipole interactions between the neighboring supercells. When these dipole
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interactions are negligible, the charge transfer is constant. As stated before this is
a consequence of the local character of the orbital hybridization that induces the
charge transfer.

8.3 Summary

Different numerical approaches to calculate the charge transfer have been investi-
gated. There appears to be a strong dependence of the charge transfer between
adsorbed molecules and a graphene surface on the charge analysis method and the
size of the supercell used in the simulations. For our purpose, a modified version
of the iterative Hirshfeld method seems to be most physically relevant so that this
will be the method of choice from now on. The influence of the size of the simu-
lated graphene supercell depends on the particular charge transfer mechanism that
dominates the adsorbate-graphene interaction. If orbital mixing (hybridization) is
dominant the charge transfer will not depend on the supercell size but when there
is a direct charge transfer due to empty (filled) molecular orbitals below (above)
the Fermi level of graphene, the size of the supercell is important.
Taking all this into account, we can correct the results from the previous chapter
and compare them with experimental findings. In case of NO2 molecules adsorbed
on graphene we could expect a charge transfer of 1e or less per molecule (see
the discussion above). This is close to the experimental estimation of about 1e.
After the theoretical work described above, there has also been made an explicit
experimental estimate for the charge transfer between NH3 molecules and graphene.
In Ref. [55] a value of 0.068±0.004 e was found which is remarkably close to our
corrected result of 0.056e, shown in Fig. 8.7. Note that the corrected value is about
twice the value obtained before (see table 7.2). The corrections were not made for
all the molecules that were studied in the previous chapter because calculating
these corrections is quite time consuming and there is no explicit experimental
data available for comparison. Furthermore, the qualitative understanding of the
non-corrected values remains and it is only the absolute size of the charge transfer
that should not be considered correct.



Chapter 9

Water Clusters on Graphene

9.1 Introduction

As stated in the introductory chapter graphene is completely exposed to the sur-
rounding atmosphere and the underlying substrate and is therefore susceptible to
unwanted changes by environmental influences. This close contact of graphene with
its environment is often a source of noise that makes different graphene samples
behave quantitatively different. E.g. the mobility and density of charge carriers
depend crucially on the environment.
There have been some experimental indications that water is almost always present
in the environment of graphene devices. And although it has been shown that single
water molecules do not bind strongly on a graphene surface (see chapter 7), the
large dipole moment associated with water molecules might still be able to modify
the electronic properties as e.g. its mobility. In this chapter I will investigate
the interaction between graphene and water in more detail. Different systems
consisting of small water clusters and ice layers on freestanding graphene sheets
will be examined. The optimal orientation of these clusters with respect to the
graphene sheet is investigated and various properties of the adsorbed clusters that
might have an influence on the electronic properties of graphene are calculated.

9.2 Computational details

I will again make use of DFT within the generalized gradient approximation of
Perdew-Burke-Ernzerhof (PBE-GGA) for the simulation of the water-graphene in-
teraction. PBE-GGA is used because it has been shown to give the best results
for H2O hydrogen bonding [56]. Previous calculations of clustered water molecules
inside and on top of carbon nanotubes [57, 58] suggest that the interaction between
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water molecules and graphene-like structures is described reasonably well although
the usual DFT calculations do not take explicitly into account van der Waals inter-
actions. This is due to the polar nature of the water molecules which is responsible
for the largest part of the vdW interaction in these systems and which is included
in the calculations (as discussed before). Because the amount of atoms in the fol-
lowing simulations is rather large, I will make use of a projected augmented wave
basis set which allows to take a lower cutoff energy for the plane wave basis set
(20 hartree). The simulated graphene sheet consists of a 4 × 4 supercell with a
distance of 16Å between adjacent layers. A 6× 6× 1 Monkhorst-Pack grid is used
for the sampling of the Brillouin zone. When studying ice on graphene a different
supercell, (

√
3×
√

3) R30◦, as suggested in Ref. [59] will be used.

9.3 Results

The water systems adsorbed on graphene that are considered here consist of clus-
ters containing up to five water molecules and a full monolayer of ice. Different
possible directions of the water molecules are investigated. The energetic favor-
able adsorption site for a single molecule (see Fig. 9.1) was determined before and
therefore there is no need to vary it here. Moreover it was also shown that the
adsorption site has only a minor influence on the characteristic properties of the
adsorption process. Because the binding energies between the H2O molecules in a
water cluster are more than an order of magnitude larger than the adsorption ener-
gies associated with the binding of the clusters to graphene (see below), only those
water clusters will be considered that have the lowest energy and their orientation
will be varied with respect to the graphene crystallographic axes.

9.3.1 Cluster geometry

Let us first take a look at the most stable geometries of freestanding planar water
clusters with up to 5 molecules based on earlier investigations of freestanding water
[60, 61] clusters and of water clusters on graphite [62]. In accordance with those
earlier studies, it is found that (except for the water dimer and monomer) the
optimized clusters consist of rings of water molecules formed in such a way that
every water molecule uses one hydrogen atom to form a hydrogen bond with its
neighbours. The other hydrogen atoms are pointing out of the plane formed by
the ring and alternate their direction as much as possible in order to minimize the
interaction between hydrogen atoms of neighboring molecules.
After obtaining the relaxed geometries, these optimized clusters are placed on a
perfect graphene sheet and the system is relaxed (see Fig. 9.1). As a starting
point for the relaxation two orientations with respect to the graphene surface are
used for the monomer and three are used for the dimer. More orientations that
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1a) 1b) 2a) 2b)

2c) 3a) 3b)
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ice b)

Figure 9.1. View from the top and the side of all the different water clusters on top of

graphene that were investigated in our simulations with their various orientations.

are meaningful are possible for the monomer, but these have already been studied
before (see chapter 7) and therefore it is not needed to consider them here. For the
ring-shaped clusters, the starting point for relaxation is such that the ring is more
or less parallel to the surface. The notations that will be used for the different
clusters with their various orientations is given in Fig. 9.1.
The orientation and the shape of the clusters does not change much after relaxation
but the clusters do tend to become more flat. E.g. a freestanding cluster with 5
molecules forms a pentagon that is slightly puckered, but this puckering disappears
when the water pentamer adsorbs on graphene. These results are different from re-
cent theoretical results where it was proposed that the adsorption of water clusters
on graphene occurs through a ‘cluster link’ consisting of a single water molecule
[63]. As will be shown below, bonding through a single molecule seems surprising
for two reasons: i) the binding energy between molecules in a water cluster is much
larger than the adsorption energy between the water cluster and graphene, which
makes a deformation of the water cluster to form a cluster link unlikely and ii) the
adsorption energy of a water cluster is larger than the adsorption energy of a single
molecule, implying that the cluster will try to adsorb with as many molecules as
possible (without changing the geometry of the cluster too much). A monolayer
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of ice Ih (infinite cluster) is also studied and it is found that the lattice constant
differs only 0.24 Å from a (

√
3×
√

3) R30◦ graphene supercell, which compares well
with the difference of 0.23 Å found in Ref. [59]. Therefore it is allowed to use this
supercell to examine the graphene-ice interaction. It appears that the adsorption
of ice on graphene has also a minor influence on the geometry in the ice layer.

9.3.2 Binding/adsorption energy

The minor changes in the shape of the water cluster after adsorption on graphene
indicate that the binding energy in the cluster is much larger than the adsorption
energy. To make this statement more quantitative both energies are calculated.
The adsorption energy of the water clusters on graphene is defined as Ea =
(Ecluster + Egraph) − Etot, where Ecluster is given by the energy of the separately
relaxed cluster, Egraph by the energy of a perfect graphene layer, and Etot by the
total energy of the relaxed interacting cluster-graphene system. The energy re-
lated with the dipole interactions between water molecules of different supercells
does not change much after adsorption on graphene. Consequently, this interaction
energy will largely cancel in Etot and can therefore be neglected.

Table 9.1. H2O on graphene: the total adsorption energy (Ea) per cluster and the

average per molecule for clusters of different sizes and orientations.

# H2O mol. Orientation Ea(eV) Ea(eV)/mol.
1 a 0.021 0.021
1 b 0.029 0.029
2 a 0.028 0.014
2 b 0.065 0.032
2 c 0.056 0.028
3 a 0.048 0.016
3 b 0.049 0.016
4 0.052 0.013
5 a 0.064 0.013
5 b 0.065 0.013

2 (ice) a 0.027 0.013
2 (ice) b 0.030 0.015

The resulting adsorption energy for the different cluster-graphene systems is given
in table 9.1. Both the total adsorption energy (per cluster) and the average adsorp-
tion energy per molecule are given. The total adsorption energy becomes larger for
larger water clusters, which is expected, and the adsorption energy per molecule
tends to converge to a smaller value of approximately 13 meV for large clusters. Ice
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is bounded a little stronger than the water clusters. However, all the adsorption
energies are small, implying that water clusters are only weakly bound to perfect
graphene sheets. One can also notice that clusters with more H-O bonds pointing
to the graphene surface tend to bind more strongly than those with H-O bonds
pointing away from the surface [50, 64]. However, for larger clusters the relative
difference between the number of hydrogen bonds pointing up or down becomes
small. This makes the influence of the orientation of a large cluster on the ad-
sorption energy negligible, suggesting that both orientations are likely to occur.
Notice that these energies are of the order of room temperature (26 meV), so the
calculations are only applicable to real systems at low temperatures.

Table 9.2. H2O on graphene: the total binding energy (Eb) per cluster and the average

per molecule for different size clusters.

# H2O mol. Eb(eV) Eb(eV)/mol.
2 0.24 0.12
3 0.71 0.24
4 1.28 0.32
5 1.70 0.34

2 (ice) 0.92 0.46

For the calculation of the binding energy of the H2O molecules in a water cluster,
a supercell with the same dimensions as a 4 × 4 graphene supercell is used. But
when calculating these binding energies, the energy associated with the dipole in-
teractions between different supercells does not cancel anymore. However, their
relative importance is now much lower because the energies associated with hydro-
gen bonding are larger. As a consequence we can neglect this dipole interaction
again. The results for the total binding energy and the average binding energy per
molecule are given in Table 9.2. The binding energy increases as the clusters grow
because more hydrogen bonds can be formed and the angles between the different
H-bonds in larger clusters approaches those of the ideal tetrahedral bond angles in
ice structures.
A comparison of Tables 9.1 and 9.2 makes clear that the binding energies are
indeed an order of magnitude larger than the associated adsorption energies. This
indicates that water molecules will always form clusters on a graphene sheet or,
stated differently, graphene is strongly hydrophobic.

9.3.3 Charge transfer

Using the modified version of the iterative Hirshfeld charge analysis method the
charge transfer between the water clusters and graphene can be calculated. The
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Table 9.3. Charge transfers: The charge transfer (CT) from graphene to the water

molecules and the average CT per molecule for different size clusters and for different

orientations.

# H2O mol. Orientation CT(e) CT(e)/mol.
1 a -0.0028 -0.0028
1 b 0.0098 0.0098
2 a 0.0026 0.0013
2 b 0.0114 0.0057
2 c 0.0073 0.0036
3 a 0.0038 0.0013
3 b 0.0114 0.0038
4 0.0058 0.0014
5 a 0.0065 0.0013
5 b 0.0094 0.0019

2 (ice) a -0.0016 -0.0008
2 (ice) b 0.0064 0.0032

results are given in table 9.3. Note that the charge transfer for a single molecule
is smaller than what was found earlier with the simple Hirshfeld method. The
average charge transfer per molecule of a cluster decreases as the cluster gets larger
and converges to a value of approximately 0.002e transferred form graphene to the
molecules. All the charge transfers are quite small, and it is doubtful whether these
will have any substantial influence on the electronic properties of graphene. The
reason the interaction between perfect graphene and water is so small is probably
due to the absence of any molecular orbitals of the clusters close to the Fermi level
[59]. A calculation of the density of states (DOS) for the most stable orientation of
the clusters on graphene shows that the molecular orbitals of the water molecules
are indeed located far away from the Dirac point of graphene: for the different
clusters the highest occupied molecular orbitals (HOMO) are located between 2.3
and 3.2 eV below the Dirac point and the lowest unoccupied molecular orbitals
(LUMO) between 2.9 and 3.2 eV above the Dirac point (see Fig. 9.2). In conclusion,
the charge transfer between intrinsic graphene and water clusters appears to be
very small and will probably have no large influence on the electronic properties of
graphene.

9.3.4 Electric dipole moments

Recently Wehling et al. suggested that the dipole moment of the water molecules
on graphene might have a crucial influence on the energy shift of the impurity
bands of an underlying (SiO2) substrate putting them closer to the Dirac point of
graphene and resulting in a doping of the graphene layer [59]. So it is interesting to
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Figure 9.2. The total density of states of the different water clusters on graphene in the

most stable orientations. The number of water molecules in the cluster is denoted by n.

know how the dipole moments of the different clusters are oriented. Therefore the
total strength of the dipoles is calculated and also their projections perpendicular
and parallel to the graphene surface are determined. The results for the different
clusters are given in Table 9.4.

The dipole moments of neighboring molecules in the same cluster are directed as
much as possible in opposite directions. As a consequence, the average dipole
moment per molecule in large clusters will become vanishingly small (see Table
9.4). Only in the case that the concentration of water molecules becomes large
enough for ice layers to be formed, an appreciable dipole moment will appear. The
reason for this is clear: because water molecules in ice-like structures have more
than two neighboring molecules with which they form hydrogen bonds, they have
less freedom in their orientation and are not able to point their dipole moments
in opposite directions. As a result, the dipole moments of the different molecules
accumulate and form a dipole layer on graphene. Such dipole moments, which
have an influence on the electronic properties of graphene [59], have been observed
experimentally [65]. But for lower concentration there will be no direct influence of
the electric dipole moment of relatively small water clusters on graphene. However,
because of the large dielectric constant of water (the dielectric constant of liquid
water is εw=80) the water clusters can indirectly influence the electronic properties
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Table 9.4. Dipole moments: the total dipole moment (P ) as well as the dipole moment

parallel (P‖) and perpendicular (P⊥) to the graphene sheet for water clusters with different

sizes and orientations (P⊥ is positive when pointing away from the sheet and negative when

pointing to the sheet). The average dipole perpendicular to graphene per cluster is also

shown. All dipoles are given in Debye (D) units.

# H2O mol. Orient. P P‖ P⊥ P⊥/mol.
1 a 1.80 0.00 1.80 1.80
1 b 1.82 1.36 -0.66 -0.66
2 a 2.94 2.94 -0.11 -0.05
2 b 2.87 2.87 0.10 0.05
2 c 2.66 2.66 -0.09 -0.05
3 a 1.24 0.03 -1.24 -0.41
3 b 1.15 0.04 1.15 0.38
4 0.03 0.03 -0.02 -0.01
5 a 1.08 0.18 -1.06 -0.21
5 b 1.00 0.24 0.97 0.19

2 (ice) a / / 1.62 0.81
2 (ice) b / / -1.63 -0.81

of graphene through e.g. the screening of the charge-charge interaction and the
screening of the Coulomb interaction of ionized impurities that are situated in
graphene and/or in the substrate that supports the graphene layer [15, 30].

9.4 Conclusions

In this chapter the influence of water clusters on the electronic properties of a
perfect graphene sheet was studied using ab initio DFT calculations. The binding
energy of the water molecules in a cluster appears to be an order of magnitude
larger than the adsorption energy between the cluster and graphene indicating
that graphene is strongly hydrophobic. Charge transfers between a graphene sheet
and water clusters, which could influence the density of the charge carriers and
consequently the resistance in graphene, are very small. The molecules in a water
cluster tend to orient their dipole moments in opposite directions, so that they
cancel on average. But in the limit of a large concentration of water molecules such
that ice-like structures can be formed the dipole moments of the different molecules
accumulate instead of averaging out leading to an appreciable total dipole moment
that might have an influence on the electronic properties of graphene [59].



Chapter 10

Alternative Charge Transfer

Mechanisms

In chapters 7 and 8, two different charge transfer mechanisms have been investi-
gated which are present when molecules attach to perfect freestanding graphene
layers. When less ideal graphene samples are considered other charge transfer
mechanisms can be present too. In this chapter, I will describe these alternative
mechanisms and discuss the circumstances in which they might occur.

10.1 Influence of dipole layers

In the previous chapter, it was shown that there is only a small charge transfer
between clusters of water molecules and perfect graphene (due to orbital hybridiza-
tion). In experiments, however, one finds that the presence of water induces appre-
ciable hole doping of the graphene samples [1, 15]. To explain these observations,
Wehling et al. suggested a charge transfer mechanism which is based on a doping
effect that is caused by the strong electric dipole of the water molecules [59], as was
briefly mentioned in the previous chapter. I will shortly describe the calculations
they performed and comment on their validity.

10.1.1 Water on graphene: the role of the substrate

The first systems that were investigated by Wehling et al. consist of a freestand-
ing graphene layer covered with high concentrations of water molecules that are
described by some model structures such as ice layers (as treated in the previous
chapter) or unrelaxed water molecules in a fixed position (see Fig.10.1).
These water molecules form a dipole layer which appears to shift the nearly free
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Figure 10.1. Shifting of the quasi-free electron band by ice layers. The upper pictures

show the different investigated systems and the lower figures show the corresponding elec-

tronic band structure. The quasi-free electron band is indicated in blue and the bands from

the ice layers in red. (Merged figure from Ref. [59])

electron bands in the graphene spectrum (see Fig. 10.1). When the dipole layer is
strong enough, i.e. when enough uniformly oriented water layers are present, the
free energy band can be shifted below the Fermi-level of graphene and cause doping.
The problem with this explanation, as indicated by Wehling et al. [59], is that the
dipole layer has to be much stronger than what is observed experimentally [65].
Therefore they suggested an alternative explanation, based on the same principle,
in which a model for the SiO2 substrate is explicitly included in the simulations
(see Fig. 10.2). Since SiO2 is amorphous it can not be incorporated in a direct
way. Therefore they used a crystalline model with defects into it to represent this
substrate.
The impurity bands resulting from the defects do not cross the Fermi-level, but
when water molecules are placed on top of graphene or between the graphene layer
and the defected substrate these bands can be shifted across the Fermi-level. In
this way they can induce hole or electron doping (depending on the orientation
of the water molecules) at much lower concentrations than were needed to induce
doping in freestanding graphene.

10.1.2 Influence of dipole layers on graphene

Stimulated by the theoretical research described above I investigated the influence
of a dipole layer on graphene. For this, a model water layer is used that consists of
a single H2O molecule in a 2×2 graphene supercell which is directed perpendicular
to the graphene surface (see inset of Fig. 10.3(b)). This is not a realistic model,
but I only want to examine the qualitative consequences of a molecular dipole
layer on the potential at both sides of the graphene layer. The work function,
which is defined as the potential difference between vacuum and the Fermi-level, is
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a)                                       b)                     c)

Figure 10.2. Shifting of the defect band by water layers. The upper pictures show the

different investigated systems and the lower figures show the corresponding electronic band

structure. The impurity bands are indicated in green and the bands from the water layers

in red. (Merged figure from Ref. [59])

a useful property to do this. However, there is a problem with calculating the work
function of a system with non-vanishing electric dipole moment that is simulated
with periodic boundary conditions. An infinite dipole layer divides space into two
regions with different potential, but when periodic boundary conditions are applied
the potentials need to be matched so that artificial electric fields are created (as
demonstrated in Fig. 10.3(a)). It is easy to correct the potential by subtracting
the electric field.

Two orientations of the water molecule with respect to the graphene layer are
considered: one with the H atoms pointing to the surface (d) and the other with
the H atoms pointing away from the surface (u). These two orientations correspond
to oppositely directed dipole layers. The influence of these dipole layers on the
work function is summarized in table 10.1. The work function for both sides of
the graphene layer is given together with the difference from the work function of
intrinsic graphene which is found to be WFgraph = 4.47eV (LDA).

Table 10.1. Water dipole layer on graphene: the work function (in eV) for the graphene

side, WFg, and the water side, WFw, and the total dipole moment of the system (in

debeye) are given. The difference of the work function relative to intrinsic graphene is

shown between brackets.

orientation WFg WFw P
u 4.56 (+0.09) 1.55 (-2.92) -1.73
d 4.42 (-0.05) 7.55 (+3.08) 1.67
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a)

b)                                               c)

No periodic boundary conditions Periodic boundary conditions
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Figure 10.3. a) The creation of an artificial electric field, E, when applying periodic

boundary conditions to a dipole layer. The dipole layer is indicated by a red arrow. b)

Calculated and corrected potential for the H2O molecule with orientation d (see inset). c)

Calculated and corrected potential for the H2O molecule with orientation u.

The work function on the water side of the water-graphene system, WFw, is altered
by about 3 eV in positive or negative direction according to the orientation of the
water molecule. On the other hand, the work function on the graphene side, WFg,
remains practically unchanged by the presence of the water layer. So it appears that
the influence of the water layer on the graphene side is almost perfectly screened
by the graphene layer. So in conclusion, the (main) influence of a dipole layer on
graphene is to change the potential on the side of the dipole layer.

Discussion

We can now apply these results to reconsider the theoretical results obtained in
Ref. [59]. The first system that was studied in this paper, i.e. water layers on
intrinsic graphene (without a substrate), is similar to our model system. The shift
of the quasi-free electron bands in this case is readily explained by the shift in
potential due to the water dipole layer as can be understood from the discussion
of the graphene band structure in section 6.1.1.
The second observation of Wehling et al. was that the impurity bands from defects
in the substrate can be shifted across the Fermi-level by placing water molecules
on graphene or between graphene and the substrate. Although this conclusion is
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valid for water molecules between the graphene layer and the substrate, it can not
be true for water molecules on the graphene surface. The influence of the last
molecules is negligible because the graphene layer shields their interaction. If DFT
simulations find any influence of the dipole layer, this should be ascribed to the
periodic boundary conditions that were used which causes the substrate to interact
directly with the periodic image of the water molecules.
Therefore the suggested charge transfer mechanism can only account for the doping
of graphene samples when the water is already present on the substrate before the
graphene layer is deposited onto it (which is probably the case [1]). Atmospheric
doping, as observed in Ref. [15], can not be explained by this mechanism, however.

10.2 Electrochemical surface transfer doping

In 1989 Landstrass and Ravi discovered a strange phenomenon when they per-
formed conductance experiments on hydrogenated diamond samples [66]. Although
diamond is known to have a large electronic band gap their samples showed a sur-
prisingly high conductivity. A variety of explanations have been proposed, such as
doping by atmospheric molecules, but it took a long time before the now (more or
less) generally accepted explanation was found [67]. The proposed doping mech-
anism might, under certain circumstances, be relevant for the doping of graphene
samples as well.

Hydrogenated diamond

The accepted doping mechanism for diamond consists of a charge transfer between
a hydrogenated diamond surface on one side and an aqueous redox couple on the
other side. This mechanism is only possible when there is an aqueous phase present
near the diamond surface and if the redox couple has the right electrochemical po-
tential. A hydrogenated diamond surface is hydrophobic but the charge transfer
enhances the mutual attraction so that the hydrophobicity is reduced. The follow-
ing reducing half reactions appear to underly the doping mechanism for diamond,

O2(g) + 4H+(aq) + 4e− −→ 2H2O(l) (10.1)

O2(g) + 2H2O(l) + 4e− −→ 4OH−(aq). (10.2)

It depends on the acidity of the aqueous solution which one is dominant. The elec-
trochemical potentials for these reactions under ambient conditions are -5.66 eV
and -4.83 eV, respectively. In other words, energies from 4.83 to 5.66 eV (depending
on the acidity of the solution) are gained when an electron is brought from vacuum
into the system to trigger these reactions. When the electron is not coming from
vacuum but from hydrogenated diamond, one should subtract the energy that is
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needed to remove the electron from the hydrogenated diamond into the vacuum.
So there will be a spontaneous electron transfer from the hydrogenated diamond to
the aqueous solution if the valence band maximum of diamond (-5.2 eV) is higher
in energy than the electrochemical potentials for the half reactions. For (10.1) this
is indeed the case so that it can cause hole doping in hydrogenated diamond (see
Fig. 10.4).

pH = 14

pH = 0

0

redox couple hydr.  diamond          graphene

-5.2
-4.5

-4.8

-5.7

0.3

Figure 10.4. The energy of the redox couple (for different pH) in comparison with the

valence and conduction band of hydrogenated diamond and graphene. The energies are in

eV.

graphene

In the case of graphene, the electrochemical potential should be compared to the
work function of graphene which is about 4.5 eV so that the same mechanism as for
diamond might induce hole doping in graphene (as can be seen in Fig. 10.4). Note
that for this doping mechanism to be present, an aqueous phase is needed near
the graphene layer and furthermore O2 gas molecules should be available from the
atmosphere. The same mechanism can also be relevant for the doping of some semi-
conducting graphene derivatives such as graphane, i.e. fully hydrogenated graphene
(see later).
One can also imagine other redox couples than in (10.1) to induce doping under
certain circumstances, but this needs further investigation.



Chapter 11

Changing the work function

of graphene

In the previous chapter, it was shown that the work function of graphene plays an
important role in the the doping level of graphene. In this chapter I investigate
how this work function can be changed so that more control over the concentration
of charge carriers in graphene might be achieved.

11.1 Work function of few layer graphene

The work function (WF) of a single graphene layer is first examined with LDA and
GGA to find out which one gives the best result when compared to experiment.
When a vacuum layer of 100 bohr is used to converge the potential away from
the graphene layer, the work function is calculated to be 4.48 eV and 4.22 eV for
LDA and GGA, respectively. The absolute WF found experimentally is ≈4.6 eV
for graphite [68] and similar results are found for FLG [69]. Since the WF of single
layer graphene is only slightly smaller than FLG (see below), LDA appears to give
results that resemble more accurately the experimental values. Therefore I use the
local density approximation for the exchange correlation functional in the following.

As a first possible way to alter the work function of graphene I will consider the
variation of the work function with the number of graphene layers. To this end,
AB-stacked few layer graphene (FLG) samples with 1-7 layers are examined. The
relaxation of FLG as compared to graphite is very small, but both the relaxed
and unrelaxed cases are investigated. The results for the work function of the
unrelaxed and relaxed FLG are plotted in Fig. 11.1. The relaxation seems to have
only a minor effect on the work function of FLG, but the figure shows that there
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is a small increase of the work function of approximately 0.03 eV when going from
single to bilayer graphene. Adding more layers to the system does not induce any
further substantial changes to the work function. So when the work function of
pure graphene samples is considered, there is only a difference between monolayer
graphene and FLG with 2 or more layers. This finding is in contrast with an earlier
theoretical investigation [70] in which large variations of the work function were
found when the number of layers changes. The behavior of the work function in
our case can be explained by the fact that the work function is a surface related
property: the charge density of the outer layer is slightly changed by the presence
of an underlying layer, but is (almost) unaffected by layers that are lying farther
away.
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Figure 11.1. The variation of the work function with the number of layers in unrelaxed

and relaxed FLG.

11.2 Work function of strained graphene

In-plane strain

A more effective way to change the work function of graphene is by the introduc-
tion of strain in the sample. In this section the change of the work function is
investigated when the graphene sample is stretched or quenched along the zigzag
and armchair directions and also the variation of the work function when a uniform
strain is applied over the sample is considered. The results for strains from -10%
to 30% are shown in Fig. 11.2. The results found here are consistent with previous
theoretical calculations performered by S.-M. Choi et al. for strains smaller than
±20% [71].
The work function of graphene becomes larger for positive strain and smaller for
negative strain. The influence of the strain appears to be independent of the
direction, zigzag or armchair, for strains smaller than about 15%. In Fig. 11.3 the
relative change of the workfunction due to the strain is plotted for the uniform
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Figure 11.2. The work function of monolayer graphene as a function of the strain.

strain and the sum of the work function changes for the strain in the zigzag and
armchair directions.
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Figure 11.3. The relative variation of the work function for uniformly strained graphene

and the sum of the work function changes for the strain in the zigzag and armchair direc-

tions.

It can be seen that the work function of uniformly strained graphene is the same as
the sum of the work functions of the uniaxial strained samples for small strains
(<15%). The small variations are due to computational inaccuracies that are
caused by the nonuniformity of the k-point grid. Work function changes of the
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order of 1 eV can be achieved for graphene in this way.
The variation of the work function as a function of strain can be understood from
the simple tight-binding model for graphene that was introduced in chapter 4.
The work function of graphene is determined by the Fermi-level of graphene which
coincides with the Dirac point in undoped graphene. The qualitative features
of the tight-binding band structure remain unaltered when strain is applied to
the graphene sample. Therefore it is clear that the position of the Fermi-level is
determined by HAA,k in (4.48), which was chosen to be zero before because only the
relative energies were of interest there. Let us now keep this term and also include
second neighbor interaction. In this case, the energy corresponding to the Dirac-
point (i.e. the energy at the K-point) determines the work function of graphene.
As can be seen from the MO at this point (see Fig. 4.7), this energy results from a
(second-neighbor) anti-bonding orbital. Introducing positive strain, i.e. decreasing
the overlap, results in lower energies (at the K-point) and therefore increases the
work function. The opposite is true for negative strain.

Interlayer strain in AB-stacked bilayer graphene

We can also consider the strain in the direction perpendicular to the graphene
layers in e.g. a bilayer of graphene. Although the interlayer interaction is not well
described with regular DFT, the qualitative changes are expected to be similar.
The result of strain in the z-direction in AB-stacked bilayer graphene is shown in
Fig.11.4.
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Figure 11.4. The variation of the work function for a strained AB-stacked bilayer of

graphene.

The work function increases rapidly when the two layers are brought closer together
and converges slowly to the work function of monolayer graphene when the distance
between the layers is increased.
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11.3 Adsorbates on few layer graphene

In the previous chapter, a model system consisting of water molecules on graphene
was studied to examine the influence of molecular dipoles on the work function
of graphene. It was demonstrated that the work function of graphene was only
changed at the side of the adsorbed water layer and that the other side was nearly
unaffected. It can be expected that the situation is different when the adsorbed
layer induces strong doping in the graphene layer. As has been experimentally
demonstrated (see Fig. 11.5), the work function of graphene (and bilayer graphene)
on a SiO2 substrate can be continuously tuned by doping the graphene sample by
applying a gate voltage over the system (FET device). The change in the work
function in this case is simply a consequence of the shift of the Fermi-level away
from the Dirac-point. A similar variation of the work function can be achieved by
doping through adsorbates on the surface or a different substrate such as SiC.

bilayer

monolayer

Figure 11.5. The variation of the work function of single and bilayer graphene as a

function of the gate voltage. a) the measured variation of the work function. b) Schematic

picture that explains the cause of the work function changes. c) The Fermi energy vari-

ation corresponding to the work function change as a function of the gate voltage. The

dashed lines are the theoretical predictions of a simple tight-binding band structure calcu-

lation. (Taken from Ref. [72].)

It is an interesting question how the work function changes when few layer graphene
is used instead of monolayer graphene. The charge is not expected to be uniformly
distributed over the different layers so that deviations from the simple monolayer
system are possible. To investigate this another model system will be used consist-
ing of FLG with an adsorbed sodium layer. Na is an alkali metal and is therefore
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expected to donate an appreciable amount of electrons to graphene. In the fol-
lowing the charge per layer and the work function per side are studied when the
number of graphene layers is increased from 1 to 5. The charges per layer of the
different FLG samples are summarized in Fig. 11.6. These charges were again
calculated with the modified iterative Hirshfeld method.
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Figure 11.6. The charge per layer for Na adsorbed on FLG with 1 to 5 layers. The

layers are numbered from 1 to 5 starting from the one closest to the adsorbed Na layer.

The total charge that is transfered from the sodium layer to FLG remains nearly
constant, but it can be seen that there is a charge redistribution when more
graphene layers are added to the system. The charge per layer decreases expo-
nentially for layers farther away from the adsorbed Na layer. The work function
for both sides of the Na-FLG system is given in Fig. 11.7.

The work function at the Na side is almost constant and its size is similar to the one
of a freestanding Na layer. A large variation of the work function (>1eV) can be
seen at the graphene side when the number of layers is increased from 1 to 5, which
is an order of magnitude higher than the changes due to the number of layers. For
a single layer the WF is much smaller than the WF of graphene and for 5 layers the
WF is a little bit larger. This variation of the WF is partly caused by the charge
that is present on the outermost layer: the work function becomes smaller when
negative charges are present. Because of the nonuniform charge distribution within
the FLG, there is also a dipole layer present at the graphene side which plays also
a part in the variation of the work function. The WF as depicted in Fig. 11.7 is the
result of the combination of this dipole layer and the shift of the Fermi-level due
to the increased orbital occupation in the last layer corresponding to the charge
transfer.
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Figure 11.7. The work function for both sides of the systems consisting of Na adsorbed

on FLG with 1 to 5 layers. The dotted line corresponds to the work function of graphene

without adsorbates.

Discussion

It is possible to generalize the findings found above for Na-FLG to some related
systems such as FLG on a silicon carbide substrate. As was mentioned in the intro-
ductory chapter on graphene (Chapter 2), graphene samples that are synthesized
by thermal decomposition of a SiC surface are strongly negatively or slightly pos-
itively doped (depending on the side of the SiC crystal where the graphene layers
are grown). In case of FLG on SiC a similar exponentially decreasing charge dis-
tribution can be expected as for the Na-FLG system discussed above. Therefore
the work function is determined by the number of graphene layers that are grown
on SiC even if the intrinsic differences of the various FLG’s as shown in Fig. 11.1
(<0.03eV), are ignored. In case of FLG grown on the Si side (0001) we can expect
large variations with a low WF for monolayer graphene and an increasing WF when
more layers are added. At the C side (0001) small variations are expected with a
decreasing value for the WF when the number of layers increases. This is indeed
what has been observed experimentally for FLG on the Si side of SiC [73] as shown
in Fig. 11.8.

11.4 Conclusions

Several ways have been investigated to tune the work function of graphene. It was
demonstrated that only small differences in the WF were obtained by variation of
the number of layers in FLG and larger changes can be achieved by applying strain
to the graphene samples. The most effective way appears to be through doping:
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trons from the sample were used to form LEEM images.
Under the photon irradiation, photoelectrons emitted normal
to the sample were accelerated to the energy EPE=e�V
−VST�+WS+EKE, where WS is the work function of the
sample and EKE is the “kinetic energy.” We positioned an
energy filter so as to let the elastically scattered electrons of
Ebeam pass through it. The photoelectrons with the energy of
EPE=Ebeam formed PEEM images. The PEEM images at dif-
ferent kinetic energies were obtained by changing VST. The
energy difference in each set of PES spectra was therefore
precise, but there appeared practically uncontrollable shifts
between energy axes of different sets of PES spectra such as
those in Figs. 1�e� and 2�a� due to experimental details.
However, this shift is of minor importance in this work be-
cause the absolute energy values are disregarded and only
energy differences are discussed.

The epitaxial FLG was grown on 6H-SiC�0001� by an-
nealing the samples at 1300–1500 °C in the commercial
LEEM instrument �Elmitec LEEM III� at NTT. The number
of graphene layers was microscopically determined using the
quantized oscillation in the electron reflectivity.4–6 The
samples were taken out of vacuum and were transferred to
the SPELEEM chamber in air. After introducing the samples
into UHV, we annealed them at about 500 °C to remove
adsorbates. The typical pressure during PEEM measurements

was 1–3�10−9 Torr. During the SPELEEM observations,
the sample studied in this paper was kept above 150 °C
because the samples became contaminated during PEEM ob-
servations at room temperature. This contamination could
not be removed by annealing at 1200 °C, which suggests
that it consisted of carbonaceous materials. All the PEEM
images in this paper were obtained under irradiation by
monochromatized synchrotron radiation at the energy of 400
eV.

III. RESULTS AND DISCUSSION

Figures 1�a�–1�d� show SE PEEM images of epitaxial
FLG grown on 6H-SiC�0001� taken at various start voltages
VST. Numbers in Fig. 1�b� correspond to the number of
graphene layers determined by LEEM. The graphene growth
at higher temperatures caused larger pits at higher
densities.16 LEEM and cross-sectional transmission electron
microscopy images indicated that thick graphene layers are
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FIG. 1. �Color online� �a�–�d� SE PEEM images of epitaxial
FLG grown on 6H-SiC�0001� taken at the start voltages VST of 0.5,
1.5, 2.5, and 3.5 eV, respectively. �e� SE emission spectra obtained
from the sequential SE PEEM images. Numbers in �b� and �e� in-
dicate the number of graphene layers.

Number of layers

)Ve(
noitcnuf

kro
W

(a)

(b)

ytisnetni
ES

SE energy (eV)

1 2

3

≥≥10

SE energy (eV)

ytisnetni
ES

-1 0 1

86420-2

4.6

4.5

4.4

4.3

4.2
4321 ≥10

0

1

4.7

FIG. 2. �Color online� �a� SE emission spectra obtained in the
dispersion mode. The selected-area aperture with the diameter of
�1 �m was located at areas with each number of graphene layers.
Each spectrum is normalized by its maximum and minimum values
�i.e., maximum to 1 and minimum to 0�. The numbers correspond to
the number of graphene layers. Inset shows the magnified spectra
on which the tangential lines are overlaid as dashed lines. �b�
Number-of-layers dependence of the work function. Circles and
diamonds were obtained from the data in �a� and in Fig. 1�e�. The
error bars were obtained from the fitting errors of the tangential
lines. We assumed that the work function of the thick graphene
layers is equal to the reported value for bulk graphite, 4.6 eV.
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Figure 11.8. The work function of FLG grown on the (0001) side of SiC as a function

of the number of layers (different points represent different samples). Taken from Ref.[73]

depending on the level of doping and the number of graphene layers present in the
sample, the WF can be varied over a large range (≈2eV).
The possibility to change the size of the work function can be useful for some
applications where it e.g. needed to reduce the contact resistance between the
graphene samples and electrical leads in graphene top electrode devices [72].



Chapter 12

Chemisorption on Graphene

In search for new materials for future electronics, graphene [1] has often been
suggested as a suitable candidate because of its exceptional properties such as its
essentially two-dimensional form and high crystal quality, electron mobility, and
robustness [3, 74, 75]. Some major obstacles which have to be dealt with before
graphene can make its promises come true are the absence of a band gap in the
electronic spectrum of intrinsic graphene and the Klein paradox as a consequence
of the Dirac-like nature of the charge carriers. These obstacles can be overcome
through chemical modification of the graphene surface.

Until now, only the interaction between molecules and graphene has been inves-
tigated but in this chapter also the interaction with radicals, will be considered.
These radicals induce structural changes when adsorbed on graphene in contrast
to the physisorbed molecules which did not disturb the graphene lattice.

The most studied way to chemically modify a graphene surface is undoubtly hydro-
genation. This is probably due to the simplicity of these systems and additionally
the possible application of graphene systems for hydrogen storage [76]. This last
application has resulted in a lot of research on the interaction of molecular and
atomic hydrogen with graphitic materials. In this research it was found that molec-
ular hydrogen leads to physisorption whereas atomic hydrogen can form chemical
bonds with the carbon atoms (as seen before). In case of only a few layers of
graphene, it was found that hydrogenating a single layer of graphene is easier than
hydrogenating a bilayer [77, 78].

I focus the investigation on two atomic radicals, namely hydrogen and fluorine,
which are able to form strong bonds with carbon atoms. These two atomic species
have very different electron affinities and this has a great influence on their ad-
sorption behavior. Hydrogen has an electronegativity of 2.2 which is comparable
to that of carbon (2.5), but fluorine has a much larger electronegativity of 4.0.

121
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12.1 Preliminary molecular studies

It is useful to investigate the chemical bonds between carbon and the atomic ad-
sorbates in simple molecular systems for comparison with the results of the more
complicated interactions between a graphene layer and these radicals. Therefore
I briefly examine the molecules CH4, CH3F, CH2F2, CF3H, and CF4. It appears
that a large cutoff energy for the plane wave basis (40 Hartree) is required to get an
accurate description for fluorine atoms. This is caused by the very compact nature
of the valence wavefunctions for this atom. The GGA approximation is used for the
exchange-correlation functional to get a good description of the bond lengths and
angles. The results for the different molecules are given in table 12.1. The results
are in excellent agreement with experimental data [79]. The C-H bond distance
has more or less the same length in the different molecules (1.090−1.095Å) but the
C-F bond is variable (1.334− 1.397Å). This indicates that the bond is not purely
covalent but that there is also a strong ionic component present. The difference in
electronegativity between C and F induces a charge transfer from C to F. When
more fluorine atoms are present in the tetragonal CHxF4−x molecule, the charge
on the carbon atom is larger and, consequently, the C-F bonds are shorter. The
C-F bond appears also to be stronger than the C-H bond and each type of bond
seems to have an almost constant contribution to the total formation energy.

Table 12.1. The bond distances, d, bond angles, θ, and the formation energy, Ef , per

atom with respect to graphene and the H2 and F2 molecules.

CH4 CH3F CH2F2 CF3H CF4

dCH 1.090 1.093 1.095 1.095 -
dCF - 1.397 1.369 1.348 1.334
θHCH 109.5 110.1 113.6 - -
θFCF - - 108.5 108.5 109.5
θHCF - 108.8 108.7 110.5 -
Ef -2.60 -2.73 -2.99 -3.32 -3.61

12.2 Adsorption of H and F on graphene

In this section, the adsorption of hydrogen and fluorine atoms on graphene at low
concentrations is shortly investigated.
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12.2.1 Adsorption of single atoms

The adsorption of the radicals H and F on graphene is completely different from
the molecular adsorption that was examined in the previous chapters. We have
seen that the investigated molecules do not perturb the graphene crystal structure
when they are physisorbed and that the binding energy of the molecules is more
or less independent of the adsorption site. The situation is completely different for
chemisorption on graphene. In this case the adsorbates form strong bonds with
the carbon atoms and distort the graphene layer by pulling out C atoms. The ad-
sorption site of the radicals depends roughly on the number of ‘missing’ electrons.
E.g. H and F are short of one 1 e and bind to a single C, but oxygen needs two
more electrons and therefore it forms a bond with two C atoms by adsorption on
the bridge site. In other words, each C atom in graphene is able to provide one
electron to form an extra chemical bond.

a)                                                        b)

Figure 12.1. Chemisorption on graphene: adsorption of single H atom (a) and F atom

(b) on a 4×4 graphene supercell.

For the study of the adsorption of H and F on graphene a 4 × 4 graphene super-
cell is used and the PBE-GGA exchange-correlation functional is applied to get a
good description of the bond lengths. The simulations are spin-polarized since the
adsorbates contain unpaired electrons. The fully relaxed structures are shown in
Fig. 12.1 and some calculated properties are given in table 12.2. As expected the
C-F bond is stronger than the C-H bond.

Table 12.2. The bond distances, d, bond angles, θ, the binding energy, Eb, and the total

magnetic moment, M, of the system are calculated. The different properties are given in

Å, degrees, eV and µb, respectively.

dCX dCC θCCX θCCC Eb M
H 1.122 1.495 103.4 114.8 -0.835 1.0
F 1.557 1.475 102.6 115.4 -1.594 0.0

Let us now concentrate on the bond lengths between the adsorbates and the carbon
atom that takes part in the chemical bond formation. The C-H bond length for H
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on graphene, dCH = 1.12Å, is typical for C-H bonds as can be seen by comparison
with table 12.1. The C-F bond length, on the other hand, has a relatively large
value, dCF = 1.56Å, when compared to common C-F bonds as in table 12.1. There
is a difference of about 0.2 Å which indicates that the Coulomb attraction between
the C and F atom, caused by the interatomic charge transfer (see previous section),
is diminished. A possible explanation for this might be that the charge on the C
atom is spread out over the graphene layer. This can be confirmed by a (simple)
Hirshfeld charge analysis that shows that only one third of the charge remains on
the bonded C atom.
The length of the C-C bonds closest to the adsorbates are intermediate between
sp2-bonds in graphene, dgraph = 1.42Å, and sp3-bonds in diamond, ddiam = 1.55Å.
This might be expected from a bond between an sp2-hybridized and sp3-hybridized
C atom (e.g. the C-C bond in a C2H5 molecule is 1.48Å), which indicates that the
C atom below the adsorbate is sp3-hybridized. The bond angles, on the other hand,
suggest a hybridization state intermediate between sp2 and sp3.
From table 12.2 it is clear that there is a pronounced difference in the magnetic
moment of the H-graphene and F-graphene system: H on graphene has a magnetic
moment of 1µb whereas F on graphene has M=0µb. This can be explained by the
different electronegativity of H and F. In the isolated state H and F have both
M=1µb because their partially filled atomic orbital splits in two spin orbitals that
are close in energy, so that one is completely filled and the other is empty. When
H adsorbs on graphene one of these spin orbitals will be below the Fermi-level of
graphene and the other above (because the electronegativity between H and C is
similar), so that the magnetic state remains. When F adsorbs on graphene, both
spin orbitals are below the Fermi-level of graphene (because F has much higher
electronegativity than C) and the magnetic state disappears.

12.2.2 Pairs of hydrogen atoms adsorbed on graphene

It is interesting to know at which site a second adsorbate will chemisorb if there is
already a chemisorbed atom present. This has already been investigated in detail
for hydrogen atoms by Boukhvalov et al. [80] so I will restrict the discussion to a
short review of their results. There appear to be several important aspects for the
adsorption of a second H atom: a) the side of the graphene layer, b) the sublattice,
and c) the distance to the first adsorbate. These 3 features determine the binding
energy and the magnetic moment of the system. Fig. 12.2 shows the total binding
energy per H atom as a function of the hydrogen interatomic distance. The four
curves represent the adsorption on different sides and sublattices.
It can be seen that the adsorption at small distances is favorable. Furthermore,
the adsorption on different sublattices and different sides of the graphene layer is
favored, but the sublattice is more important than the adsorption side. This last
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lying far from it. At the same time, the electronic structures
of fourth neighbors are very close to electronic structure of
pure graphene �Fig. 5�. In the case of chemisorption by car-
bon atoms from different sublattices there are no unpaired
electrons and no magnetism. In the work9 this situation was
described as antiferromagnetic which is not quite accurate as
we believe. Actually, the local magnetic moments just do not
survive in this case. The absence of unpaired electrons and
broken bonds leads to chemisorption energy gain in compari-
son with the A-A case described above.

Additionally, we can see in Table I that the CuC bond
length for the case A0-B1 is close to the standard one for sp3

hybridization. However, the bond angles are closer to those
for sp2 hybridization, and the chemisorption energy for the
case A0-B1 is higher than for A0-B1�. To understand the dif-
ference, one has to investigate structural distortions of
graphene sheet. Chemisorption of hydrogen by A0 carbon
atom induces its shift up perpendicular to the plane, together
with shifts of atoms B1 and A2 in the opposite direction. The
chemisorption on carbon B1 atom shifts B1 atom up and A0
and A2 atoms down. Therefore, for the case A0-B1 both A0
and B1 carbon atoms move simultaneously in the same di-
rection. As a result, the bond angles become close to those
typical for sp3 hybridization. On the contrary, in A0-B1� case
the chemisorption of hydrogen from the bottom by B1 carbon
produces shifts up for A0 and down for B1 carbon atoms that
coincide with the lattice distortion for the bonding of hydro-
gen by A0 from the top. In the case A0-B1� the lattice distor-
tions produced by chemisorption of each hydrogen atom are
consistently working in the same direction providing the
lowest chemisorption energy and bond lengths and angles
closest to the standard ones for sp3 hybridization �see Table
I�.

The calculated dependence of the chemisorption energy
on the distance between carbon atoms bonded with hydrogen
is presented in Fig. 6. One can see that for all types of pairs
the chemisorption energy for the hydrogen atoms closer than

5 Å is lower than for larger distances. Independently of the
distance, the nonmagnetic A-B pairs are more energetically
favorable than A-A pairs and than noninteracting hydrogen
atoms. One can assume therefore that observation of
hydrogen-induced ferromagnetism9 is possible only for a
very low concentration of hydrogen when the distance be-
tween hydrogen atoms is higher than 12 Å. Our results seem
to be in qualitative agreement with the experimental data on
hydrogen chemisorption on highly oriented pyrolitic
graphite.20 The pairs A0-B3 have been observed which corre-
spond to minimal energy for the one-side hydrogenation of
graphene, according to our results �see Fig. 6�. Also, at hy-
drogenation of fullerenes C60 the pairs A0-B1 and A0-B3 �1,2
and 1,4, according to chemical terminology� are usually ob-
served �see, e.g., Ref. 24 and references therein�. Instability
of magnetic state was observed experimentally for C60H24.

25

Recent theoretical results for chemisorption on single21,22

and multiwalled23 carbon nanotubes are qualitatively similar
to our results for graphene.

IV. HYDROGEN CHEMISORPTION ON BILAYER
GRAPHENE

Let us consider now hydrogen chemisorption on graphene
bilayer. We studied the chemisorption of single hydrogen
atom and pairs of hydrogen atoms placed on one and both
sides of the bilayer. The calculations have been performed
for two different concentrations of hydrogen, that is, low �32
carbon atoms in each layer per hydrogen atom� and high �8
carbon atoms in each layer per hydrogen atom�. Lattice dis-
tortions induced by the hydrogen turned out to be different
for the case of single-layer and bilayer graphenes. Whereas
the shift of carbon atom bound with hydrogen is rather simi-
lar in both cases, atomic displacements for the neighboring
carbon atoms are much smaller in the case of bilayer. This is
not surprising since interlayer coupling tends to make
graphene more flat, e.g., sheet corrugations are smaller for
suspended bilayer membrane than for the single-layer one.26

Computational results are presented in Table II. One can
see that for low hydrogen concentration the difference of
chemisorption energies between single hydrogen atoms and
the pairs is smaller than for the case of singlelayer. There are
two configurations which have very close values of the en-
ergy for low concentration of hydrogen, A0-B1 and A0-B3.
For the higher concentration, the latter configuration be-
comes essentially more stable since the lattice distortions are
more homogeneous in this case. The effective interactions
between hydrogen atoms are more short range in the case of
bilayer and already for the configuration A0-B5 the chemi-
sorption energy is almost equal to that of two single hydro-
gen atoms.

In the case of single layer the hydrogen positions on dif-
ferent sides of the graphene sheet are essentially more favor-
able than those on the same side. Contrary, for the case of
bilayer this energy difference is small.

V. HYDROGEN STORAGE PROPERTIES OF GRAPHENE

Chemisorption energy per hydrogen atom for the most
favorable case of A0-B1� pairs presented in Table I is not very

FIG. 6. �Color online� Energy of hydrogen pair �per atom�
counted from the energy of single hydrogen atom as a function of
interatomic distance: A0-Bn—solid red line with crosses,
A0-Bn�—dashed green line with crosses, A0-An—dotted light blue
line with filled squares, and A0-An�—dot-dashed violet line with
empty squares.
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035427-4

Figure 12.2. Hydrogen pair adsorbed on graphene: adsorption on the same side and

sublattice (blue), the same side but different sublattice (red), different side and sublattice

(green), and different side but same sublattice (violet). The binding energy is given per H

atom and is given with respect to single H adsorption. (Figure taken from Ref. [80].)

observation is explained in Ref. [80] as the consequence of the different magnetic
states that result from adsorption on the same and different sublattices.

12.3 DFT study of graphane and graphene fluo-

ride

When more and more atoms adsorb to graphene, all C atoms will eventually be sat-
urated and some new crystalline graphene derivatives can emerge. In this section I
discuss different stoichiometric configurations of two fully covered graphene deriva-
tives, namely graphane and graphene fluoride. Their structural and electronic
properties are examined and the similarities and differences among the various
configurations are discussed.

12.3.1 Introduction

The use of graphene for applications in electronics suffers from a major drawback:
graphene is, in its pristine state, a zero-bandgap semiconductor and this gapless
state appears to be rather robust. Several ways have been explored to induce a
finite band gap in graphene. It was found experimentally that a band gap can be
opened by confining the electrons as in nanoribbons [81] or by applying a potential
difference over a graphene bilayer [82, 83].
The chemical modification of graphene is another promising way to create a band
gap [78, 84–86]. When radicals such as oxygen, hydrogen, or fluorine atoms are
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adsorbed on the graphene surface they form covalent bonds with the carbon atoms.
These carbon atoms change their hybridization from sp2 to sp3, which leads to the
opening of a band gap (similar as in diamond). The adsorbed radicals can attach
to the graphene layer in a random way, as is the case in graphene oxide (GO)
[87, 88], or they can form ordered patterns. In the last case, new graphene-based
2D crystals are formed with properties that can vary greatly from their parent
material. This has been found to be the case for hydrogen and fluorine adsorbates.
The new 2D crystals that are expected to form in those cases[89] have been named
graphane [78, 90] and graphene fluoride (or fluorographene)[86], respectively.
Following this route, multi-layer graphene fluoride was recently synthesized [84, 85],
and its structural and electronic properties were studied. A strongly insulating
behavior was found with a room temperature resistance larger than 10GΩ, which
is consistent with the existence of a large band gap in the new material [84, 85].
Only a partial fluorine coverage of the graphene multi-layer samples was achieved
in these experiments. The F/C ratio was estimated to be 0.7 in Ref. [84] and 0.24
in Ref. [85], according to weight gain measurements.
Another important step forward in creating fully covered two-dimensional graphene
fluoride samples was recently achieved in Ref. [86]. The obtained single-layer
graphene fluoride exhibits a strong insulating behavior with a room temperature
resistance larger than 1TΩ, a strong temperature stability up to 400◦C, and a
disappearance of the graphene Raman peaks associated with regions that are not
fully fluorinated [86]. The graphene Raman peaks do not disappear completely,
however, which could be an indication of the presence of defects in the sample,
such as a small portion of carbon atoms not bonded to fluorine atoms. It was also
found experimentally that fluorographene has a Young’s modulus of ≈ 100 N/m,
and the optical measurements suggest a band gap of ≈ 3eV.
On the theoretical side, first-principles studies on graphene monofluoride started in
1993, motivated by available experiments on graphite monofluoride. Using density
functional theory (DFT) calculations, it was shown in Ref. [91] that the chair
configuration of graphene fluoride is energetically more favorable than the boat
configuration by 0.145 eV per CF unit (0.073 eV/atom), while a transition barrier of
the order of 2.72 eV was found between both structures. Due to the small difference
in formation energy and the large energy barrier between both configurations, it
was argued that the kinematics of the intercalation could selectively determine
the configuration, or that there could also be a mixing of both configurations in
the available experiments. By using the local density approximation (LDA) for
the exchange-correlation functional a direct band gap of 3.5 eV was calculated
for the chair configuration in Ref. [91]. However, it is well known that DFT
generally underestimates the band gap. Recent calculations used the more accurate
GW approximation and found a much larger band gap of 7.4 eV for the chair
configuration of graphene monofluoride (Ref. [92]). This theoretical value is twice
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as large as the one obtained experimentally for graphene fluoride in Ref. [86],
which is ≈ 3eV. The experimental value for the Young’s modulus of Ref. [86] (≈
100 N/m) is also half the value obtained recently from first-principles calculations
in Ref. [93] (≈ 228 N/m) for the chair configuration of graphene fluorine. It is
worth noting that the experimental [50] and theoretical [94] values of the Young’s
modulus of graphene only differ in a small percentage.

Possible reasons for the disagreement between the experimental values and the
ab initio results for the Young’s modulus and the band gap of graphene fluorine
could be i) the presence of a different configuration or a mixture of them in the
experimental samples, or ii) the presence of defects, which could decrease the values
of both the Young’s modulus and the band gap from the expected theoretical values.

The interest in fluorinated or hydrogenated carbon materials is not restricted to
graphene. The fluorination of carbon nanotubes and fullerenes is also an important
subject of experimental [95] and theoretical [96–98] studies. It can be expected that
the results obtained in the following are transferable to relatively large CNT’s.

12.3.2 Computational details

Different graphane and graphene fluoride configurations are examined with the
use of ab initio calculations performed within the density functional theory (DFT)
formalism. A PBE-GGA exchange-correlation functional is used and a plane wave
basis set with a cutoff energy of 40 hartree is applied. The sampling of the Brillouin
zone is done with the equivalent of a 24 × 24 × 1 MP k-point grid for a graphene
unit cell and pseudopotentials of the Troullier-Martins type are used [27]. Since
periodic boundary conditions are applied in all 3 dimensions a vacuum layer of 20
bohr is included to minimize the (artificial) interaction between adjacent layers.
All the calculations were performed with the abinit code [37].

I also make use of quasiparticle corrections for the band gap which were obtained
by a colleague (Hartwin Peelaers) using the yambo code [99]. Here the first-order
quasiparticle corrections are obtained using Hedin’s GW approximation [100] for
the electron self-energy. Because two-dimensional systems are considered here, the
spurious Coulomb interaction between a layer and its images should be avoided as
this causes serious convergence problems. Therefore a truncation of this interaction
in a box layout is used, following the method of Rozzi et al. [101]. The remaining
singularity is treated using a random integration method in the region near the
gamma point [99]. Nevertheless, a larger separation between the layers is necessary,
so a value of 60 bohr is used for these calculations.
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12.3.3 Results

Four different stoichiometric configurations are studied for both graphane and
graphene fluoride and in which every carbon atom is covalently bonded to an
adsorbate in an equivalent way, i.e. every carbon/adsorbate pair has the same
environment. These configurations are schematically depicted in Fig. 12.3 and I
refer to them as the ‘chair’, ‘boat’, ‘zigzag’, and ‘armchair’ configuration. The
chair and boat configurations have been well investigated before, but the zigzag
and armchair configurations are rarely examined for graphane[89] and not at all
for fluorographene. The names of these last two configurations have been chosen
for obvious reasons (see Fig. 12.3(c) and 12.3(d)). After relaxation, the different
configurations appear greatly distorted when compared with the schematic pictures
of Fig. 12.3, so these figures should only be regarded as topologically correct (see
Fig. 12.4).

a) b)

c) d)

ax

ay

Figure 12.3. Four different configurations of hydrogen/fluorine-graphene: a) chair, b)

boat, c) zigzag, and d) armchair configuration. The different colors (shades) represent

adsorbates (H or F) above and below the graphene plane. The orthogonal supercells used

to calculate the elastic constants are indicated by dashed lines.

Stability analysis

To examine the stability of the different configurations, the formation energy of the
structures and the binding energy between the graphene layer and the adsorbates
are used. The formation energy, Ef, is defined as the energy per atom of the
hydrogenated or fluorinated graphene with respect to intrinsic graphene and the
corresponding diatomic molecules H2 and F2. The binding energy, Eb, is defined
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with respect to graphene and the atomic energies of the adsorbates and is calculated
per CH or CF pair. The results are summerized in Table 12.3.

Table 12.3. The formation energy Ef , the binding energy Eb, and the relative binding

energy ∆Ef (with respect to the most stable configuration) for different hydrogenated and

fluorinated graphene configurations. The energies are given in eV.

chair boat zigzag armchair
graphane

Eb -2.481 -2.378 -2.428 -2.353
Ef -0.097 -0.046 -0.071 -0.033

∆Ef 0.000 0.051 0.027 0.064
fluorographene

Eb -2.864 -2.715 -2.791 -2.673
Ef -0.808 -0.733 -0.772 -0.712

∆Ef 0.000 0.075 0.036 0.095

As has been reported before, the chair configuration is the most stable one for both
graphane [90] and graphene fluoride [102]. The zigzag configuration is found to be
more stable than the boat and armchair configurations. The binding energies of
hydrogen and fluorine are rather similar (2.5 eV compared to 2.9 eV) but there is
a huge difference in the formation energies (0.1 eV compared to 0.9 eV). This is
a consequence of the large difference in the dissociation energy between hydrogen
and fluorine molecules. The formation energy as defined above can be regarded as
a measure of the stability against molecular desorption from the graphene surface.
Therefore graphene fluoride is expected to be much more stable than graphane as
has indeed been observed experimentally [78, 86].
The energy differences between the various configurations are more pronounced for
graphene fluorine than for graphane but they are of the same order of magnitude.

Structural properties

Besides the large difference in formation energy there are also pronounced structural
differences between both graphene derivatives. The structural constants for the
different configurations of graphane and fluorographene are shown in Table 12.4.
Note that all the structures are described in an orthogonal supercell, as illustrated
in Fig. 12.3, for ease of comparison. The results for the chair configuration agree
well with previous theoretical calculations for graphane [90, 103, 104] and graphene
fluoride.[102]
It is also useful to compare the interatomic distances and bond angles with those of
graphene and diamond. These were already calculated before (see chapter 6). The
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Table 12.4. Structure constants for the different hydrogenated and fluorinated graphene

derivatives. Distances are given in Å and angles in degrees. The distance between neigh-

boring C atoms, dcc, and the angles, θccx, are averaged over the supercell.

chair boat zigzag armchair
graphane
ax/
√

3 2.539 2.480 2.203 2.483
ay/ny 2.539 2.520 2.540 2.270
dch 1.104 1.099 1.099 1.096
dcc 1.536 1.543 1.539 1.546
θcch 107.4 107.0 106.8 106.7
θccc 111.5 111.8 112.0 112.1

fluorographene
ax/
√

3 2.600 2.657 2.415 2.662
ay/ny 2.600 2.574 2.625 2.443
dcf 1.371 1.365 1.371 1.365
dcc 1.579 1.600 1.585 1.605
θccf 108.1 106.0 104.6 104.2
θccc 110.8 112.8 113.9 114.2

C-C bond has a length of 1.42 Å for graphene compared to 1.54 Å for diamond, and
the bond angles are 120◦ and 109.5◦, respectively. Notice that both graphane and
fluorographene resemble much closer the diamond structure than graphene, which is
not surprising since the hybridization of the carbon atoms in these structures is the
same as in diamond, i.e. sp3. The C-C bond length for the graphane configurations
is similar to the one in diamond, but dcc in fluorographene is about 0.05 Å larger.
This can be explained from a chemical point of view as the consequence of a
depopulation of the bonding orbitals between the carbon atoms. The depopulation
of these bonding orbitals results from an electron transfer from the carbon to the
fluorine atoms due to the difference in electronegativity between C and F. The
modified iterative Hirshfeld method indicates a charge transfer ∆Q ≈ 0.3e from C
to F.

The fact that the fluorine atoms are negatively charged has an appreciable influence
on the structure of graphene fluoride when compared to graphane. This can, e.g., be
seen from the sizes of the different bond angles. The bond angles (and also the bond
lengths) in the chair configuration can be regarded as the ideal angles (lengths) for
these structures because they can fully relax. The other configurations will try
to adopt these ideal bond angles and it can be seen from Table 12.4 that this is
indeed the case for the graphane configurations. The fluorographene configurations,
on the other hand, appear to be somewhat distorted because their bond angles are
(relatively) far from ideal. This is probably caused by the repulsion between the
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a) b)

c)                                                        d)

Figure 12.4. Fluorographene in the zigzag (a) and armchair (c) configuration. The

nearest neighbor bonds of one F atom are indicated with dotted lines to show the symmetry

of the superlattices (as shown in (b) and (d)). b) The hexagonal superlattice which is

formed in case of chair and zigzag configurations. d) The cubic superlattice which is

formed in case of boat and armchair configurations.

different fluorine atoms as can be demonstrated when focusing only on the positions
of the F atoms. The fluorine atoms appear to form hexagonal or cubic superlattices
depending on the configuration (see Figs. 12.4(b) and 12.4(d)). This is trivial in
the case of the chair (and maybe the boat) configuration but not so for the others
(see Figs. 12.4(a) and 12.4(c)). These superlattices are not perfect (deviations of
a few percent), but are much more pronounced than in the case of graphane.
So it seems that, at the cost of deforming the bonding angles, F superlattices are
formed to minimize the electrostatic repulsion between the charged F atoms.

Elastic strain

Graphene and its derivatives graphane and fluorographene can be isolated and
made into free-hanging membranes. This makes it possible to measure the elastic
constants of these materials from nanoindentation experiments using an atomic
force microscope [50, 78, 86]. The experimental elastic constants can be compared
to first-principles calculations which gives us information about the purity of the
experimental samples. Therefore the (2D) Young’s modulus, E′, and the Poisson’s
ratio, ν, are calculated the different graphane and fluorographene configurations,
see Table 12.5. The Young’s modulus and the Poisson’s ratio of graphene are found
to be E′ = 336 Nm−1 and ν = 0.17, respectively, which corresponds well to the
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experimental value, E′exp = 340± 50 Nm−1, and other theoretical results [93, 105].

Table 12.5. Elastic constants of the different hydrogenated and fluorinated graphene

derivatives. The 2D Young’s modulus, E′, and Poisson’s ratio, ν, are given along the

cartesian axes. E′ is expressed in Nm−1.

chair boat zigzag armchair
graphane

E′x 243 230 117 247
E′y 243 262 271 142
νx 0.07 -0.01 0.05 -0.05
νy 0.07 -0.01 0.11 -0.03

fluorographene
E′x 226 238 240 215
E′y 226 240 222 253
νx 0.10 0.00 0.09 0.02
νy 0.10 0.00 0.11 0.02

The 2D Young’s modulus of graphane and fluorographene is smaller than that of
graphene. The E′ of the chair and boat configurations of both graphene derivatives
are about 2/3 the value of graphene which makes them very strong materials. The
Young’s modulus for the zigzag and armchair configurations of graphane are highly
anisotropic with values that are roughly halved along the direction that shows the
largest crumpling (see Figs. 12.4 (a) and (c)). The situation is completely different
for fluorographene where the Young’s modulus is more isotropic. The values that
are found for the chair configurations agree well with recent calculations [93, 105].
Nair et al. performed a nanoidentation experiment on fluorographene [86] and
measured a value of 100± 30 Nm−1 for E′fg. This value is approximately half the
theoretical value, which suggests that the experimental samples still contain a lot
of defects [105].
The Poisson’s ratio shows a similar behavior as the Young’s modulus. The knowl-
edge of E′ and ν allows us to calculate all the other 2D elastic constants[106] such
as the bulk, K ′, and shear modulus, G′. For the chair configurations these elas-
tic constants are K ′HG = 131 Nm−1 and G′HG = 114 Nm−1 for graphane, and
K ′FG = 126 Nm−1 and G′FG = 103 Nm−1 for graphene fluoride.

Electronic properties

Graphene is a zero-gap semiconductor but its derivatives have large band gaps,
similar to diamond. In Table 12.6, the band gaps of the configurations under
study are given. The GW calculations were performed because GGA is known
to underestimate the band gap. The GGA results show that the band gap is
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independent of the configuration for graphane. For fluorographene one can notice
some variation in the size of the band gap with larger band gaps for the more
distorted configurations.

The GGA results give a band gap of 3.2 eV for the most stable fluorographene
configuration which is in accordance with the experimental result of ∼3 eV as
found in Ref. [86]. However, this value is much smaller than the (more accurate)
GW band gap of 7.4 eV, so that there is actually a conflict between the theoretical
and experimental results. This conflict might be resolved if the experimental value
is ascribed to midgap states due to defects in the system, such as missing H/F
atoms (similar to what has been predicted for defected graphane [107]).

Table 12.6. Electronic properties of the different hydrogenated and fluorinated graphene

derivatives. The electronic band gap, Egap, is given for GGA and GW calculations. The

ionization energy (IE) is also calculated. All the energies are given in eV.

chair boat zigzag armchair
graphane

Egap (GGA) 3.70 3.61 3.58 3.61
Egap (GW) 6.05 5.71 5.75 5.78

IE 4.73 4.58 5.30 4.65
fluorographene
Egap (GGA) 3.20 3.23 3.59 4.23
Egap (GW) 7.42 7.32 7.28 7.98

IE 7.69 7.64 7.85 8.27

The electronic band structure and the corresponding density of states of graphane
and fluorographene in the chair configuration are shown in Fig. 12.5. Both band
structures look similar but there are also some clear differences. In the case of fluo-
rographene the parabolic band at the Γ-point corresponding to quasi-free electron
states is at much higher energies which indicates a larger ionization energy for flu-
orinated graphene. This ionization energy (IE) is defined as the difference between
the vacuum level and the valence band maximum and an explicit calculation of this
energy indicates a difference of about 3 eV between graphane and fluorographene
(see Table 12.6). This is a consequence of the negative charges on the fluorine
atoms in fluorographene. These IE values can be compared with the work function
of graphene which is the same as its ionization potential (because graphene has no
band gap) and has a value of 4.22 eV for GGA (this is somewhat smaller that the
experimental value of 4.57±0.05 eV [72]). It can be seen from Table 12.6 that the
ionization energies of both graphene derivatives are higher than that of graphene,
although the ionization energy of graphane is rather similar to graphene.
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Figure 12.5. The electronic band structure and the corresponding density of states

for the chair configuration of graphane (a) and fluorographene (b). The valence band

maximum has been used as the origin of the energy scale.

12.4 Summary and conclusions

Different configurations of the graphene derivatives fluorographene and graphane
were investigated. The chair configuration is the most stable one in both cases, but
the zigzag configuration has only a slightly higher formation energy and is more
stable than the better known boat configuration. Fluorographene is found to be
much more stable than graphane which is mainly due to a much higher desorption
energy for F2 as compared to H2. It was also demonstrated that there are structural
and electronic differences that are caused by the charged state of the F atoms in
fluorographene. If the results are compared to available experimental data for
fluorographene there appear to be some discrepancies: for all the configurations
studied, much larger band gaps in the electronic band structure are found and also
the Young’s modules is calculated to be much larger. This might indicate that the
experimental samples still contain appreciable amounts of defects. The nature of
these defects requires further investigation, but one can speculate that these defects
consist of missing adsorbates, partial H/F coverage, or mixed configurations.



Chapter 13

Hydrogenation of bilayer

graphene

13.1 Introduction

In the previous chapter, the hydrogenation and fluorination of single layer graphene
was investigated. In this chapter, however, the hydrogenation of a bilayer of
graphene is considered. The maximum coverage of H atoms is examined and the
stability of partially hydrogenated bilayer graphene systems is investigated. I will
show that when both sides of the bilayer are exposed to atomic hydrogen and
when adsorption takes place on one of the two crystal sublattices (on each side),
the weak van der Waals bonding is replaced by strong chemical bonds between
the two layers which stabilize the system and lead to a new material. Chemical
bonding between graphene layers has been investigated before in the context of
graphite fluorination[108] or irradiated graphite, in which case point defects (e.g.
vacancies and interstitial atoms) can induce interlayer bonding.[109]
The coverage of hydrogen atoms on bilayer graphene can reach a maximum of 50
atomic % and in this case a bilayer analogue of graphane is formed. The geometrical
bond lenghts and angles of this bilayer of graphane are between those of graphane
and diamond, but the electronic properties are similar to those of single layer
graphane.

13.2 Computational details

All the calculations are done within the density functional theory (DFT) formalism
as implemented in the ABINIT simulation code[37]. The projector augmented-wave
method [110] is used here which allows to reduce the cutoff energy of the plane wave

135
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basis set to 20 Hartree. Different supercells, ranging from 2× 2 to 4× 4, were used
for simulation of the different systems. The sampling of the Brillouin zone was done
for these different supercells with the equivalent of a 12×12×1 Monkhorst-Pack k-
point grid [39] for a single graphene unit cell. Spin polarization was included where
necessary.[80] For most calculations the local density approximation (LDA) is used
for the exchange-correlation functional which was shown to give a better description
of the interlayer binding in graphite than the generalized gradient approximation
(GGA).

13.3 Results

The main focus is on the formation of chemical bonds between the two layers of
graphene as a consequence of hydrogen adsorption. Therefore it is first investigated
whether this is possible in principle or not. If any chemical bond between the two
layers is possible, it is more likely to occur between two carbon atoms belonging to
different layers that are closest to each other, i.e. atoms of the A and B’ sublattices
as defined in Fig. 13.1. For the formation of a chemical bond between these atoms,
it is necessary they change their hybridization from sp2 to sp3 because they have
to be able to form four bonds now.

Figure 13.1. Bilayer of AB stacked graphene with the 4 different sublattices indicated

by different colors. The A and B’ sublattice are situated on top of each other as illustrated

by the dotted lines. The carbon atoms at the corners of the light triangles indicate the 6

neighbors to be hydrogenated.

Two neighboring atoms of different layers can be brought closer to each other to
form a chemical bond, but it is obvious that this can not result in a stable system
because the deformation of the two layers costs much more energy than can be
gained by forming a new bond: when the two atoms form a new bond they move
out of the graphene planes and force their neighbors to change their hybridization
from sp2 because the three bonds formed by these neighboring atoms are not lying
in a plane. It is reasonable to suggest that hydrogenation of the neighboring atoms
(i.e. atoms of the B and A’ sublattice) can result in a stable system because this
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makes sure they already have the right hybridization. For this, hydrogen atoms
must be able to chemisorb on pure bilayer graphene which was recently shown the-
oretically to be possible.[111, 112]

Table 13.1. Interlayer chemical bond formation in a 2×2 supercell. The binding energy

per H atom (Eb) and the average(davg) and minimum distance (dmin) between the C

atoms of the two layers are shown for different numbers of adsorbed hydrogen atoms and

different configurations. Energies are given in eV and distances in Å.

# H atoms configuration Eb davg dmin chem. bond
1 B -1.084 3.274 3.231 no
2 BB not stable
2 BA′ -1.266 2.965 2.853 no
3 BBB not stable
3 BBA′ -1.326 2.564 1.660 yes
4 BBBA′ -1.426 2.440 1.591 yes
4 BBA′A′ -2.018 2.347 1.600 yes
5 BBBA′A′ -2.036 2.278 1.574 yes
6 BBBA′A′A′ -2.295 2.025 1.550 yes

Table 13.2. Interlayer chemical bond formation in a 3 × 3 and 4 × 4 supercell. The

binding energy per H atom (Eb) is shown for different numbers of adsorbed hydrogen atoms

and different configurations.

3× 3 4× 4
configuration Eb chem. bond Eb chem. bond
B -1.107 no -1.225 no
BB -1.087 no -1.131 no
BA′ -1.195 no -1.296 no
BBB -1.027 no -0.989 no
BBA′ -1.169 no -1.218 no
BBBA′ -1.334 yes -1.042 no
BBA′A′ -1.466 yes -1.457 yes

In an AB stacked bilayer of graphene the A and B (or A’ and B’) sublattices are
no longer completely equivalent which results in a different adsorption energy for a
hydrogen atom on these two sublattices: adsorption on the B (or A’) sublattice is
more favorable by 0.03 eV as compared to adsorption on the A (or B’) sublattice.
Although this difference is small, it might be important for interlayer bonding be-
cause the carbon atoms that should be hydrogenated belong to the more favorable
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sublattice. The two carbon atoms involved in the interlayer bonding each have
3 neighbors that need to be hydrogenated to get the right hybridization (see Fig.
13.1). However it may be sufficient to hydrogenate some of these neighbors to make
the interlayer bond already stable.
To investigate this a 2×2 supercell of bilayer graphene containing 16 carbon atoms
(8 per layer) is used and the hydrogenation is gradually increased by putting hy-
drogen atoms on the six neighbors (3 of the B and 3 of the A’ sublattice) of the two
carbon atoms between which a possible interlayer chemical bond might be formed.
it can be seen from table 13.1 that there is a jump in the minimal interlayer C-C
distance (dmin) after the adsorption of 3 hydrogen atoms, 2 on one layer and 1
on the other. This indicates the formation of an interlayer chemical bond as illus-
trated in Fig. 13.2(a). Adsorption of hydrogen atoms on a single sublattice of one
side does not result in any stable structure in a 2 × 2 supercell. Notice that the
average interlayer distance (davg) becomes smaller when more carbon atoms are
hydrogenated. This means that the carbon atoms of the different layers, that do
not participate in interlayer bond formation, start repelling each other more and
more. For lower concentrations of H atoms, i.e. larger supercells, there are more
repelling carbon atoms so it is likely that the interlayer bond needs to be stronger.
This was checked in a 3×3 and a 4×4 supercell and the results are shown in table
13.2: in a 3 × 3 (36 C atoms) supercell one needs two hydrogenated neighbors on
each side (see Fig. 13.2(c)), so 4 in total, or 3 on one side and 1 on the other side of
bilayer graphene (Fig. 13.2(d)). In a 4× 4 supercell (64 C atoms) both sides need
at least 2 hydrogenated neighbors (Fig. 13.2(b)). For still lower concentrations
(thus still larger supercells) the same result is found as for the 4× 4 supercell, so it
seems that hydrogenation of four of the six neighbors, two on each side, is generally
sufficient to induce a chemical bond. Table 13.1 and 13.2 also show that it is more
favorable (in all supercells) to divide the number of hydrogen atoms as symmetrical
as possible between the two graphene layers, e.g. the BBA′A′ configuration has
lower energy than the BBBA′ configuration.

In any case it is essential that the H atoms bind to both sides of the bilayer in
order to have an interlayer bond. This means that both sides of the bilayer should
be exposed to hydrogen, since it is known that graphene is very hard to penetrate
[113, 114].
Now that I demonstrated that interlayer chemical bonds are possible in principle, I
will investigate whether or not they are stable. The bond formation is only possible
when all H atoms adsorb on the same sublattice on both sides of the bilayer. It
was shown that for a single H atom there is a difference in binding energy of 0.03
eV in favor of the sublattice that should be hydrogenated. However it has been
demonstrated theoretically [111, 115] and experimentally [116–118] that hydrogen
atoms tend to adsorb on different sublattices of graphitic surfaces to avoid the



13.3. RESULTS 139

Figure 13.2. Formation of a chemical bond between the two layers in bilayer graphene

in a 2× 2 (a), a 4× 4 (b), and a 3× 3 (c,d) supercell. The light colored atoms are H, the

others C.

presence of unpaired electrons. Boukhvalov and Katsnelson showed that in this
way hydrogen coverage is limited to a maximum of 25 at. % (on each side) because
otherwise first and second neighbors are unavoidably filled and this is energetically
unfavorable [111]. It is demonstrated, however, that it is possible to reach 50%
hydrogen coverage when the two sides of the bilayer are available for adsorption.
For this I will again make use of the 2 × 2 supercell and add consecutively more
and more H atoms. There are a lot of different configurations possible, even for
a fixed number of adsorbed hydrogen atoms, so some guidance is needed to find
the most stable ones. I showed before that when the H atoms adsorb on the same
sublattice they will be distributed as symmetrical as possible between the two
layers. This can be used as a first guide, but, as stated above, there are probably
more favorable configurations with the H atoms distributed over both sublattices.
In search of these configurations I make use of earlier theoretical [80, 111, 115]
and experimental[116–118] works in which it was found that the formation of two
kinds of hydrogen dimers are energetically more favorable after hydrogenation of
graphitic surfaces. These dimers are shown in the inset of Fig. 13.3 together with
the most stable trimer configuration, which is a combination of the two dimers, as
suggested in Refs. [117] and [119].
As a measure for the stability of the bilayer graphene samples with different concen-
trations of chemisorbed hydrogen atoms the formation energy per hydrogen atom
is used. As done by Sofo et al. the energies of graphite and the H2 molecule [90]
are chosen as the reference energies. The results are shown in Fig. 13.3.

From the calculations presented in Fig. 13.3 it can be seen that for low concen-
tration of H atoms (< 25 at. %) the configurations with hydrogenation of both
sublattices is much more stable. This means that no interlayer chemical bonds
will be formed for these concentrations. High concentrations of H atoms (> 25
at. %) are not possible for the dimer configurations because the formation energy
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Figure 13.3. Hydrogenation of 2 × 2 supercell of bilayer graphene. The formation

energy per hydrogen atom is shown for increasing H concentration. The 3 curves show 3

different ways of distributing the H atoms: according to dimer configuration a (inset (a)),

b (inset (b)), and by placing the H atoms only on sublattice B and A’. Inset (c) shows

the trimer configuration which is a combination of dimer a and b. The curves of the two

different dimer configurations are the same if the trimer is formed, because the trimer is

a combination of these two dimers.

increases too much, as was already noted in Ref. [111]. But if only the B and A’
sublattice are hydrogenated the formation energy still decreases at high concentra-
tion until complete hydrogenation has been reached, i.e. all carbon atoms have 4
neighbors and are completely saturated (see Fig. 13.4). The fully hydrogenated
bilayer of graphene has negative formation energy as compared to graphite and
H2 and is therefore a very stable structure. If the formation energy is calculated
with respect to bilayer graphene and atomic hydrogen, as would be typical in an
experimental setup, this results in an almost constant shift of 2.5 ± 0.1 eV to lower
energies which makes all energies given in Fig. 13.3 negative. This suggests that,
in principle, all structures could be formed at high enough temperatures so that
possible formation barriers can be overcome [80, 117]. Large energy barriers are
also expected in going from hydrogenation of both sublattices to hydrogenation of
a single sublattice as the hydrogen concentration increases [117]. One way to avoid
these barriers could be to introduce already some interlayer chemical bonds in the
bilayer before hydrogenation by e.g. fs laser excitation [120] or the introduction of
point defects through irradiation [109].
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Table 13.3. Properties of single layer and bilayer graphane: the unit cell length (a), the

distances (d) and angles (θ) between neighboring atoms, the formation energy (EF ) and

the band gap at the Γ point (∆E). Energies are given in eV, distances in Å, and angles

in deg.

graphane bilayer graphane diamond
LDA GGA LDA GGA LDA GGA

a 2.505 2.544 2.500 2.535 2.497 2.530
dC−C 1.515 1.539 1.521 1.543 1.529 1.549
dC−C′ 1.545 1.562 1.529 1.549
θCCC 111.6 111.5 110.5 110.5 109.5 109.5
θCCC′ 108.4 108.4 109.5 109.5
θCCH 107.3 107.4 108.4 108.4
EF /atom -0.183 -0.104 -0.125 -0.028 -0.010 0.122
∆E 3.376 3.480 3.031 3.137 5.629 5.568

13.4 Properties of bilayer graphane

It was found that the energetically most favorable configuration for hydrogen atoms
on a bilayer of graphene appears when two of the four sublattices (B and A’ as
indicated in Fig. 13.1) are fully hydrogenated (see Fig. 13.4). In this case one
could speak of bilayer graphane in analogy with a fully hydrogenated monolayer of
graphene. Let us now take a look at some properties of this material and compare
them to the single layer case and diamond. The results for the geometrical and
electronic properties are given in table 13.3. For single layer graphane, the results
are in good agreement with earlier studies of this material.[80, 90] The properties of
bilayer and single layer graphane are very similar, but there are differences. When
the geometrical distances and angles are considered, one can see that those of the
bilayer are intermediate between those of the single layer and bulk diamond. The
corresponding geometrical results are also shown for GGA in table 13.3 because
GGA is more accurate in predicting the actual bond lengths. The formation energy
of bilayer graphane is larger than that of single layer graphane, but it is closer to
the formation energy of graphane than that of diamond.
The electronic properties of both single layer and bilayer graphane are quite sim-
ilar (Fig. 13.5). The band gap of the bilayer is slightly smaller, but it is not
certain whether this has any physical significance because it is well known that
band gaps are not well described in LDA (or GGA). The reason that single and
bilayer graphane have similar electronic properties is that the C atoms in both
materials have the same hybridization.

So in conclusion one can say that, in contrast to monolayer and bilayer graphene,
monolayer and bilayer graphane have very similar electronic properties.
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Figure 13.4. (Color online) Top (a) and side (b) view of a bilayer of graphane. The

carbon atoms of the two layers are given different colors for clarity.
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Figure 13.5. The electronic band structure of monolayer (a) and bilayer (b) graphane.

The energies are relative to the Fermi level (EF =0).

13.5 Summary and conclusions

Previous theoretical calculations showed that hydrogenation of bilayer graphene
can only cause a maximum hydrogen coverage of 25 at. % when both sublattices
(on each side of the bilayer) adsorb H atoms.[111] It was demonstrated above
that: 1) it is possible to hydrogenate a bilayer of graphene to a limit of 50 at.
% through the adsorption of hydrogen atoms on both sides of the bilayer and on
a single sublattice per layer, 2) in this case interlayer chemical bonds are formed
which stabilize the structure, and 3) when the hydrogenation reaches its limit of
50 at. %, a bilayer analogue of graphane is formed which has qualitatively similar
electronic properties as graphane. Although it was shown that bilayer graphane
can be made through the hydrogenation of a bilayer of graphene, this procedure is
not suited to produce multilayer (>2) graphane. It is essential for the formation
of chemical bonds between two layers that both layers are hydrogenated and this
is more difficult when more than two layers are present.



Chapter 14

Graphene Membranes

As seen before, graphene can be made into free-standing samples by (partially)
etching away the substrate or deposition on a prepatterned substrate with holes
into it. This results in an atom-thick membrane that can be used to separate two
regions in space. An important issue determining the efficiency of the separation
is the permeability of the membrane to atoms and molecules. In this chapter the
permeability of (intrinsic and defected) graphene membranes is investigated by
ab initio molecular dynamics calculations in the DFT formalism. But before the
theoretical results are described, some experimental findings (from Ref. [113]) will
be summarized.

14.1 Experimental results

In 2008, Bunch et al. demonstrated the impermeability of graphene crystals to
atmospheric molecules [113] and, consequently, they opened up a new area of ap-
plications for graphene as the ultimate membrane at the nanoscale. A schematic
view of the free-hanging graphene sample they used is given in Fig. 14.1 a and b.
The sample is fabricated by mechanical exfoliation of graphite and deposition of
monolayer graphene on a SiO2 substrate with a hole in it, 4.75µm×4.75µm×380nm
in size (see inset of Fig. 14.1a). In this way a microchamber is created that is sealed
by a graphene membrane that is strongly clamped on all sides by vdW interactions
between the graphene and the SiO2 substrate. When the sample is put in a high
pressure (690 kPa) environment of N2 gas for several hours the pressure inside
the microchamber, Pint, will equilibrate with this external pressure, Pext. When
the sample is subsequently put into vacuum the pressure difference will cause the
graphene membrane to bulge out as shown in Fig. 14.1c. Similarly, when the sam-
ple is first stored in vacuum and subsequently returning it to atmospheric pressure,
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the graphene membrane will bulge inward (see Fig. 14.1d). Over time, the internal
and external pressures will equilibrate as can be seen from Fig. 14.1e which shows
variation of the height of the graphene membrane over a period of 3 days. The
deflection at the center of the membrane is initially 175 nm and decreases slowly
over time, indicating a slow air leak into the microchamber.

Figure 14.1. (a) Schematic picture and optical image (inset) of graphene sealed mi-

crochamber. (b) Schematic side view of graphene sealed microchamber. (c) AFM image

of graphene sealed microchamber with overpressure. (d) AFM image of graphene sealed

microchamber with underpressure. (e) AFM line traces through the center of the graphene

membrane at different times. Inset: deflection at the center of the graphene membrane as

a function of time.

So it seems that the graphene membrane can sustain substantial pressure differences
for some time, but there is no perfect sealing of the microchamber. However, it
can be shown that the leakage is not through the graphene membrane but rather
through the glass walls of the chamber. Bunch et al. demonstrated this by sealing
the microchamber with several few layer graphene (1-75 layers) membranes. The
gas leak rate as a function of the thickness of the FLG membrane is shown in
Fig. 14.2 for several gases. There seems to be no dependence of the leakage on
the thickness of the FLG sample. Futhermore, the leakage of He atoms is of the
same order as can be estimated from Fick’s law for diffusion of He atoms through
glass walls [113]. So, in conclusion, the permeability of graphene membranes the
to investigated gas molecules appears to be below experimental detectability and
graphene can be considered impermeable to all standard gases.
Bunch et al. also suggested that the graphene samples should be free of defects to
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Figure 14.2. The permeability of FLG as a function of thickness for different gas

molecules.

explain the impermeability [113]. This suggestion was based on a simple classical
effusion theory calculation of the penetration of point particles through single atom
vacancies in graphene. In the next section, more accurate first-principles density
functional theory calculations will be performed to investigate the permeability of
a graphene monolayer with defects to check this simple theory.

14.2 Ab initio investigation of graphene membranes

In this study I will concentrate on the penetration of helium atoms through graphene
with increasingly large defects. Helium atoms are chosen because they are the
smallest atoms that do not chemically interact with graphene. Furthermore the
study is limited to point defects that keep the sp2 hybridization of the carbon
atoms of graphene more or less intact. Such defects are more stable [121, 122] and
easier to treat in first-principles calculations.

14.2.1 Computational details

The DFT formalism is used here in both the local density (LDA) and general
gradient approximation (GGA). All the DFT calculations are performed with the
abinit software package. The simulation of most defects is done in a 4 × 4 × 1
graphene supercell with a distance of 16 Å between adjacent graphene layers. A
plane-wave basis with a cutoff energy of 30 hartree was used and the Brillouin zone



146 CHAPTER 14. GRAPHENE MEMBRANES

(BZ) is sampled with a 6 × 6 × 1 Monckhorst-Pack (MP) [39] k-point grid which
is equivalent to a 24 × 24 × 1 MP grid in a single unit cell. Pseudopotentials of
the Troullier-Martins type [27] are used for both the LDA and GGA calculations.
There is no need to perform spin-polarized calculations because the defects were
chosen to preserve the sp2 hybridization of the carbon atoms in the simulated
defective graphene sheets and the He atom is inert.

14.2.2 Penetration through a perfect graphene membrane

I first examine the penetration of a helium atom through the center of a carbon
hexagon of a perfect graphene monolayer. As a first approximation, all the carbon
atoms are kept fixed and the potential energy of the He atom at different distances
from the graphene sheet is calculated. The resulting energy barrier is given in Fig.
14.3 for both LDA and GGA. The height of the barrier, 18.8 eV for LDA and 11.7
for GGA, is very large and makes penetration of helium gas that is in thermal
equilibrium impossible at any temperature at which the graphene layer remains
stable.
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Figure 14.3. The potential barrier for the penetration of a He atom through the center

of a carbon hexagon of a perfect graphene layer. The results for the penetration without

relaxation of the graphene layer are shown for LDA and GGA (solid and dashed line

respectively). The results of the MD calculations (LDA) are indicated by full squares.
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First-principles molecular dynamics

Next I use velocity-Verlet molecular dynamics [123, 124] simulations to show that
the height of the barrier is not essentially decreased when the graphene layer is
allowed to relax when the helium atom impinges on the layer. These MD cal-
culations are done within the DFT formalism (LDA) and with full relaxation of
the graphene sheet. I start with a nonperturbed graphene sheet and place the He
atom above the center of a graphene hexagon at a distance far from the graphene
surface where the potential energy is vanishingly small. Then the He atom is given
different velocities in the direction of the graphene layer. When the kinetic energy
of the He atom is small enough, it will bounce back from the graphene surface at
a certain distance d, which is defined to be the difference along the z direction
(perpendicular to the graphene surface) between the He atom and the closest C
atom of the graphene sheet. The effective potential felt by the He atom depends
on its velocity due to the relaxation of the graphene layer. This potential can be
constructed from our MD calculations by considering the kinetic energy of the in-
coming He atom as a function of the distance d at which it is reflected from the
graphene layer. The results of the MD calculations are shown in Fig. 14.3 by the
black squares. Notice that the difference of the potential felt by the approaching
He atom between the relaxed (MD) and the unrelaxed case is very small. This is
a consequence of the fact that the graphene atoms appear to lack time to relax
while interacting with the fast moving He atom. In Fig. 14.4 the reflection of a He
atom with a kinetic energy that is just a little smaller that the energy barrier for
penetration is shown. It is clear that the relaxation of the graphene layer is very
small at the turning of the He atom (see Fig. 14.4b) and that the relaxation only
starts when the He has already been reflected (see Fig. 14.4c). This means that
relaxation has no significant influence on the barrier height and from now on it is
allowed to ignore any relaxation of the graphene layer when calculating the energy
barriers for penetration of the He atom.

The approach used here is different from earlier calculations of the barrier height
for the penetration of He into C60 fullerenes [125], where the He atom was given a
fixed position and the system was allowed to relax completely before calculating the
barrier. In my opinion this is actually a less realistic calculation than one where
any relaxation is ignored. The reason is that the system relaxes within a much
larger time scale than the time scale for motion of the much lighter, chemically
inert, He atom. Note that this is not generally true: in the case of other atoms,
e.g. a hydrogen atom [126], or molecules, the interaction time can be long enough
for the graphene layer to have a significant relaxation, which may be due to the
much larger mass of the molecules or as a consequence of chemical reactivity.
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Figure 14.4. Reflection of a He atom with a kinetic energy of 18.6 eV from a graphene

surface: a) The He atom approaches the perfect graphene layer. b) The He atom comes to

rest before penetrating the graphene layer. Note that the relaxation of the graphene layer

is very small at this moment. c) The He atom is reflected back and the surface starts to

relax.

14.2.3 Penetration through a defected graphene membrane

Let us now turn our attention to the penetration of a defective graphene layer where
only those defects are considered that do not destroy the sp2 hybridization of the
carbon atoms. Examples of studied defects (see Fig. 14.5) include the Stone-
Wales (SW) defect, the divacancy (585 and 555777), and the tetra-, hexa- and
decavacancy. All these defects were fully relaxed in a 4× 4× 1 graphene supercell,
but for the decavacancy a 6 × 6 × 1 supercell was used. The lowest penetration
barrier is always found inside the largest ’ring’ of carbon atoms that belongs to the
defect. The resulting barriers for the different defects are given in Table 14.1.
As intuitively expected, the barrier height decreases fast with increasing size of
the defects. A more quantitative relationship between the barrier height and the
size of the defect can be obtained by quantifying the defect size as the number of
carbon atoms included in the sp2-bonded defect ring. In this way, we obtain sizes
ranging from 6 (for perfect graphene) to 12 (for the decavacancy). The Stone-Wales
defect and the 555777 divacancy both have a size of 7. The barrier height versus
defect size is shown in Fig. 14.6. Notice that, to a very good approximation, the
penetration barrier height decreases exponentially with the size of the defect (as
indicated by the dashed lines). The largest deviation from the exponential behavior
is found for the 585 divacancy with 8 carbon atoms in the defect ring. This could
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Figure 14.5. The considered sp2 hybridization conserving defects: a) Stone-Wales de-

fect, b) 555-777 divacancy, c) 585 divacancy, d) tetravacancy, e) hexavacancy, and f)

decavacancy.

Table 14.1. The energy barrier height (in eV) for penetration of a He atom through

perfect and defective graphene as obtained within LDA and GGA.

defect LDA GGA
no defect 18.77 11.69
Stone-Wales 9.21 6.12
555777 divacancy 8.77 5.75
858 divacancy 4.61 3.35
tetravacancy 1.20 1.04
hexavacancy 0.37 0.44
decavacancy 0.05 0.10

be a consequence of the noncircular form of the defect (see Fig. 14.5c) which is
more pronounced in this defect than in the others. The larger the deviation of the
circular form of the defect, the worse is the quantification of the defect size through
the number of carbon atoms in the defect ring.

It is also clear from Fig. 14.6 that, although the energy barrier for penetration
decreases exponentially, large defects are needed to allow for any appreciable gas
leak through a graphene membrane at room temperature (kBT =26 meV). These
findings are in marked contrast to the claim of Ref. [113] that it is necessary
to have a perfect graphene layer to preserve the impermeability. This claim was
based on a simple classical effusion theory calculation which is clearly not a re-
alistic approximation for the penetration process of He atoms through defective
graphene membranes. Our first-principles calculations clearly suggest that small
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Figure 14.6. The dependence of the penetration barrier height on the size of the defect

for LDA and GGA.

point defects in graphene will not destroy the impermeability of the membrane.

14.2.4 Summary of results

In summary, I investigated the penetration of a helium atom through perfect and
defective graphene. It was found that the relaxation of the graphene layer caused
by the impact of the incoming He atom has no influence on the barrier height and
can therefore be neglected. This is due to the fact that the time scale for relaxation
of the graphene is larger than the time scale during the He atom interacts with
the graphene layer. The relaxation of the graphene layer occurs after the He atom
has left the graphene layer. We found that the penetration barrier height decreases
exponentially with the size of the defects, as expressed by the number of carbon
atoms included in the formation of the defect. But the penetration barrier height
of small defects is still large enough to preserve the impermeability of graphene
membranes for atoms and molecules. Consequently, even defective graphene is a
suitable candidate for making impermeable membranes for future applications and
therefore can be considered the thinnest possible material for constructing a micro-
or nanomembranes.
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Summary and outlook
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Summary of the results

In this thesis, I investigated the interaction of atoms and molecules with graphene,
i.e. a single layer of graphite, with the use of density functional theory calculations.
Most of the results were interpreted using simpler, more qualitative methods like
tight-binding and molecular orbital theory.
The first systems which were examined consist of small molecules interacting with
a perfect free-standing graphene monolayer (Chapter 7). The favorable adsorp-
tion sites and orientations were searched for and the charge transfer between the
molecules and graphene was determined with the Hirshfeld charge analysis method.
It was found that the adsorption energy and charge transfer are rather independent
of the adsorption site, but strongly depend on the orientation of the molecules with
respect to the graphene surface. An explanation for this was found through molec-
ular orbital theory which also allowed to distinguish between two different charge
transfer mechanisms. These two mechanisms consist of, on the one hand, a direct
doping through the relative positions of the molecular orbitals and, on the other
hand, a smaller doping because of orbital hybridization which is always present
to some extent. There also appeared to be a qualitative agreement between these
DFT results and the experimental findings of Ref. [15].
However, a large variation of calculated charge transfers was noted in the literature
and, in case of NO2 molecules, a quantitative disagreement was found between
theory and experiment. This was closer investigated in Chapter 8. Two major
causes of the quantitative differences were found: (i) the use of different kinds
of charge transfer analysis methods and (ii) the size of the supercell used in the
simulations which has a large impact on the resulting charge calculations. To
reduce the influence of the first point, a different charge analysis method, based on
the Hirshfeld method, was devised which showed to give physically relevant results
for the systems under study.
In Chapter 9 the influence of the presence of water clusters and ice layers on the
electronic properties of a perfect graphene sheet was studied. The binding energy of
the water molecules in a cluster appeared to be an order of magnitude larger than
the adsorption energy between the cluster and graphene indicating that graphene
is strongly hydrophobic. Charge transfers between a graphene sheet and water
clusters, which could influence the density of the charge carriers and consequently
the resistance in graphene, are very small. The molecules in a water cluster tend to
orient their dipole moments in opposite directions, so that they cancel on average.
But in the limit of a large concentration of water molecules such that ice-like
structures can be formed the dipole moments of the different molecules accumulate
instead of averaging out leading to an appreciable total dipole moment which can
have an influence on the electronic properties of graphene.
This influence of the dipole moment was further investigated in the subsequent
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chapter in which alternative charge transfer mechanisms were investigated (Chapter
10). It was shown there that a dipole layer is able to shift the free-energy bands
and impurity bands with respect to the Fermi level of graphene by changing th
relative potentials. This can induce doping if the shift becomes large enough. It
was demonstrated through a water-graphene model system that the potential shift
restricts itself to the dipole layer side, while the potential at the other side of the
graphene layer remains unaffected.
Because the work function of graphene plays an important role in the doping level
by the above described mechanism, I investigated how this work function can be
changed in Chapter 11. Several ways have been investigated there to tune the work
function of graphene. It was demonstrated that only small differences in the WF
were obtained by variation of the number of layers in FLG and larger changes can
be achieved by applying strain to the graphene samples. In this chapter, it was also
shown that the most effective way to change the work function is through doping
FLG: depending on the level of doping and the number of graphene layers present
in the sample, the WF can be varied over a large range (≈2eV).

In the next two chapters (Chapters 12 and 13) the attention turned to chemisorp-
tion instead of physisorption. In other words, the adsorbates studied in these chap-
ters form covalent bonds with the graphene layers. In Chapter 12 two graphene
derivatives, namely graphane and fluorographene, were investigated which result
from a fully hydrogenated or fluorinated monolayer of graphene, respectively. Dif-
ferent configurations for both derivatives were investigated and it appeared that the
chair configuration is the most stable one in both cases. Another, rather unknown,
configuration, called the zigzag configuration was demonstrated to have only a
slightly higher formation energy and to be more stable than the better known boat
configuration. Fluorographene was found to be much more stable than graphane
which is mainly due to a much higher desorption energy for F2 as compared to
H2. It was also demonstrated that there are structural and electronic differences
that are caused by the charged state of the F atoms in fluorographene. Compari-
son of the results to available experimental data for fluorographene revealed some
marked discrepancies: for all the configurations studied, much larger band gaps in
the electronic band structure are found and also the Young’s modules is calculated
to be much larger. It was argued that this indicates that the experimental samples
still contain appreciable amounts of defects. The nature of these defects requires
further investigation with larger supercells.
In Chapter 13, the hydrogenation of a bilayer of graphene was invesigated. It was
demonstrated that: 1) it is possible to hydrogenate the bilayer to a limit of 50 at.
% through the adsorption of hydrogen atoms on both sides of the bilayer and on
a single sublattice per layer, 2) in this case interlayer chemical bonds are formed
which stabilize the structure, and 3) when the hydrogenation reaches its limit of
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50 at. %, a bilayer analogue of graphane is formed which has qualitatively similar
electronic properties as graphane.

The last part of the thesis was concerned with the permeability of defected graphene
membranes. The penetration of a helium atom through perfect and defective
graphene was investigated for normal incidence. It was found that the relaxation of
the graphene layer caused by the impact of the incoming He atom has no influence
on the barrier height and can therefore be neglected. This is due to the fact that
the time scale for relaxation of the graphene is larger than the time scale during
the He atom interacts with the graphene layer. The relaxation of the graphene
layer occurs after the He atom has left the graphene layer. The penetration barrier
height was found to decrease exponentially with the size of the defects, but it was
shown that the barrier height of small defects is still large enough to preserve the
impermeability of graphene membranes for atoms and molecules.
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Outlook

Many of the calculations that were performed in the thesis can be improved by
including explicitly van der Waals interaction in the DFT calculations. Exchange-
correlation functionals that include this kind of interaction are being developed at
high pace now, but there has not yet emerged any widely applied standard func-
tional.
Another improvement would be the correction of artificial dipole interactions due
to the periodicity of the system. This can be done by using larger supercells, i.e. by
increasing the computation time and memory, or by the implementation of explicit
corrections in the DFT calculations. A simple correction is e.g. to remove the ar-
tificial electric fields, resulting from the periodicity requirements for the potential,
by introducing an artificial dipole layer in the vacuum region of the supercell with
opposite sign (this has already been implemented in a lot of codes, but not yet in
abinit).

There are still a lot of interesting systems to be explored. E.g. in Chapter 12
the hydrogenation of a monolayer of graphene [80] was discussed. Similar studies
for fluorination are still lacking, although some interesting differences might be
expected. The C-F bond length will probably be highly dependent on the concen-
tration of F atoms because of the partly ionic character of this bond. In case of
fluorination of a bilayer, the induced charges on the carbon atoms might induce
some repulsion between the layers, preventing the formation of interlayer chemical
bonds such as in hydrogenated bilayers.
Another intriguing system to investigate might be a partly hydrogenated, partly
fluorinated graphene sample. It is not easy to see which configurations are most
favorable in that case.
It might also be interesting to examine how the adsorption properties of graphene
are influenced by defects in the graphene sample. Although defects are usually rare
in graphene, it is always possible to induce them to alter the adsorption properties.
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Samenvatting

In deze thesis heb ik de interactie van atomen en moleculen met grafeen, een
enkele laag grafiet, onderzocht met behulp van dichtheidsfunctionaaltheorie (DFT).
De meeste resultaten werden gëınterpreteerd met eenvoudigere, meer kwalitatieve
methoden zoals ‘tight-binding’-theorie en moleculaire orbitalen.
De eerste systemen die ik onderzocht heb, bestaan uit kleine moleculen die in-
terageren met een perfect grafeenkristal (hoofdstuk 7). De energetische meest
voordelige adsorptieplaatsen en -oriëntaties werden bepaald en de ladingsover-
dracht tussen de moleculen en grafeen werd berekend met de zogenaamde Hirshfeld-
methode. De adsorptie-energie en de ladingsoverdracht blijken vrijwel onafhanke-
lijk van de adsorptieplaats te zijn, maar ze hangen wel sterk af van de oriëntatie
van de moleculen t.o.v. het grafeenoppervlak. Dit kon worden verklaard door
de interactie tussen de aanwezige moleculaire orbitalen, zodat twee verschillende
ladingsoverdrachtsmechanismen onderscheiden konden worden. Deze twee mecha-
nismen bestaan uit enerzijds een dopering ten gevolge van de relatieve posities van
de moleculaire orbitalen en anderzijds een geringere dopering ten gevolge van hy-
bridisatie van de orbitalen welke steeds in enige mate aanwezig is. Deze resultaten
bleken kwalitatief overeen te stemmen met de experimentele bevindingen in Ref.
[15].
Wanneer verschillende theoretische resultaten voor de berekende ladingsoverdrach-
ten uit de literatuur met elkaar vergeleken worden, kan er echter een grote variatie
aan waarden vastgesteld worden. Bovendien blijken al deze theoretische waar-
den kleiner te zijn dan de experimenteel gemeten waarde in het geval van NO2

moleculen. Dit werd verder onderzocht in hoofdstuk 8. Twee belangrijke oorzaken
voor de kwantitatieve verschillen werden vastgesteld: (i) het gebruik van verschil-
lende methoden om de ladingsoverdrachten te berekenen en (ii) de grootte van
de supercellen die gebruikt worden in de simulaties, blijken beide een sterke in-
vloed op de resulterende ladingsoverdrachten te hebben. Om de invloed van de
eerste oorzaak te verminderen heb ik een andere berekeningsmethode ontworpen,
gebaseerd op de Hirshfeld methode, die betere resultaten blijkt te geven voor de
onderzochte systemen.
In hoofdstuk 9 werd de bëıvloeding van de elektronische eigenschappen van grafeen
onderzocht door de aanwezigheid van waterclusters en ijslagen op het grafeenop-
pervlak. De bindingsenergie van de watermoleculen in een cluster blijkt een orde
groter te zijn dan de adsorptie-energie tussen een cluster en grafeen. Dit toont aan
dat grafeen sterk hydrofoob is. De ladingsoverdrachten tussen een grafeenlaag en de
waterclusters blijken steeds heel klein te zijn. De verschillende moleculen in een wa-
tercluster hebben de neiging om hun elektrische dipoolmomenten in tegengestelde
richtingen te oriënteren zodat ze gemiddeld gezien tegenover elkaar wegvallen. Maar
bij hogere concentraties aan watermoleculen kunnen er ijsstructuren gevormd wor-
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den waarbij een sterke dipoollaag gevormd wordt die een sterke invloed op de
elektronische eigenschappen van grafeen kan hebben.
De invloed van zo’n dipoollaag werd verder onderzocht in het volgende hoofdstuk
waarin ook alternatieve ladingsoverdrachtsmechanismen onderzocht werden (hoofd-
stuk 10). In dit hoodstuk werd aangetoond dat een dipoollaag de vrije-elektronen
banden en eventuele onzuiverheidsbanden kan verschuiven t.o.v. het Fermi-niveau
in grafeen door de relatieve potentialen te veranderen. Dit kan tot dopering lei-
den als de bandverschuivingen groot genoeg worden. Door het bestuderen van een
water-grafeen-modelsysteem werd er aangetoond dat de potentiaalverschillen door
een dipoollaag beperkt blijven tot de kant van de dipoollaag terwijl de potentiaal
aan de grafeenzijde onveranderd blijft.
Omdat de werkfunctie van grafeen een belangrijke rol speelt in het doperingsniveau
door het hierboven beschreven mechanisme, heb ik in hoofdstuk 11 onderzocht hoe
de werkfunctie veranderd kan worden. Verschillende manieren om de werkfunc-
tie te bëınvloeden werden bestudeerd. Er werd aangetoond dat er slechts kleine
variaties optreden wanneer het aantal lagen in FLG (few layer graphene) gewi-
jzigd wordt en dat grotere variaties mogelijk zijn wanneer er mechanische spanning
in het grafeenkristal aanwezig is. In dit hoofdstuk heb ik ook laten zien dat de
sterkste variaties in de werkfunctie bekomen kunnen worden door FLG te doperen:
afhankelijk van het doperingsniveau en het aantal grafeenlagen kan de werkfunctie
over een groot interval gevarieerd worden (≈2eV).
In de volgende twee hoofdstukken (hoofdstukken 12 en 13) werd de nadruk verlegd
van fysisorptie naar chemisorptie. Met andere woorden, de bestudeerde adsorbaten
in deze hoofdstukken vormen covalente bindingen met de grafeenlagen. In hoofd-
stuk 12 werden 2 materialen onderzocht, namelijk grafaan en fluorografeen, die re-
spectievelijk bestaan uit een volledig gehydrogeneerde of gefluoriseerde grafeenlaag.
Er werden verschillende configuraties voor beide materialen onderzocht waarvan de
‘chair’-configuratie in beide gevallen de meest stabiele bleek te zijn. Een andere,
vrijwel onbekende, configuratie die de ‘zigzag’-configuratie werd genoemd heeft een
vormingsenergie die nauwelijks hoger is dan die van de ‘chair’-configuratie en zelfs
lager dan die van de beter gekende ‘boat’-configuratie. Fluorografeen blijkt veel
stabieler te zijn dan grafaan, wat vooral te wijten is aan een hogere desorptie energie
voor F2 in vergelijking met H2. Er werd ook aangetoond dat er structurele ver-
schillen zijn tussen grafaan en fluorografeen ten gevolge van de aanwezige ladingen
in fluorografeen. Wanneer de berekende eigenschappen van fluorografeen vergeleken
worden met beschikbare experimentele gegevens, bleken er sterke verschillen te zijn:
voor al de onderzochte configuraties werden grotere bandkloven gevonden en ook
de Young-modulus heeft een veel grotere theoretische waarde. Het werd beargu-
menteerd dat dit erop wijst dat de experimentele samples aanzienlijke hoeveelheden
defecten bevatten. De aard van deze defecten vereist echter bijkomende studies met
grotere supercellen.
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In hoofdstuk 13 werd de hydrogenering van een dubbele laag grafeen onderzocht.
De volgende vaststellingen konden worden gedaan: 1) een hydrogenering met een
limiet van 50 at. % is mogelijk door waterstofatomen aan beide kanten van de
dubbellaag te laten adsorberen, 2) in dat geval onstaan er chemische bindingen
tussen de twee lagen en 3) wanneer de limiet van 50 at. % bereikt wordt ontstaat
er een dubbellagig materiaal waarvan de elektronische eigenschappen gelijkaardig
zijn aan die van grafaan.
Het laatste gedeelte van de thesis handelt over de doorlaatbaarheid van grafeen-
membranen. De penetratie van een heliumatoom door perfect grafeen en grafeen
met defecten werd hiervoor onderzocht. De relaxatie van de grafeenlaag ten gevolge
van de impact van het heliumatoom bleek een zeer kleine invloed te hebben op de
hoogte van de potentiaalberg zodat deze verwaarloosd kon worden. Dit komt door-
dat de tijdsschaal voor relaxatie van grafeen groter is dan de tijdsschaal waarin de
interactie tussen het He atoom en het grafeenoppervlak zich afspeelt. De relaxatie
van de grafeenlaag gebeurt pas nadat het He-atoom zich terug verwijderd heeft van
het grafeenmembraan. De hoogte van de potentiaalberg voor penetratie vermindert
exponentieel met de grootte van aanwezige defecten in het grafeenmembraan, maar
het werd aangetoond dat de potentiaalberg voor kleine defecten nog steeds hoog
genoeg is om de ondoordringbaarheid van de grafeenmembranen te garanderen.
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Appendices

Appendix A

In case the system under study is a solid, there are a lot of nuclei and electrons to be
incorporated into the Schrödinger equation. A regular (3D) solid consists of roughly
1024 atoms/cm3 whereas for graphene (2D) there are about 1016 atoms/cm2. It
is impossible to include all these particles separately in any model but in case the
solid is a crystal we can make use of the translational symmetry.
Suppose the translational symmetry of the crystal is determined by the three prim-
itive translation vectors a1, a2, and a3. This means that the external potential
Vext, which consists of the sum of potentials of all the nuclei, is invariant under
any translation R = n1a1 + n2a2 + n3a3, with n1, n2, n3 ∈ Z, i.e.

Vext(r + R) = Vext(r) (A-1)

Consequently, the hamiltonian (3.6) is also invariant under these translations.
Defining the operator T̂R through its operation on a function f(r1, ..., rN ) as
T̂Rf(r1, ..., rN ) = f(r1 + R, ..., rN + R) it follows that

[Ĥ, T̂R] = 0. (A-2)

Furthermore, the application of two successive translations does not depend on
the order in which they are applied, i.e. all the translation operators T̂R commute.
Consequently, it is possible to choose simultaneous eigenfunctions for the operators
Ĥ and all T̂R. Although it is possible to derive a Bloch theorem for the many-body
wavefunction, we will switch now to the usual independent particle picture in which
the original Bloch theorem was derived [127]. The independent particle picture is
also the only one in which we are going to make use of the Bloch theorem. Moreover
it is more convenient, albeit not necessary, to introduce the Bloch theorem with
periodic boundary conditions:

(T̂a1)N1 = (T̂a2)N2 = (T̂a3)N3 = 1̂ with N1, N2, N3 ∈ N, (A-3)
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Let us take a closer look at the operator T̂R operating on the single-particle wave-
function ψ(r), which is an eigenfunction of Ĥ and all T̂R,

Ĥψ(r) = εψ(r) (A-4)

T̂Rψ(r) = tRψ(r) (A-5)

First T̂R has the property T̂RT̂R′ = T̂R′ T̂R = T̂R+R′ . A similar relation holds for
the eigenvalues tn of the translation operator

T̂RT̂R′ψ(r) = tRtR′ψ(r) = tR+R′ψ(r) = T̂R+R′ψ(r) (A-6)

So it is possible to write any eigenvalue of T̂n as

tR = (ta1)n1(ta2)n2(ta3)n3 . (A-7)

Therefore the problem is reduced to finding the explicit expressions for the eigen-
values of the translation operators corresponding with the primitive translation
vectors, {ai}. These can be derived from the periodic boundary conditions (A-
3) which imply that (tai)

Ni = 1. The are exactly Ni different solutions for this
equation,

tai
= ei2πm/Ni with m = 1, ..., Ni. (A-8)

It is very convenient now to introduce the concept of reciprocal space to express
the eigenvalues for an arbitrary translation operator T̂n.

With each lattice, determined by the primitive lattice vectors {ai},
there corresponds a reciprocal lattice determined by the reciprocal basis
vectors {bi} which are defined by ai·bj = 2πδij . Any point in reciprocal
space can be expressed in this basis.

If we define the vector k in reciprocal space as

km =
m1

N1
b1 +

m2

N2
b2 +

m3

N3
b3, (A-9)

we can write, using (A-7) and (A-8),

T̂Rψm(r) = ψm(r +R) = eikm·Rψ(r) (A-10)

For a crystal with around 1024 atoms N1, N2, and N3 become very large and,
consequently, the wavevector km can be written as a continuous variable, k,

km =
m1

N1
b1 +

m2

N2
b2 +

m3

N3
b3 −→ k = k1b1 + k2b2 + k3b3, (A-11)
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with k1, k2, k3 ∈ [0, 1]. It is easy to see that any function satisfying (A-10) can then
be written as

ψk(r) = eik·ruk(r) (A-12)

with uk(r) an arbitrary periodic function with the same periodicity as the lattice
uk(r + R) = uk(r). So the problem has been reduced to finding uk(r) in a single
unitcell for every k-point of reciprocal space. However, since the Bloch-states are
invariant for transformation of the form k → k + G (with G = m1b1 + m2b2 +
m3b3), we can restrict k to the so-called first Brillouin zone (1BZ) defined by

k ∈ 1BZ if |k + G| > |k| for any G. (A-13)
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