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Diamond has since many years been applied in electronic fields due to its extraordinary
properties. Substitutional dopants and surface functionalization have also been introduced in
order to improve the electrochemical properties. However, the basic mechanism at an atomic
level, regarding the effects of dopants and terminations, is still under debate. In addition,
theoretical modelling has during the last decades been widely used for the interpretation of
experimental results, prediction of material properties, and for the guidance of future materials.
Therefore, the purpose of this research project has been to theoretically investigate the influence
of dopants and adsorbates on electronic and geometrical structures by using density functional
theory (DFT) under periodic boundary conditions.
Both the global and local effects of dopants (boron and phosphorous) and terminations have
been studied. The models have included H-, OH-, F-, Oontop-, Obridge- and NH2-terminations on
the diamond surfaces. For all terminating species studied, both boron and phosphorous have
been found to show a local impact, instead of a global one, on diamond structural geometry
and electronic properties. Therefore, the terminating species only affect the DOS of the surface
carbon layers. In addition, Oontop-terminated (111) diamond surfaces present reactive surface
properties and display metallic conductivity. Moreover, the conductivity of the diamond surface
can be dramatically increased by the introduction of a phosphorous dopant in the lattice. The
work function of a diamond surface has also been found to be influenced to a large extent by
the various adsorbates and the dopant levels.
Diamond can also be used as a promising substrate for an epitaxial graphene adlayer. The
effects of dopants and terminations on the graphene and diamond (111) interfacial systems
have been investigated theoretically in great detail. The interfacial interaction is of the Van
der Waal type with an interfacial distance around 3 Å. The interactions between graphene
and a terminated diamond substrate were found to be relatively weaker than those for a nonterminated diamond substrate (even with dopants). For all interface systems between graphene
and diamond, a diamond-supported graphene adlayer without induced defects can still keep its
intrinsic high carrier mobility. A minor charge transfer was observed to take place from the
graphene adlayer to a non-terminated diamond substrate (with or without dopants) and to Oontop-,
OH- or Obridge-terminated diamond substrates. However, for the situation with an H-terminated
diamond surface, the electron transfer took place from the diamond surface to graphene. On the
contrary, an interfacial system with a non-terminated diamond surface offers a more pronounced
charge transfer than that of the terminated diamond substrates. A small finite band gap at the
Dirac point was also observed for the Oontop-terminated diamond-supporting graphene adlayer.
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1.Introduction

Computational modeling is nowadays one of the biggest research fields. Due
to the fast development of computational power, it has grown very rapidly
during the last decades. As a matter of fact, it has become a powerful tool in
the study of physical properties of materials, and in the design of new materials with outstanding performance. Ab initio calculations, which are based
entirely on quantum mechanics and basic physical constants, have undergone a dramatically development. Density Functional Theory (DFT) is one
of the most popular quantum mechanical methods.
In this thesis, the DFT method has been used as an analytical tool in the
prediction of electronic structures and properties of diamond, and diamondrelated materials, for applications in the field of electronics.
Diamond is a unique material. It has been known to human for over two
thousand years. The word “diamond” is originally taken from the ancient
Greek word “adámas”, which means “unbreakable”. When one talks about
diamond, it is usually associated with a quite expensive gemstone. This is
due to its extraordinary optical properties. Diamond is also known as the
hardest materials in the world. With its unique mechanical properties, diamond has been used in the manufacturing of cutting tools. Diamond, which
only consists of carbon atoms, is also called a formidable “carbon ceramic”,
which has been used in the field of electronic devices. In addition, there has
been a rapid development of synthesis methods for diamond production. The
progress in this field can reduce the production costs dramatically, and helps
to make further progress in the exploitation of applications for diamondrelated materials.[1, 2]

1.1 Structure of diamond
Pristine diamond consists only of the carbon element “C”. This element belongs to Group IV in the periodic table and has six electrons in the groundstate configuration: 1s22s22p2 . The C atoms sit at the positions of stable regular tetrahedrons, which repeatedly form the diamond lattice structure. Within this structure, every carbon atom has strongσcovalent bonds, with in total
four closest carbon neighbors (as shown in Figure 1.1). The two tetrahedrically bonded carbon atoms (one at (0 0 0) and the other at (1/4,1/4,1/4)) are
offset from one another, along a body diagonal, by one-quarter of length of
11

the unit cell in each dimension. This repeating pattern of eight atoms forms
the diamond cubic crystal structure. Other elements in Group IV, including
silicon and germanium, also share this structure. The C-C covalent bonds are
very strong in diamond, because all of the valence electrons in the carbon
atoms participate in forming the sp3 hybridized covalent bonds.
Graphite is another allotrope of carbon. It is formed by sp2 hybridized
bonds in a two-dimensional planar structure. The same element can thus
form quite different structures with varying properties. While diamond is the
hardest known natural material (with a large band gap), graphite is, relative
to diamond, a very soft material due to the weak interactions (of Van der
Waals type) between the flat sheets of each carbon layer.

Figure 1.1. The model of the unit cell of diamond. The carbon atoms are shown in
gray color.

1.2 Properties and applications
1.2.1 Basic properties
As presented above, diamond shows excellent hardness and strength. Hence,
it is used for applications in e.g., cutting, grinding, and polishing. The diamond material also possesses other attractive properties, for instance a high
thermal conductivity at room temperature, which is highest of any known
material.[3] This makes diamond a promising material for applications requiring an efficient heat transfer, e.g. heat sinks in electronics.[4] Diamond
is also chemically and biologically inert, as well as radiation hard withstanding high radiation levels.[5] Diamond does not react with most chemical
reagents including strong acids and bases at room temperature. Thus, diamond can be used in high temperature sensors.[6] In addition, the diamond
surface can also be passivated, or terminated, with other elements (H, O, F
and N). [7]
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1.2.2. Large band gap
The small size of the carbon atoms leads to short C-C bonds. Thus, there is a
large overlap of the electron orbitals of two adjacent C atoms. This will induce a large energy separation between the occupied bonding molecules
orbitals (MO) and the unoccupied antibonding MO in the valence band and
conduction band, respectively. This large separation in energy leads to a
wide band gap of 5.47 eV. Thus, diamond behaves as an insulator at room
temperature. This wide band gap makes it difficult for the electrons to transfer from the valence band to the conduction band. This circumstance induces
two specific properties of intrinsic diamond: a wide spectral transmission
range that indicates visual colorless (226 nm to far IR)[8] (which can be used
in optical lenses and in windows for manufacturing lasers), and high electrical resistivity (1015-1016 Ωcm)[9]

1.2.3 Electronic properties
Beyond its unique optical and mechanical properties, diamond also exhibits
other superior electronic properties like high carrier mobility (with defects
present in the lattice), low dielectric constant, controllable surface termination, and a high breakdown voltage.[10] In high-power applications, diamonds with its higher thermal conductivity outperforms traditional semiconductors (e.g. silicon).[10]
The excellent physical properties of diamonds can be used in electronic
devices. However, the diamond material with its intrinsic band gap (of 5.47
eV), and low electronic conductivity, has limited usage. One example is the
application where the diamond electrode will undergo reactions where the
energy needed is transferred from the solar spectrum. For these types of diamond-based electrons, the band gap has to be reduced by e.g. introducing
defects into the diamond lattice. The diamond material can be made semiconducting, by doping with boron (p-type), nitrogen (n-type) or phosphorus
(n-type) during the gas phase vapor deposition growth process. The impurities induced by these dopants, and their effect on the diamond properties,
will be further discussed in the following sections.

1.3 Preparation of diamond
Diamond can be found in nature and is also harvested by mining. Natural
diamond is formed deep in the earth’s crust at extreme conditions (high pressure and high temperature), which has lasted for over millions of years. The
tectonic processes have thereafter brought diamond closer to surface of the
earth. As opposed to natural diamond, synthetic diamond is an artificial material that was reproducibly grown for the first time in 1955.[11] The two
13

methods that have come to dominate the production of synthetic diamond are
the high-pressure high-temperature (HPHT) method and the chemical vapor
deposition (CVD) method.

1.3.1 HPHT
The High-Pressure and High-Temperature (HPHT) synthesis method mimics
the conditions of the growth of diamond in nature. By using this process,
diamond was successfully synthesized during the 1950s. In this process, high
pressures (e.g. 5 GPa) and high temperatures (e.g. 1800-2300K) are applied
to a ceramic chamber. Graphite, together with metal catalysts, will be compressed to thermodynamically form diamond. Due to the good reproducibility of the resulting mechanical properties of the diamond product, the HPHT
method has become quite popular for the manufacturers of cutting tools.
This original method is still in use due to the comparably low production
cost of the diamond.

1.3.2. CVD diamond
Unlike the HPHT method, the CVD process does not require high pressure.
In this low-pressure approach, diamond is grown in a vacuum chamber using
a hydrocarbon gas mixture. While the HPHT process is a more suitable
method for the preparation of diamond for industrial applications, the CVD
process is more flexible and simple and thereby quite popular for laboratory
research. The main advantage is that the CVD process allows for the production of diamond over large areas, on various substrates, and with possible
fine-tuning control of the impurities.
The fundamental problem in the CVD synthesis of diamond is the control
of the allotrope of carbon, which means in practice that one needs to suppress the appearance of sp2-hybridized carbon atoms. This can be realized by
establishing a gaseous atmosphere with a low concentration of the carboncontaining precursor (CH4) and a large excess of atomic hydrogen. A hot
filament, or plasma, is generally applied to activate the gas mixture of CH4
with a high concentration of H2 (> 90%). CH4–induced fragments, and radical H atoms, will thereby be formed in the chamber when growing diamond
films. The H radicals will react with both gaseous carbon-containing molecules, and diamond surface C-H bonds, thereby producing carbon based
radicals both in gas phase and on the diamond surface (as demonstrated in
Figure 1.2). The radical C atom on the diamond surface will thereafter react
with gaseous C-containing radicals in order to form diamond as a product. In
this process, the main role of the excess of radical hydrogens is to etch away
graphite (sp2-bonds). Another role is to uphold the cubic structure, preventing the surface to collapse to a graphitic structure.[12] With a careful control
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of the CVD growth parameters, the gas phase and surface reactions can be
surface kinetically controlled.

Figure 1.2. Representation of the chemical vapor deposition mechanism

1.4 Surface passivation
During the process of diamond synthesis, the resulting chemical properties
of the diamond surfaces will mainly depend on the number of surface radical
C sites (i.e., dangling bonds), and the adsorbed (especially chemisorbed)
species. The sp3 hybridization of the carbon atoms, leading to strong and
directional σ bonds, is decisive for the extreme physical properties of the
material. The existence of dangling bonds on the diamond surface will make
the diamond surface quite reactive. Moreover, the chemisorbed adsorbates
can uphold the sp3 hybridization of the topmost surface carbon atoms and
thereby prevent the diamond surface from being graphitized (i.e., preserving
sp3- over sp2-hybridized bonds). And this is partially the reason why a supersaturation of hydrogen is used in the reaction chamber during the CVD
growth of diamond[13]. The effect of surface termination, with various types
of termination species, is also to reduce the surface energy and thereby to
stabilize the surface. Moreover, the morphology and termination of the diamond surface is expected to markedly influence its electronic properties as
compared with the bulk material. For instance, the band bending of the surface-related conduction and valence bands is predominantly affected by the
15

surface termination. The band bending is the result of different electronic
charges and Fermi energies when comparing the bulk and the surface of a
specific material. The surface Fermi energy is determined by the reconstructed structure of the surface, and also by the surface terminated species.
In addition, the chemisorbed species will have the ability to influence other
types of chemical and electronic properties of diamond[7, 14], such as the
field emission characteristics[15], surface wettability, broad-band infrared
reflectivity and conductivity[16], as well as the surface electrochemical
properties.[17] Thus, intentional passivation of the diamond surface will
allow for a better control of the material quality and the properties of diamond.
Within the present work, the following species have been used for surface
termination: H, Oontop, Obri, F, OH and NH2. Hydrogen-termination is usually
obtained as a result of CVD growth with a supersaturation of hydrogen radicals in the reactor. Hydrogen terminated diamond surfaces have been found
to be hydrophobic[18], and the contact angles of hydrogen terminated diamond in an atmospheric environment are typically around 90°.[19] The
hydrogen terminated diamond surfaces are believed to be stable under atmospheric and aqueous conditions. Moreover, hydrogen termination will
generate an accumulation of electron holes (p-type doping) within the diamond surfaces, which is directly coupled to an electron transfer towards the
atmospheric adlayer (that contains oxidative species like hydronium ions and
oxygen). This is, hence, an electrochemical reaction. This charge transfer
will induce a surface conductivity of 10-5Ω-1 at room temperature[20]. At the
same time, an H-terminated diamond surface shows a negative electron affinity (NEA). This is due to polarized surface C-H bonds. The NEA means
that the surface conduction band minimum is positioned above the vacuum
level. On the contrary, most of the terminated surfaces have a conduction
band that is positioned below the vacuum level, i.e. a positive electron affinity. Thus, once the H-terminated diamond electrons are excited into the conduction band, they will escape into the vacuum (i.e., without any barrier).
This can be detectable as a sharp narrow peak in a photoemission
spectrum.[21, 22]
Hydrogen terminated diamond surfaces are quite stable. However, with
time, the surfaces will be oxidized to generate oxygen terminated diamond
surfaces.[23] Oxygen terminated surfaces can also be achieved by treatments
in an oxygen plasma, by oxidative acid treatment, or by wet oxidation. The
oxygen termination can be in the form of Csurface-OH, Csurface-O-Csurface, Csurface=O, as well as Csurface-COOH. These oxygen-containing groups can be
identified by x-ray photoelectron spectroscopy (XPS). As a result of oxygen
termination, the diamond surface conductivity will vanish. Moreover, oxygen terminated diamond surfaces generally show hydrophilic properties, but
this depends on the type of terminating O-group[24]. An O-terminated diamond surface shows a positive electron affinity, and exhibits fast heteroge16

neous electron transfer. At the same time, the diamond surface can maintain
a low background signal with a wide extended solvent window property[25].
It should also be mentioned that the reactivity of the O-terminated diamond
depends strongly on the type of O-group. Different chemical routes can be
used to link functional groups to these O-group adsorbates, for e.g., electroanalytical applications.[26]
Fluorine termination will, compared to H-termination, result in even more
strongly hydrophobic diamond surfaces. F-terminated diamond can be obtained after exposure to fluorine radicals. Fluorine terminated surfaces will
also exhibit exceptional electrochemical properties, such as a lower electrocatalytic activity, a wide electrochemical potential window and low background currents.[17, 27]
NH2-terminated diamond can be obtained by exposing a H- (or Cl-) terminated diamond to NH3 gas under UV radiation. The NH2-adsorbate can be
used as a linker for further modification of the surface. For example, an
amine-functionalized diamond surface can be modified by DNA with superior chemical stability [28], and can also be used as a functionalized surface
for biosensor applications.[29]
All these interesting properties of terminated diamond surfaces make it
clear that surface termination is very important for applications in which
diamond can function as an electrode material. The relative reactivity of the
various diamond surface planes, terminated with either H, Cdiamond-O-Cdiamond
(Obridge), Cdiamond=O (Oontop), F, OH or NH2 (shown in Figure 1.3), are therefore crucial to study from an atomic-level point of view, and has therefore be
addressed in the present thesis.

Figure 1.3. Six different types of surface-terminated species, chemisorbed onto a
diamond (111) surface: (a) Oontop, (b) OH, (c) F, (d) Obridge, (e) NH2, and (f) H.
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1.5 Dopants
The extraordinary properties of the diamond material make it promising to
be used as a semiconductor. However, it is quite necessary to induce some
impurities (i.e., dopants) into the diamond lattice. Boron (B), nitrogen (N)
and phosphorus (P) are the most commonly used dopants introduced into the
lattice during the growth process. The dopants in diamond are substitutional
impurities, which occur when a carbon atom is replaced by another atom.
Hence, the dopant will just replace a diamond carbon atom. The dopant will
introduce a new donor or acceptor state in the diamond lattice. The band
alignment of doped diamond is schematically illustrated in Figure 1.4.

1.5.1 Boron
Boron can easily be introduced substitutionally into the diamond lattice by
adding boron containing molecules (e.g., diborane B2H6 or trimethyl borate
B(OCH3)3) into the gas mixture during the CVD growth process. For a low
concentration of boron dopants, the acceptor level has an activation energy
of 0.37 eV. [30] At higher boron concentrations, a band broadening of the
acceptor levels will occur. When this broadened band overlaps with the valence band, the insulator-metal transition takes place.[31] Moreover, heavily
boron doped diamond shows a superconducting behavior.[32]
When introducing boron into diamond during thin film deposition, the boron dopant will thereby cause an electronic conductivity leading to extraordinary electrochemical properties.[33] Thus, boron-doped diamond surfaces
are nowadays used for a variety of electronic and electrochemical applications.[34, 35]

1.5.2 Nitrogen
Doping with nitrogen in diamond gives rise to an n-type semiconductor.
Nitrogen is the most common dopant in diamond since nitrogen is most easily incorporated into the diamond lattice. It has been found that nitrogen within the gas phase will affect the CVD growth rate of diamond.[36] The extra
electron in nitrogen, as compared to the carbon atom, gives rise to the n-type
behavior. Thus, the nitrogen dopant acts as a donor at a deep energy level;
1.7eV below the conduction band minimum (CBM).[37] Unfortunately, this
deep level makes it difficult for diamond to donate electrons from this band
gap state to the conduction band at room temperature. The low mobility of
nitrogen doped diamond limits its usage for electronic applications. Thus, a
new n-type dopant with a donor level closer to the CBM is desired.
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1.5.3 Phosphorous
In order to obtain a closer donor level to the CBM, the attention has turned
to the next Group V element: phosphorous. The phosphorous dopant is acceptably soluble in the diamond lattice, and its ionization level is 0.6 eV[38].
Phosphorus doped diamond was first grown in 1995, and the n-type conduction of P-doped diamond was confirmed by Koizumi et al. [39]. Today, it is
possible to grow high-quality phosphorous doped diamond with an electron
mobility as high as 660 cm2/(Vs) at room temperature[38]. The phosphorous
atom has a larger radius when compared to the carbon atom. Thus, when
phosphorous is substitutionally replacing the carbon atom in the diamond
lattice, a large outward lattice-distortion will be induced. This large elastic
distortion makes the doping process thermodynamically unfavorable, which
in turn explains the low (but still acceptable) solubility of phosphorous in the
diamond lattice.[40]

Figure 1.4. Band gap states in diamond doped with boron, nitrogen and phosphorous, respectively.
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1.6 Aims
The aim of the projects that are presented in this thesis has been to achieve a
fundamental understanding of the properties of diamond related materials for
electronic device applications. During recent years, theoretical modeling has
proven highly useful tools for prediction and explanation of experimental
results. Simulation of diamond surfaces, with their properties, can thus aid to
understand relevant basic mechanisms at an atomic level. The structural and
electronic properties of diamond related materials have in the present thesis
been investigated using DFT methods at an atomic level of accuracy.
Effect of dopants and terminations
Diamond, as a material, has many extraordinary properties. However, the
large band gap of 5.4 eV has limited its usage for electronic devices. Therefore, dopants (i.e., impurities) have been introduced into the diamond lattice
in order to circumvent this limitation. It has during the years been proven
that the incorporation of dopants into the diamond lattice will dramatically
change the geometrical and electronic properties of diamond. Thus, boron
doped diamond (111) surfaces, and phosphorous-doped diamond (100)-2x1
surfaces, have here been studied using Density Functional Theory (DFT)
under periodic boundary conditions. The low-index (111) and (100) planes
are the most frequently obtained ones on the surface of CVD-grown diamond. The purpose has therefore been to get a deeper understanding of the
energetic stability, surface reactivity, and electronic properties after boron
(or phosphorous) doping and for variously terminated diamond surfaces. The
models used in the present calculations have included H-, OH-, F-, Oontop-,
Obridge- and NH2-terminations of the diamond surfaces. These systems have
been compared with nonterminated diamond surfaces. The main goal has
been to make a structural, energetic and electronic investigation of the combined effects of boron (or phosphorous) doping and the termination type.
Moreover, the underlying causes to the observed effects have been carefully
analyzed in detail.
Interfacial systems with graphene on diamond surfaces
Graphene, with its two-dimensional structure, is a quite promising material
due to its unique electronic properties.[41-44] However, when graphene is
applied to electronic devices, the supporting substrate might induce some
defects, which may destroy the remarkable properties of graphene. Thus,
diamond, consisting of only carbon atoms, has been suggested to be used as
a substrate for epitaxial graphene. The interfacial systems composed of graphene on top of non-doped, and boron (or nitrogen) doped diamond, as well
as for differently terminated diamond (111) substrates, have here been stud20

ied using a DFT method under periodic boundary conditions. Five different
terminations have been considered: H-, F-, Oontop-, OH- and Obridgeterminations. The boron, or nitrogen, dopants within the diamond lattice can
cause defects in the diamond electronic structure. The terminating species
can also influence the electronic structure of the diamond surface. It is therefore quite interesting and important to investigate if these defects and adsorbates also affect the interaction between graphene and the diamond substrate. More specifically, the purpose is to study the stability and electronic
structure of graphene on various diamond interface systems.
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2. Theoretical background

In the present thesis, the geometrical and electronic properties of different
diamond surfaces, as well as of graphene have been theoretically studied.
The work included in this thesis was carried out by means of density functional theory (DFT). The DFT method is at present one of the mostly popular
and relatively accurate ab initio calculation methods. In this chapter, the
basic information regarding the concepts of computational methods employed in the present thesis is presented.

2.1 The Schrödinger equation
In solid-state systems, a number of particles with different masses and
charges are interacting with each other. The understanding and calculation of
the total energies and physical properties become a complex many-body
problem. For solving such a many-body problem, the Schrödinger equation
is the basic tool. For a system consisting of N electrons and M nuclei, the
Schrödinger equation is given below:
(2.1)

Hψ(r! , r! , … r! , R! , R ! , … , R ! ) = Eψ(r! , r! , … r! , R! , R ! , … , R ! )

where E is the total energy, H is the Hamiltonian describing all interactions,
ri and Ri are the electronic and nuclear positions, and
  ψ(r! , r! , … r! , R! , R ! , … , R ! )  is the total wave function (which contains
information about the nuclei and electrons in the system). In the many-body
system, the Hamiltonian operator can be expressed as follows:
𝐻=−

ℏ!
!

!
! ∇!
!!! !

!

   −

ℏ!
!

! ∇!
!!! !

T ! + T ! + V !! + V !! + V !!

!
!

+

!
!

!
! !! !! !
!!! ! !!
!
!

+

!
!

!

!
!
!!! ! !!
! !

+

!
!,! !! !
!,! ! !!
!
!

=

(2.2)

where ℏ is the Planck constant, and M! , R !   and Z! are the masses of the nuclei, the corresponding position and nuclear charges, respectively. Moreover,
m! and r!   are the mass and position of the electron, respectively, while e and
Z denote the electronic charge and atomic number. The first term in the
equation represents the kinetic energy of the nuclei (TN), whereas the second
term represents the kinetic energy of the electrons (Te). The terms number
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three and four represent the nuclei-nuclei repulsion (VNN) and the electronelectron repulsion (Vee), respectively. The last term corresponds to the attractive interaction between the electrons and nuclei (VNe), which is described as
an external potential for the electrons. However, the exact solution to
Eq.(2.1) is only possible for H and He2+. In solids and molecules, an exact
analytic solution for a many-body system is not possible. Therefore, a numerical approach with approximations has to be introduced.

2.2 Born-Oppenheimer approximation
The motion of the nuclei is much slower than the motion of the electrons.
This is due to the fact that the mass of the electron is much smaller than that
of the nuclei. In the Born-Oppenheimer approximation, it is assumed that the
electrons are moving in the field of fixed nuclei. Thus, this implies that the
nuclei are ‘frozen’ at certain positions in space, and as such will act on the
electrons with an external potential, Vext. With the Born-Oppenheimer approximation, the Hamiltonian describing the electron can be written as follows,
𝐻! = −

ℏ!
!

! ∇!
!!! !

!
!

+

!
!

!!
!
!!! ! !!
! !

+

!
!,! !! !
!,! ! !!
!
!

= T + U + V !"#

(2.3)

In this form, the total energy of the electronic structure is dependent on the
atomic coordinates and can be minimized by moving the atoms to their equilibrium positions. However, it is still impossible to exactly solve the problem
of an interacting many-body system in the form of electron-electron interactions (see the second term in Eq. 2.3). Thus, another type of approximation
that can be used is to approximate the wave function with one Slater determinant (as is done in the Hartree-Fock method).[45] For molecules, HartreeFock provides an excellent starting point as compared to many other methods. However, the problem with this method is that it neglects electronelectron correlations, and that it does not obey the Pauli’s exclusion principle
(i.e. that two electrons cannot exhibit the same state). This leads to large
deviations from experiment results. In the following section, the density
functional theory (DFT) will be introduced, which is a method where one
projects the many-body problem onto a single-body problem. The DFT
method is a relatively low-cost method with which it is possible to solve the
many-body problem. This approach has therefore been used as the main
computational method in the present thesis. In the coming section, a more
detailed description of DFT will be given.
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2.3 Density functional theory
In order to solve the many-body Schrödinger equation, density functional
theory (DFT) is usually implemented as an effective single particle method
by using the theorems of Hohenbergy-Kohn and Kohn-Sham.[46, 47] DFT
describes the properties of a many-electron system by using a functional,
which is spatially dependent on the electron density.

2.3.1 The Hohenberg-Kohn theorems
The core theorem of DFT is based on the Hohenberg-Kohn theorems. This
theorem is based on two fundamental theorems:
Theorem I: For any many-body system of interacting electrons exposed to
an external potential V!"# r , the ground state particle density n! (r) determines the external potential V!"# r uniquely. It indicates that the groundstate property is a unique functional of the ground state electron density
n! (r).
Theorem II: A universal total energy functional E n can be defined in terms
of a particle density n(r) with the external potential V!"# r . For any particular V!"# r , the ground state energy of the system is the global minimum
value of the energy functional, and the density, which minimizes the functional, is the exact ground state density n! (r).
The total energy function is as follows:
E n(r) = F!" n(r) +

drV!"# r n(r)

(2.4)

where F!" n(r) describes the electronic kinetic energy and all electronelectron interaction terms. Theorem I emphasizes the importance of the
ground-state density, which can determine all the ground-state properties of
a system. The term F!" n(r) in Theorem II is a universal functional which
is the same for any N-electron system. The external potential V!"# (r) is
unique and depends on the specific system. Thus, in this case, the Hamiltonian is fully determined by V!"# (r), which in turn is fully determined by the
ground-state particle density n0(r).

2.3.2 Kohn-Sham equations
The Kohn-Sham (KS) ansatz[47] transfers the N-particle interacting problem
into one particle non-interacting problem. According to Kohn-Sham, the
ground state density of the system is assumed to be described by noninteracting systems subjected to one effective potential V r! :
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V r = V!"# r +

!
!

!!
!!! ! !!
! !

+

δ!!" !(!)
δ!(!)

(2.5)

where the V!"# r is the external potential acting on the interaction system,
the second term presents the electron-electron coulomb interaction and the
third term is the exchange-correlation potential which includes all the manybody effects of exchange and correlation. The only part that needs to be
evaluated is the exchange correlation functional  E!" n(r) which accounts
for the difference between the many-body problem and the single-particle
problem. The effective potential depends on the electron density, which depends on the K-S orbitals, which, in turn, depends on the effective potential.
Thus, in order to find the ground state, the electron density-dependent KohnSham equation has to be solved in a self-consistent way.

2.4 Exchange-correlation functional
In order to formulate and solve the exchange-correlation functional, some
approximations have to be made[48]. The E!" n(r)   can be split into two
parts: the electron exchange and electron correlations. The two most commonly used approximations for the exchange-correlation functional are presented below.

2.4.1 The local density approximation (LDA)
In the LDA theory, the exchange-correlation energy of an electron is considered in a local uniform electron gas.[49] The simple analytical definition is
as follows:
!"#
E!"
n =

d! rn r ε!"#
n r
!"

(2.6)

where ε!"#
n r is the exchange-correlation energy density within a ho!"
mogenous gas with density n(r). In the local density approximation, the electrons are subjected to a constant external potential. Thus, the charge density
is constant. The usage of LDA can give reasonable results for systems with a
slowly varying electron density. However, LDA also has some drawbacks.
For instance, LDA is inclined to overbind atoms and to overestimate the
cohesive energy in the system.[50]
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2.4.2 The generalized gradient approximation (GGA)
In the GGA approximation, the exchange-correlation energy contains information about the electron density, including the gradient of the electron density. The GGA approximation can be expressed as:
!!"
E!"
=

d! rn r ε!!"
!" (n r , ∇n(r) )

(2.7)

In the GGA approximation, the gradient of the density ∇n(r) replaces the
local density n(r). Depending on the way the gradient of the density ∇n(r)
has been expanded, a number of functionals within the GGA family have
been developed. The Perdew, Burke and Ernzerhof (GGA-PBE) and Perdew
and Wang (PW91) approaches represent the two most commonly used functionals[51, 52]. The GGA method gives better prediction of binding and
dissociation energies, especially for systems containing hydrogen.

2.5 Supercell approach
Within the DFT methods, the calculations are most often performed under
periodic boundary conditions. Thus, the models are built in supercells in
order to implement the calculations in periodic systems.
When using the supercell to construct a model with a single defect (such
as a dopant or vacancy), the single defect would end up as infinite defects.
Therefore, the separation between the defects has to be sufficiently large to
eliminate spurious interactions between periodic images. When studying the
surface structures, the vacuum layer in the z-direction on top of the surface
must be large enough to avoid artificial interactions between the different
slabs. Simple test-calculations can be done to make sure that these types of
interactions are kept to a minimum. However, the supercell cannot be set too
large, and the number of atoms in the supercell cannot be too many, because
the computational time is proportional to N3 (where N is the number of electrons in the supercell model).

2.6 Plane wave basis sets
Plane waves are often the most used basis set for calculations under periodic
boundary conditions. The electronic wave function is expressed as a linear
combination of plane waves:
𝜓!𝒌 (𝐫) =

! 𝑎!,𝐤

+ 𝐺 !"#(!(𝒌!𝑮)∙𝒓)

where k is a wave vector and G is a reciprocal vector.
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(2.8)

The Kohn-Sham equation will thereby take the following form in the reciprocal space:
ℏ!
! ′ !!

𝑘 + 𝐺|𝛿!! ′ + 𝑉!"# (𝐺 − 𝐺 ′ ) + 𝑉!"!# (𝐺 − 𝐺 ′ ) +

𝑉!" (𝐺 − 𝐺 ′ ) 𝑎!,𝐤!𝑮′ = 𝜀! 𝑎!,𝐤!𝑮′

(2.9)

where 𝑉!"# , 𝑉!"!# , and 𝑉!" are the electron-nuclei, electron-electron and exchange-correlation functionals (which are described in terms of their Fourier
transforms).
According to Bloch’s theorem, the wave function can be expanded into a
discrete plane wave basis set at every k-point. In principle, it needs infinite
plane waves for the expansion, but one can use finite plane waves with G ≤
Gmax by setting the cutoff energy to a certain value.
𝐸!"# =

!
ℏ! !!"#

!!!

(2.10)

A reduction of the cutoff energy can result in a calculated total energy that
differs from the exact value, while an increase in the cutoff energy will improve the computational accuracy. However, an increased cutoff energy will
result in an increased computational time. Thus，the cutoff energy should be
set to a sufficiently large value to make sure that the total energy can converge within the required tolerance.

2.7 Pseudopotential description
A plane wave basis set can be used for electronic structure calculations for a
system. However, the description of core electrons in an atom requires a
large number of basis functions. Meanwhile, the inner electrons do not take
part in the formation of the chemical bonds. A pseudopotential is hence introduced as an effective potential function that replaces the inner electron
densities and enables the use of a smaller number of plane wave basis functions. It gives wave functions with the same shape as the all-electron wave
function outside the core region but with fewer nodes inside the core region.
Pseudopotentials are derived from all-electron DFT methods (e.g., via
Norm Conserving Pseudopotentials) that treat core and valence electrons on
an equal footing. However, in the pseudopotential description, the ‘true’
potential in the core regions is replaced with a much weaker pseudopotential;
the ion cores are in fact considered to be frozen. That is, it is assumed that
the ion cores will not be involved in the chemical bonding during the calculations. The two most widely used pseudopotential forms are the normconserving pseudopotentials[53] and ultrasoft pseudopotentials[54].
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For norm-conserving pseudopotentials, the effective potential is described
under the condition that the norm of pseudo-wavefunctions is to be identical
for all electrons within the cut-off radius, rc while the so-called ‘Soft pseudopotentials’ require fewer plane waves. Ultrasoft pseudopotentials relax the
norm conservation constraint in order to generate even softer pseudopotentials.[54] In the ultrasoft pseudopotential description, the pseudowavefunctions are set to be as soft as possible within the core regions, and
thus the cutoff energy can be largely reduced. That is, it would reduce the
computational cost even more. At the same time, the ultrasoft pseudopotential algorithm can also guarantee a good scattering over a pre-specified energy range, which induces even better transferability and accuracy of the pseudopotentials.

2.8 Self-consistent electronic minimization
Self-consistent electronic minimization is one of the most efficient methods
for electronic relaxation. In the software used in this thesis (i.e. CASTEP
(from BIOVIA, Inc.), this method is based on density mixing and minimizes
the sum of electronic eigenvalues at a fixed potential[55]. At the end of the
minimization, the new charge density will mix with the initial charge density. This procedure will be repeated until convergence is reached.
There are several methods for density mixing:
1. Linear mixing; the new charge density is a linear combination of the densities of the input and output from the last iteration.
2. Kerker mixing; the new density is obtained based on the following equation:
!!
ρ!"# G = ρ!" G + A ! !
ρ!"# G − ρ!" G
(2.11)
! !!
!"#

where G is the cutoff wave-vector and A is the mixing amplitude.
3. Pulay’s scheme; this is the most efficient scheme. In the Pulay scheme,
the new input density is a linear combination of the densities from all previous steps. Thus, the new density is determined not only by the mixing amplitude A and cutoff wave vector G, but is also depending on all previous iterations.
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4. Broyden mixing; this method uses a quasi-Newton relaxation instead of a
DIIS minimization of the residuals. It is otherwise quite similar to the Pulay
scheme.
The CASTEP software also supports a more traditional method for electron
relaxation, which uses the minimization of the total energy. The electronic
wave function is expressed by a plane wave basis set and the expansion coefficients are varied in order to minimize the total energy. This minimization
can use an all-band scheme that allows an update of all wave functions at the
same time (instead of an optimization of every isolated wave function). The
all-band method is the only scheme that supports the ultrasoft pseudopotential implementation.

2.9 TS-vdW description
The vdW interactions are not properly described by the standard DFT methods. Thus, semiempirical dispersion-corrections have been introduced in
order to improve the non-bonding interactions in the standard DFT description. [56-58] For this purpose, the Tkatchenko-Scheffler van der Waals (TSvdW) [59] scheme, and the OBS (Ortmann, Bechstedt, and Schmidt) [57]
scheme, have been implemented in the present thesis in the semi-empirical
dispersion correction methods. These semi-empirical dispersion corrections
have been shown to improve the non-covalently bonding interactions, and
thereby to account for the relative variation in dispersion coefficients for
differently bonded atoms. [57, 59] The dispersion-corrected total energy
Etotal is described as
E!"!#$ = E!"# + s!

!
!!!

!
!!! f(S!

R!!" , R !" )C!,!" R!!
!"

(2.12)

where E!"# is the standard DFT total energy. The other terms describe the
semiempirical dispersion-correction energy. The E!"!#$ sum covers all N
atoms in the system. For a long range order, the potential for the dispersion
of interatomic interaction is given by the C!,!" R!!
!" term. The parameter  C!,!" ,
which is a material-dependent factor, is the dispersion coefficient for an atom pair i and j, at the distance Rij. Moreover, the damping function  f(R!!" , R !" )
is used with the purpose to match the long-range to the short-range expression. For the short to medium range, the function of dispersion interaction is
modified by the parameters si and SR. In the existing schemes, heteronuclear
R!!" and C!,!" coefficients are approximated from semiempirically determined
homonuclear parameters.
The TS-vdW method has earlier been applied to improve the description
of weakly bonded systems (when using the DFT method)[60, 61]. The OBS
correction, which is based on the asymptotic London dispersive forces and a
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damping function for each pair of atoms, is universally applicable to systems
independent of their characteristic bonding[57]. Within these schemes, the
molecular C6,ij coefficients and the Van der Waals radii, Rij, are obtained
from DFT ground-state electron density calculations with reference values
for the free atoms.

2.10 Mulliken population analysis
An electron bond population analysis has in the present thesis been performed using a projection of the PW states onto a localized basis set (using a
method developed by Sanchez-Portal et al. [62]). The population analysis of
the resulting projected states has then been implemented by using the Mulliken formalism.[63] It is based on the linear combination of atomic orbitals
(LCAO), and thus on the wave function of the molecule. Within this method,
the electrons are partitioned to the atoms based on the nature of the atomic
orbitals’ contribution to the molecular wave function. The LCAO basis set
provides a natural way of specifying properties such as atomic charge, bond
population, and electron transfer. Within the software used in the present
thesis, the Mulliken charges and bond populations have been calculated according to the formalism described by Segall et al.[64, 65].

2.11 Fukui functions
The Fukui function describes the electron density in a frontier orbital, induced by a minor change in the total number of electrons. The Fukui functions over a specific surface area are thereby generally used in visualizing
the surface reactivity. Parr and Yang [66, 67] improved the frontier orbital
theory introduced by Fukui[68, 69], whereby it became possible to calculate
the so-called Fukui functions:
      𝑓 𝑟 =

𝛿𝜌 𝑟
𝛿𝑁

(2.13)

𝑉

where N is the total number of electrons in the system, and 𝜌(r) is the electron density at a certain position for a fixed external potential, V. There are
three different Fukui functions, which are denoted f0, f+, and f , respectively.
They correspond to the surface reactivities towards a radical, electrophilic
and nucleophilic attack, respectively (see Equation. 2.12 and 2.13).
𝑓 ! (𝑟) = (
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!"(!) !
)
!" !(!)

=    lim!→!!

!!!! (!)!!! (!)
!

(2.14)

𝑓 ! (𝑟) = (

!"(!) !
)
!" !(!)

=    lim!→!!

!! (!)!!!!! (!)
!

(2.15)

When an extra electron is added to a molecule, the electrons prefer to go to
positions for which 𝑓 ! (𝑟) is large, because these are the positions for which
the molecule is most prone to stabilize the additional electron. Thus, a molecule is susceptible to nucleophilic attack at the locations where 𝑓 ! (𝑟) shows
a large value. Likewise, a molecule is susceptible to an electrophilic attack at
the locations where 𝑓 ! (𝑟) shows a large value, because these are the places
where electron removal destabilizes the molecule the least. The Fukui function for a radical attack, f0(r), is simply the average of f ! r and f ! (r). In
DFT calculations, the Fukui functions are important indicators for electron
transfer controlled reactions.
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3. Effects of dopants and surface adsorbates on
diamond surface properties

In this section, we have theoretically studied the effect of dopants (boron and
phosphorous) and surface terminations on diamond surfaces properties. The
adsorbates have been experimentally proven to be quite important for, e.g.,
applications based on surface electrochemistry. With the purpose to get information about how the dopants and different adsorbates affect the surface
properties, adsorption energies for various terminating species have been
calculated. The electronic structures of different surface systems have also
been carefully analyzed at the atomic level.

3.1 Effects of boron doping and surface terminations on
diamond (111) properties
3.1.1 Adsorption energy and surface geometry
The averaged adsorption energies have been calculated using Eq. 3.1;
𝐸!"#.!"# =

!
!

𝐸!"#$%&' − 𝐸!"#$!!"# − 𝑛𝐸!       

(3.1)

where 𝐸!"#$%&'    is the total energy for the surface with different terminations, 𝐸!"#$!!"# is the total energy for a non-terminated surface, n is the
number of a specific terminating species within the super-cell, and 𝐸! is the
total energy of the adsorbing gas-phase species (i.e., Oontop, Obridge, OH, H, F
and NH2). This averaged value gives information about the more global effect by the boron (or phosphorous) dopant (i.e., for the whole surface slab
within the supercell). In addition, the adsorption energy 𝐸!"#,!"!"   of an individual terminating species in the closest vicinity to the boron dopant, was
also calculated in order to receive information about the more local effect of
the latter dopant;
𝐸!"#.!"#$ = 𝐸!"#$%&' − 𝐸!"#$%"& − 𝐸!

(3.2)

where 𝐸!"#$%&' is the total energy of the terminated surface, 𝐸!"#$%"& is the
total energy of the otherwise terminated surface with a radical bare site in the
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supercell, and 𝐸! is the total energy of the adsorbing gas-phase species (i.e.,
O, OH, H and F).
The adsorption energy and geometry of boron and non-doped diamond
(111) surfaces, with different surface terminations, have been studied in Paper I. Five different types of surface-terminations were considered, as well
as the effect of boron doping. In the present study, we only consider 100%
coverage of the adsorbates. However, O-O bridge bonds for 100% coverage
of Obridge-termination on diamond (111) would break and give rise to Oontop
formations. Thus, we will not consider the model of Obridge-terminated diamond (111) in the present investigation. In general, no significant global
effect by boron doping has been observed from an energetic point view (see
Table 3.1). The averaged adsorption energy differences for the boron and
non-doped diamond surface were shown to be small (between 0.02 and 0.06
eV). However, an apparent local effect can be noticed since the energy difference for the last adsorbed species (on an otherwise completely terminated
surface) is relatively large (between 0.10 and 0.94 eV). Therefore, the boron
dopant will induce a weak effect on the neighboring atoms, including the
adjacent adsorbates. Also, the averaged adsorption energy clearly shows that
the Oontop is the most favorable termination type, while OH is the least favored one in stabilizing the diamond (111) surface.
Table 3.1 Average adsorption energies (eV per adsorbate), and adsorption energies
for the last species (eV) (for an otherwise 100% terminated surface), for both boron
doped and non-doped diamond (111) surfaces.
Surfaces
Non-doped
B-doped

Species

H

OH

Oontop

F

Average
Last species
Average

-4.34
-4.38
-4.28

-3.86
-3.43
-3.82

-5.06
-4.90
-5.04

-4.58
-4.27
-4.52

Last species

-3.44

-3.33

-4.28

-3.34

The effect of dopant and different termination types on the surface geometry
has also been studied (see Table 3.2). In general, the electron redistribution
would be introduced when a four-valence carbon atom is replaced by a
three-valence boron atom. After the geometry optimization, all boron-carbon
bonds were elongated to some extents for the boron doped, and also for the
terminated, diamond (111) surfaces. The longest distance between the boron
dopant and its bonding C3 atom is 1.946 Å for the non-terminated diamond
surface. The other boron-C1 bond lengths for a non-terminated diamond
surface are in the range (1.510-1.512 Å). The reason for these results is most
probably the preferred valence electron configuration by the boron atom
(forming three valence bonds). In addition, for the adsorbate-carbon surface
bonds in the vicinity of the boron-doping element, there was an obvious
influence of the boron dopant. A bond lengthening was observed for the H-,
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F-, and OH-terminations, while a shortened bond length was observed for
the Oontop-termination.
Table 2. Bond lengths (in Å) for non-terminated, or completely H-, OH-, O- or Fterminated, boron doped diamond (111) surfaces.
B-C1a*

B-C1b*

B-C1c*

B-C3*

H

1.583

1.596

1.574

1.624

OH

1.595

1.585

1.563

1.583

Oontop

1.630

1.652

1.654

1.578

F

1.572

1.604

1.563

1.590

bare

1.512

1.510

1.510

1.946

*B: Boron atom within the second diamond carbon layer; C1a, C1b, C1c: Carbon atoms in the
first diamond carbon layer, directly binding to the boron atom; C3: Carbon atom in the third
diamond carbon layer, directly binding to the boron atom.

3.1.2 Study of electronic structures
As can be seen in Figure 3.1, for all boron doped diamond surfaces investigated, a weakening of the boron-Csurface bonds has been observed. In addition, this bond weakening effect is further supported by the total electron
density maps which all demonstrate a lower electron density along the boron-Csurface bond (see Figure3.1). The boron-Csurface bonds for the Oontopterminated surfaces showed the absolute lowest electronic density; as compared to the other three surface termination types (H, OH, and F). In addition, the Oontop adsorbate was found to bind hardest to the surface. The fluorine and hydrogen terminated surfaces showed a slightly less electron density along the boron-Csurface bond. For the situation with an OH-terminated
surface, the electron density of the boron-Csurface bond was found to be very
similar to for the surrounding C-C bonds (Figure 3.1b). There is a strong
correlation with the adsorption energies (See Section 3.1.1).
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Figure 3.1 2D slices showing the total electron density (ρ, in units of eÅ-3) distribution maps for the boron atom and the two binding surface carbon atoms for a) Hterminated, b) Oontop-terminated, c) Fluorine terminated, and d) OH-terminated diamond (111) surfaces. The gray colored spheres are carbon atoms, while the pink
colored ones are boron atoms.

The Fukui functions give qualitative information about the susceptibility of
electrophilic, nucleophilic or radical attacks at the various surface sites. As can
be seen in Figure 3.2, the hydrogen terminated surface showed rather smaller
values of the Fukui functions. For the situation with an OH-terminated surface,
the O atoms displayed a large susceptibility a nucleophilic attack, and a very
low susceptible for a radical attack. The fluorine terminating adsorbates closest to the boron dopant (especially one of them) were found to display a large
susceptibility to a nucleophilic attack, and a very minor susceptibility to a
radical attack. However, in the case of an Oontop-terminated surface, 50% of the
Oontop-adsorbates show a high susceptibility towards an electrophilic attack,
while the remaining 50% of the Oontop-adsorbates displayed a very high susceptibility to a nucleophilic attack. Due to its one-unpaired electron, the radical O adsorbates will be very reactive and will thus react strongly with both
electrophilic and nucleophilic species. In summary, for the H-, OH- and fluorine terminated surfaces; the Fukui functions indicate that the boron dopant
will increase the reactivity for the adjacent C adsorbates to the boron dopant.
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This is especially the situation for an Oontop-terminated diamond (111) surface.

Figure 3.2 Fukui functions mapped onto the 2D isosurface charge density of the
adsorbates [(i) H, (ii) Oontop, (iii) Fluorine, and (iv) OH] attached to diamond (111).
These Fukui functions show the susceptibility to electrophilic (left column), nucleophilic (middle column), and radical (right column) attacks. The larger spheres in the
slices represent the three adjacent adsorbates (being linked to the surface carbon
atoms that bind to the boron dopant).

3.1.3 Density of states
In order to investigate the electron structures, the partial density of states
(pDOS) has also been calculated (Figure 3.3). When comparing boron doped
diamond surfaces that are terminated with four different species, the shapes
of the valence and conduction bands in the pDOS´s are found to be quite
different. This indicates a significant effect by the adsorbed terminating species. The pDOS of the hydrogen terminated diamond surface is shown in
Figure 3.3a.
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a)

b)

Figure 3.3 Partial density of states (pDOS) for a boron doped diamond (111) surface
with (a) hydrogen termination and (b) Oontop-termination. For each terminating species, the various pDOS spectra show (from top to bottom) the pDOS´s for; the boron
dopant, the specific adsorbate, the top three carbon layers (1C, 2C, 3C), and the bulk
(non-doped) diamond. Blue line: pDOS (s-orbitals); Green line: pDOS (p-orbitals);
Red line: DOS (total).

The estimated band gaps for the upper three carbon layers of the hydrogen
terminated diamond surface are 2.5 eV, which is smaller than for bulk
diamond (4.8 eV). The smaller band gap for the surface carbons is most
probably due to the surface carbons with their terminating hydrogen atoms.
The peaks within the range 2.5 to 4eV in the pDOS spectra of the upper
three carbon layers are induced by the hydrogen adsorbed. However, these
peaks decline rapidly when going from the first-layer carbon atoms to the
deep carbon lattice (i.e., deep carbon layers). More specifically, only the
pDOS´s of the first two surface carbon layers can be affected by the surface
termination, while the third layer displays properties very close to the DOS
of bulk diamond. This is a strong indication of a localized effect by the
terminating adsorbates. Moreover, the boron dopant shows a strong peak just
below the Fermi level, which would not seen in the pDOS of the hydrogen
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adsorbates. This is the specific character of a p-type doped diamond material, which offers an acceptor level above the valence band maximum (VBM).
It is also worth mentioning that the Oontop surface shows a metallic
electronic conductivity. The pDOS´s for the valence p electrons has a strong
intensity in the vicinity of (and at) the Fermi level (see Figure 3.3b). Thus,
the Oontop-terminated diamond (111) surface is quite reactive and also
electronically conductive.

3.2 Effects of a phosphorous dopant and surface
terminations on diamond (100)-2x1
3.2.1 Adsorption energy and surface geometry
In the present study, the diamond (100)-2x1 surfaces with the adsorbates
hydrogen, fluorine, OH, O in ketone positions (Oontop), and O in ether positions (Obridge) have been theoretically investigated. All surface carbondangling bonds were saturated by the various adsorbates. During the process
of geometry optimization, a 100% coverage of Oontop-termination will break
the surface 2x1 reconstructed C-C bonds to form a (100)-1x1 surface. It is
also not likely to terminated a (100)-2x1 surface to 100% with Obridgeadsorbates. Thus, the model where all surface dangling bonds in the (100)2x1 surface were saturated with Obridge–termination, which covers 50% of the
surface, is considered in the present study. The phosphorous atom with an
atomic radius of 110 pm is larger than the carbon atom (77 pm)[70]. As a
result, it is thermodynamically unfavorable to incorporate phosphorous into
the diamond lattice during the CVD growth process.[40] The changes in the
structural geometry have therefore been studied in details, considering the
substitutional position of the phosphorous dopant in the diamond lattice. The
phosphorous-carbon bond length for the various terminated diamond surfaces are shown in Table 3.3.
In case of the non-terminated diamond surface, the incorporation of the
phosphorous dopant does not influence the phosphorous-carbon bond length.
The latter bonds for this non-terminated surface are the shortest in the comparison of the different termination scenarios.
Moreover, all the terminating species will lead to a lengthening of the
phosphorous-C1 bonds. With one exception, the bond lengths of the phosphorous-C2 bonds are found to be the longest and within the range of 1.85 to
1.95 Å for the systems with different terminations. This is mainly due to the
excess electron within the phosphorous atom, which contributes by forming
an anti-bonding state within the phosphorous-C2 bond. The hydrogen termination shows the strongest effect on the phosphorous-carbon bond weakening, while NH2- and OH- termination show the smallest weakening effects.
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Table 3.3 The carbon-phosphorous bond lengths (in Å) for different surfaceterminations.

H
OH
F
Obri
NH2
clean

P-C1*

P-C2*

P-C3*

1.75
1.74
1.75
1.77
1.74
1.68

1.95
1.86
1.91
1.85
1.78

1.81
1.76
1.78
1.95
1.76
1.78

*Abbreviations: C1: carbon atom in the first layer; C2: carbon atom in the second layer below
the surface-reconstructed carbon-carbon bonds; C3: carbon atom in the second layer between
surface-reconstructed carbon-carbon bonds.

One special scenario is the situation with an Obridge-terminated surface for
which the phosphorous atom prefers to form three bonds with the diamond
carbon atoms. The other two valence electrons then form an electron pair
(see Figure 3.4f). Thus, the phosphorous dopant in the Obridge-terminated
surface will not be able to offer one excess electron to yield an n-type doped
material.
The averaged value of the adhesion energy (see Eq. 3.1) and formation
energy both give information about the more global effect caused by the
phosphorous dopant and adsorbates (see Table 3.4). The phosphorous dopant
was observed to affect the adsorption energy of the studied systems. Moreover, the adsorbates on the surfaces were also observed to influence the formation energy of the doped diamond systems. The doping formation energy
was calculated using the following Equation[72]:
∆𝐸!"#$ = 𝐸!"#$!  !"#$%&' − 𝐸!"!#"$%#  !"#$%&' + 𝑛𝐸! − 𝑛𝐸!

(3.3)

Here, the doping formation energy ∆𝐸!"#$ is defined as the energy needed
to induce the phosphorous dopant into the non-terminated and differently
terminated
diamond
surfaces,
respectively.   𝐸!"#$!  !"#$!"#    and
𝐸!"!#"$%#  !"#$%&' are the total energies for a phosphorous doped and nondoped diamond surface, respectively, while n is the number of the dopants.
In the present study, there are two phosphorous dopants in each diamond
model. 𝐸! and 𝐸! are the atomic energies for the carbon and phosphorus
dopants, respectively.
It can be clearly seen from Table 3.4 that all the adsorption reactions are
exothermic. Moreover, the adsorption energy for the phosphorous-doped
surface is relatively larger than non-doped scenario, with a difference smaller than 0.2 eV, as compared with the non-doped scenario. Thus, there is no
significant global effect caused by the phosphorous dopant on the adsorption
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energy for the adsorbates. For both non-doped and doped conditions, the
trend in adsorption energy was found to be Obridge < F < H < OH < NH2.
Hence, Obridge-termination gives the most exothermic adsorption process. In
addition, because of the strong steric repulsion between the relatively large
adsorbed OH and NH2 groups, these two terminating groups give the least
exothermic adsorption processes.
Table 3.4. Averaged adsorption energies (eV per adsorbates) for both phosphorous
doped and nondoped diamond (100)-2x1 surfaces, as well as the doping formation
energy, for a H-, F-, OH-, Obridge- and NH2-terminated surface, respectively.
H

F

OH

Obridge

NH2

Clean

Adsorption Energy (Non-doped)

-4.15

-4.66

-3.95

-5.77

-2.94

-

Adsorption Energy (P-doped)

-4.04

-4.50

-3.79

-5.60

-2.77

-

Doping formation energy

7.29

8.05

8.16

6.80

8.19

5.49

Moreover, all dopant formation energies for the variously terminated surfaces were found to be positive. Therefore, it can be concluded that the process
of incorporation of the phosphorous dopant is endothermic. The stability of
the phosphorous dopant in the diamond surface can thus be reduced by the
adsorbates. For the differently terminated surfaces, the trend for the formation energy is Obridge ＜H ＜F ＜OH ＜ NH2.

3.2.2 Study of electronic structure
Spin densities (i.e. densities for spin up versus spin down) have also been
calculated, which can give further information about the effects of the phosphorous dopant for various terminations (shown in Figure 3.4). For all of the
systems in the present study, with the exception for the Obridge-terminated
surface, a spin density has been shown around the phosphorous atom and its
binding carbon atoms. The effects of the phosphorous dopant are found to be
quite local, suggesting that the unpaired electron would partially move from
the phosphorous dopant to its binding carbon atoms. In case of a phosphorous-doped diamond surface without any termination (seen in Figure 3.4a),
the extra electron has transferred to the surface carbon atoms. There will
therefore not be any spin density on the phosphorous dopant or within the
phosphorous-carbon bonds. Thus, there is no antibonding formed between
the phosphorous dopant and its binding carbon atoms. That is also the underlying reason for the shortened phosphorous-carbon bonds, in comparison
with the terminated conditions. However, for all terminated scenarios (with
an exception of the Obridge-terminated surface), a strong spin density has been
found around the phosphorous dopant. In Figure 3.4b,c,d,e, the unpaired
electron occupies the position with the smallest steric repulsion to the carbon
atoms. Hence, the extra electron has been found to partially transfer from the
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phosphorous dopant to its binding carbon atoms. For the Obridge-terminated
surface, no spin density is caused by the paired electrons on the phosphorous
atom However, the third layer carbon atom in the broken phosphorouscarbon bond left one unpaired electron, which resulted in a quite strong spin
density (see Figure 3.4f).

a) 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  b)	
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e)

f)

Figure 3.4 Spin density maps for the supercell models of phosphorous doped diamond (100)-2x1 surfaces with a) non-terminations, b) H-termination, c) Ftermination, d) NH2-termination, e) OH-termination, and (f) Obridge-termination. The
isosurface value is 0.05/Å, and is shown as yellow spheres in all plots. The H, P, C,
O, F and N atoms are shown in light gray, pink, gray, red, green and blue, respectively.

3.2.3 Density of states
Phosphorous-doped diamond shows an n-type semiconductor behavior. A
phosphorous atom possesses five valence electrons, which is one more than
for the carbon atom. As a result, the excess electron in phosphorous would
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act as an electron donor within the diamond lattice. In Figure 3.5, the partial
density of states (pDOS) for the non-doped and phosphorous-doped diamond
(100)-2x1 surfaces, with H- and Obrigde-termination, have been plotted. The
hydrogen terminated surface will serve as a reference when studying the
effects of the phosphorous dopant (see Figure 3.5a). In all of the pDOS
spectra, the Fermi levels are aligned to 0 eV. It is also noticed that the pDOS
for the the middle part of the models indicates the bulk of the phosphorous
doped surface (shown in Figure 5a(iii)).
In Figure 3.5a(ii), one small peak below the CBM for non-doped
diamond with hydrogen termination is found to be located at the Fermi level.
This characteristic peak shows that phosphorous donor behaves as an n-type
dopant. The excess electron from the phosphorous atom is thus able to contribute with one donor level below the CBM for diamond. The Fermi level
has thereby been shifted towards the CBM which would affect the electronic
properties of diamond. For all other types of surface-terminated diamond
surfaces, a similar phosphorous type induced donor state (i.e., below the
CBM) has also been found.

a)

b)

Figure 3.5. pDOS´s for the diamond (100)-2x1 surface with a) H-termination, and b)
Obridge-termination. For each termination type, the various pDOS spectra show from
top to bottom (i) a non-doped diamond surfaces with specific termination, (ii) a
phosphorous doped diamond surface with specific termination, (iii) the bulk of the
phosphorous doped diamond surface with specific termination, and (iv) bulk of
intrinsic diamond. Green line: s orbitals; red line: p orbitals; blue line: total.
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One exception is, though, the situation with an Obridge-terminated surface
where no phosphorous induced donor level is shown below the CBM. On the
contrary, one small peak just above the VBM of the non-doped diamond
surface is presented. This is most probably due to the breakage of the phosphorous-C3 bond. An electron pair in the phosphorous dopant is thereby
induced, which leads to the loss of the dopant’s capacity to serve as a donor
in an n-type semiconductor.

3.2.4 Work function analysis
The plane-averaged electrostatic potential was calculated as a function of the
position along the z-axis. The value of the potential in the vacuum region
could be determined for each system by using this method. Thus, the work
functions of the systems with different terminations can be compared by
aligning their respective values of the vacuum potentials. The work function
is defined as “the minimum energy needed to remove an electron from the
Fermi level to the vacuum outside the surface”. In the present work, the
work function has therefore been calculated by using the following equation:
Work function (ϕ) = V(∞) – EF

(3.4)

The potential difference between the electronic potential in a vacuum region
far from the surface V(∞) and the Fermi energy (EF ) is thus the work function for the system.
The work functions for the non-doped and phosphorous-doped diamond
surfaces, with different terminations, are summarized in Table 3. The adsorbates, with their induced surface dipole, can have a strong impact on the
surface work function, in comparison with the non-terminated surface. More
precisely, the H-, NH2- and OH-terminated surfaces show rather smaller
surface work functions. This is most probably due to the smaller electronegativity of the hydrogen atom (2.20), as compared to for carbon
(2.55)[70]. The hydrogen adsorbates on the diamond surface are able to form
C𝛿 ! - H𝛿 ! dipoles. Also, the NH2 and OH adsorbates will form similar dipole layers on the diamond surface. Those surface dipoles will reduce the
surface work functions. On the contrary, with the largest electronegativity of
all elements, a fluorine terminated diamond surface has a very large calculated work function (8.02eV).
Table 3. Summary of the calculated surface-related work functions for the various
terminated non-and phosphorous-doped diamond (100)-2x1 surfaces. The values are
given in eV.
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In addition, since the phosphorous dopant will offer donor states near the
CBM, all surface work functions, for each system with a phosphorous dopant, have been predominantly reduced. The Fermi level will move up closer
to the vacuum level. As a result, phosphorous-doped diamond surfaces show
smaller work functions as compared to the non-doped surfaces.
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4. Attachment of graphene to diamond (111)
surfaces with different terminations and
dopants

In this section, the effects of dopants and surface terminations on the attachment of graphene to diamond (111) have been studied. The binding energy,
optimized geometry, as well as electronic structure, have been discussed in
detail. It is worth mentioning that in the present type of interfacial system,
Van der Waals (VdW) interactions are crucial for the formation and stability.
Thus, semi-empirical dispersion-corrections were introduced in order to
improve the graphene-diamond bonding interactions.

4.1 Calculations of the geometrical structures and
adhesion energies
In order to estimate the adhesion energies for our systems, the adhesion energies were calculated according to equation (4.1);
𝐸!"!!"#$% =

!
!

𝐸!"!#$ − 𝐸!"#$%&! − 𝐸!"#$!!"!

(4.1)

where 𝐸!"!#$ is the total energy of the interfacial system, 𝐸!"#$%&! is the
total energy of the diamond (111) surface, 𝐸!"#$!!"! is the total energy of
the graphene sheet, and n is the number of carbon atoms within the epitaxial
graphene monolayer in the supercell. The GGA functional, with TS-vdW
corrections, has been used in the calculations of the adhesion energies. The
calculated adhesion energies per graphene atom, in addition to the final distance between the graphene and different diamond substrates, are shown in
Table 4.1.
When the graphene layer is initially positioned very close to the diamond
(111) surface (i.e. 1.2 to 2.0 Å from the surface), the graphene layer was
found to break its “ideal” sp2 hybridized structure to form covalent bonds
with the diamond substrate (with an optimized Cgraphene–Cdiamond distance of
about 1.67 Å, as shown in Figure 4.1a). For this short Cdiamond-Cgraphene distance, the attachment of a graphene monolayer will result in a diamond-like
first two carbon layers in a non-terminated diamond (111) surface. The cova45

lent Cdiamond - Cgraphene bond is formed with the energy of +6.3 kJ/mol (+0.07
eV) per graphene carbon atom. Therefore, the adhesion of graphene to a
diamond substrate is endothermic. The carbon atoms within the wavy graphene layer will lose the intrinsic π-bonding properties when forming σ
bonds between the graphene adlayer and the first carbon layers of a nonterminated diamond (111) surface. This is not desired for most electronic
devices. Hence, the present investigation has mainly focused on the epitaxial
formation of graphene on diamond (111) for longer interfacial Cgraphene Cdiamond (GD) distances.
Table 4.1 Final distances and adhesion energies for graphene on top of a clean nondoped, boron doped, and nitrogen doped diamond (111) surface, respectively. The
results for variously terminated non-doped diamond surfaces and for a non-doped
diamond (111)-2x1 surface without any termination are also shown. The terminating
species include H, F, Oontop, OH and Obridge.
Substrates

Final Interfacial Adhesion Energy Adhesion energy
Distance (Å)
(eV)
(kJ/mol)

Non-doped

3.11

-0.11

-10.7

Boron-doped

3.04

-0.10

-9.9

Nitrogen-doped

3.24

-0.10

-9.6

Hydrogen-Diamond

2.68

-0.11

-10.6

Fluorine-Diamond

3.11

-0.03

-2.9

Oontop-Diamond

3.00

-0.08

-7.7

OH-Diamond

2.94

-0.05

-4.8

Obridge-Diamond

2.97

-0.05

-5.4

Reconstructed 2×1-Diamond

3.36

-0.07

-6.7

For a longer initial GD distance (longer than 2.5 Å), the geometry optimization resulted in the energetically most stable GD interface system with a GD
distance from 2.6 to 3.3 Å (as shown in Table 4.1). For these long interfacial
distances, there is no tendency for covalent bonding between the epitaxial
graphene and the diamond substrate. The magnitude of the adhesion energy
for the attachment of graphene to diamond (111) was found to be very small,
and the smallest adhesion energy per graphene carbon atom is -10.7 kJ/mol.
This was the result for a non-terminated diamond (111) surface. As compared with the C-C bond energy in diamond, this is a strong indication of
Van der Waals interactions only. As a consequence, the weak interaction
takes place without stretching, or compression, of the geometrical structure
of epitaxial graphene. A diamond-supported graphene adlayer, without induced defects, can hence still keep its intrinsic high carrier mobility.
As a result of geometry optimization, the boron dopant, which replaces a
carbon atom in the second diamond atomic carbon layer, has migrated up to
the upper surface carbon layer of the diamond surface (see Figure 4.1c). One
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of the main reasons is that the boron atom only has three valence electrons
(one electron less than the carbon atom), and therefore prefers to bind to
only three carbon atoms. However, for the situation with an nitrogen doped
diamond surface, no major structural changes were observed. This is most
probably due to the fact that the extra valence electron in the nitrogen atom
would interact with the non-paired electrons on the surface carbon atoms and
thereby cause anti-bonding orbital formations.

Figure 4.1 Final optimized structures for the graphene-diamond interfaces under
periodic boundary conditions. A single graphene layer is attached to a non-doped
diamond substrate at short distance (a). For longer distances, a single graphene layer
is attached to (b) non-doped, (c) B-doped, and (d) N-doped (e) H-terminated diamond (111) surfaces, respectively. The C atoms in graphene are shown in black
while the C atoms in diamond are shown in gray. The H, B and N atoms are shown
in white, pink and blue, respectively.

The GD bond distance for an optimized structure with a non-terminated, but
doped, diamond substrate, is quite similar to that of a non-doped system. The
adhesion energies for a non-terminated, and boron (or nitrogen) doped diamond (111) substrate, with graphene on top of it, are -9.9 kJ/mol/atom and 47

9.6 kJ/mol/atom, respectively. These adhesion energies are quite similar to
that of a non-doped diamond substrate, -10.07 kJ/mol/atom. This is an indication of a small effect of the boron and nitrogen dopants. These minor differences can be explained by a dopant-induced local surface polarizability.
However, it is worth mentioning that the small polarization induced by the
dopants is not large enough to give a strong impact on the interaction between graphene and the diamond surfaces.
Moreover, the H-, OH-, F-, Oontop-, or Obridge-terminated diamond (111)
surfaces, as well as the non-terminated but 2x1-reconstructed diamond (111)
surface, have also been considered.
The largest interfacial distance (3.36 Å) was obtained for the reconstructed diamond surface with no termination. At the same time, the hydrogen
terminated diamond (111) surface shows the smallest interfacial distance;
2.68 Å. The reason for these other long interface distances is most probably
the fact that the dangling bonds on the diamond surface are passivated, either
by reconstruction of the surface carbon atoms, or by terminating adsorbates.
According to the calculated results, the hydrogen adsorbates on the diamond
(111) surface provided the largest interaction (smallest adsorption energy: 10.6 eV) with the graphene adlayer. In contrast, the fluorine adsorbates provided the smallest interaction (largest adsorption energy: -2.9 eV) with the
graphene adlayer.

4.2 Electron density differences
With the purpose of obtaining detailed information about the binding situations and the occurrence of charge transfer, electron density difference calculations have been performed (see Figure 4.2). The electron density difference was calculated as the total electron density of the whole system minus
the total electron densities of the diamond surface and epitaxial graphene
monolayer, respectively.
As can be seen in Figures 4.2a,b and c, both electron density depletion and
accumulation were observed within the upper non-terminated diamond (111)
surfaces for both non-doped and doped (boron and nitrogen) systems. A
small depletion of electrons in the graphene π orbitals was also observed for
the non-terminated diamond substrates. This is an indication of a charge
transfer from the graphene adlayer to the diamond substrate. For the situations with boron and nitrogen doped systems, a larger degree of electron
transfer was observed (as compared to the non-doped scenario). Thus, the
crystalline defects induced by the dopants favor a more pronounced charge
transfer between graphene and diamond.
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Figure 4.2 Side views of the electron density difference plots for the supercell
models; (a) bare non-doped, (b) bare B-doped, (c) bare N-doped, (d) non-doped Hterminated, (e) non-doped F- terminated, (f) non-doped Oontop-terminated, (g) nondoped OH-terminated, (h) non-doped Obridge-terminated, (i) 2x1 reconstructed, diamond systems, (j) GHD system (isosurface=0.001/Å), and (k) GOontopD system
(isosurface=0.015/Å). The H, O, C , B, N and F atoms are shown in white, red, gray,
pink, blue and green, respectively. The color scale for (a) to (f) ranges from ∆ρ=0.007/Å3 (blue) to ∆ρ=0.007/Å3 (red). A positive value represents an electron density
accumulation and a negative value represents electron density depletion with respect
to an isolated graphene sheet and an isolated diamond (111) surface. In the plots (g)
and (h), yellow and blue isosurfaces represent electron density depletion and accumulation with respect to isolated graphene and diamond surfaces.
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Furthermore, a more pronounced charge transfer was observed for the nondoped and non-terminated diamond substrates (Figures 4.2a,b and c)) as
compared to the non-doped and passivated diamond substrates Figures 4.2
(d,e,f,h,i). The fluorine terminated diamond substrate provided the smallest
electronic interactions with epitaxial graphene (i.e., with the smallest degree
of electron transfer over the GD interface). This result agrees with the calculated adhesion energy, which also showed that the fluorine terminated diamond surface has the weakest interaction with the epitaxial graphene. The
Oontop-terminated diamond surface was observed to induce the largest electronic interaction with the epitaxial graphene adlayer. For comparison, the
isosurface plots of the electron density different maps of GHD (graphene
onto hydrogen terminated diamond) and GOontopD (graphene onto Oontopterminated diamond) systems are shown in Figures 4.2j and k. For the
GOontopD system, a large electron depletion was observed within the π orbitals of the graphene carbon atoms (see Figure 4.2k). This electron depletion is an indication of a transfer of electron density from graphene to the
Oontop-terminated diamond surface. On the contrary, a minor electron accumulation on the carbon atoms, just above the hydrogen adsorbates on the
diamond substrate, was observed for the GHD system (see Figure 4.2j).
Therefore, a minor degree of electron density was transferred from the hydrogen terminated diamond substrate to the adhered graphene adlayer.
In conclusion, there is an observed degree of electron transfer between the
graphene adlayer and the boron doped (or nitrogen doped) non-terminated
diamond surface. This is also the situation for the non-, H-, Oontop-, OH- and
Obridge-terminated, and non-doped, diamond substrates. An exception is the
fluorine terminated diamond substrate, for which no charge transfer occurs
in this interface system. For the situation with a GHD system, the direction
of the charge transfer is from the hydrogen terminated diamond substrate to
the graphene adlayer. For all of the other systems, there is a charge transfer
from graphene towards the diamond substrate.

4.3 Density of states and band structures
Density of State (DOS) spectra of graphene within a GD, GOontopD and GHD
interfacial system are shown in Figure 4.3. The dispersion of DOS of graphene in all interface systems is quite similar to that of intrinsic graphene.
However, in the GD system, the Dirac point is up-shifted by almost 0.6 eV
above the Fermi level of intrinsic graphene. This is also the situation with
graphene on top of an Oontop-terminated diamond substrate. The Dirac point
of graphene within GOontopD shifts up 1.5 eV above the Fermi level (see
Figure 4.3b). This is due to the fact that the work function for intrinsic graphene is smaller than that of the non-, or Oontop-, terminated diamond (111)
surface. This difference in work function leads to a charge transfer from
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graphene to the non-, or Oontop-, terminated diamond substrates. Thus, the
graphene adlayer is p-doped (i.e., there is a hole accumulation within the
diamond-supported graphene). This charge transfer was also identified by
calculations of the charge density difference (see Section 4.2).

a)

b)

c)
Figure 4.3 DOS plots for intrinsic graphene (red dashed) and graphene attached to
(a) non-terminated diamond, (b) Oontop-terminated diamond, and (c) H-terminated
diamond (black) .The black dashed line depicts the Fermi level.
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For graphene within the GOontopD system, the pDOS in the vicinity of the
Femi level shows a somewhat different shape, as compared with that for
intrinsic graphene. A noticeable small band gap opening of around 200 meV
was found at the Dirac point for the GOontopD system, which is larger than
kBT (25 meV) at room temperature. Hence, the graphene adlayer acts as a
semiconductor with a finite direct small band gap without degrading other
main characteristics of intrinsic graphene. This opens up the possibility to
use graphene in electronic device-related applications, especially, in transistors for switching on/off devices.
For graphene on other terminated diamond (111) substrates, a neglectable
(i.e., smaller than kBT (25 meV)) band gap was observed. As an example,
the DOS spectra of graphene, supported by a hydrogen terminated diamond
substrate, is shown in Figure 4.3c. However, it is worth noticing that the
Dirac point lies -0.97 eV below the Fermi level for the GHD systems, indicating an n-type doping effect. This is due to the negative electron affinity of
the hydrogen terminated diamond surface. The work function of the hydrogen terminated diamond surface is smaller than that of graphene. Thus, a
charge transfer from the hydrogen terminated diamond surface to graphene
is expected to occur.
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5. Conclusions

In the present thesis, the effects of dopants and surface termination on various diamond surface properties (i.e., electronic properties) have been studied
using theoretical calculations. In addition, the properties of a graphene//diamond (111) interface have also been studied with respect to application in electronic devices.
In the study of boron-doped diamond (111) surfaces with various adsorbates, the trend in averaged adsorption energy for both non-doped and boron
doped diamond (111) surfaces is: OH > H > F > Oontop. The values of the
adsorption energies were observed to be quite similar for situations with H-,
OH-, and F-adsorbates. For the situation with a boron dopant, a very small
influence on the averaged adsorption energy for the various terminating species was observed. However, the boron dopant can have a strong local effect
on the geometrical structures. The electronic structure results were found to
be in excellent agreement with the geometrical structure analysis. Considerable changes in the atomic charges were shown for the four carbon atoms
that bind to a boron dopant. Finally, based on the density of state
calculations, the boron dopant was shown to present a local influence on the
pDOSs for the boron bonded surface carbon atoms. The influence induced
by the terminating species only affects the DOS of the surface carbon layers.
It is also worth mentioning that the analysis of pDOSs showed that the
Oontop–terminated surface has a metallic electronic conductivity.
The effects of phosphorous as a dopant on the diamond (100)-2x1 surfaces have been presented in this study and theoretically investigated by using a
DFT method. The phosphorous dopant was shown to have a large impact on
the structural stabilization of the diamond surface. The phosphorous dopant
will cause a lengthening of the phosphorus-carbon bonds. An hydrogen terminated diamond surface has the strongest effect on the phosphorus-carbon
bond weakening. On the contrary, NH2- and OH- terminations show the
smallest effects. The trend in averaged adsorption energy (as a function of
surface terminating species) is: Obridge ＜ F ＜ H ＜ OH ＜ NH2. The phosphorous dopant has a very minor influence on the averaged adsorption energy. In addition, for differently terminated surfaces, the order of doping formation energy (the ability to reduce the stability of the phosphorous dopant
in the diamond lattice) is Obridge ＜ H ＜ F ＜ OH ＜ NH2. With one
exception, the phosphorpus dopant can also offer a donor band below the
CBM for all terminated diamong surfaces. For the Obridge-terminated surface,
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one broken phosphorous-carbon bond will lead to a loss in ability of offering
one donor electron to the diamond lattice. The phosphous dopant can
therefore dramatically increase the conductivity of the diamond surface.
Finally, the adsorbates can also have a strong effect on the surface work
functions, as compared with the non-terminated surfaces. All of the phosphorous-doped diamond surfaces have relatively small work functions, as
compared with the non-doped systems.
The effects of dopants and terminations on the graphene//diamond (111)
interface systems have also been investigated using DFT calculations. The
graphene adlayer maintains its hexagon structure while weakly bonded to
various diamond (111) substrates. The interface interaction is of Van der
Waals type with an interfacial distance of around 3 Å. The interactions between graphene and the terminated diamond substrate are weaker than those
for a non-terminated diamond substrate (even with dopants present in the
diamond lattice). Based on the calculated electron density differences and
density of states for the graphene adlayers, some minor electron transfer was
observed to take place from graphene to non-, Oontop-, OH- and Obridge- terminated diamond substrates. On the contrary, an electron transfer was observed
to take place from the hydrogen terminated diamond substrate to the graphene adlayer. However, a more pronounced electron transfer between graphene and diamond (111) is caused by defects induced by the dopants.
Moreover, there is a more pronounced charge transfer for the interfacial system with non-terminated diamond surface, than for the terminated diamond
substrates. Last but not least, for the situation with terminated diamond substrates, the graphene//Oontop-terminated interface system shows the largest
degree of electron transfer. Oontop-terminated diamond supporting graphene
monolayer shows a finite band gap, which is quite promising for the use of
graphene in transistor devices.
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6. Svensk sammanfattning

Materialet diamant, som endast består av kolatomer, uppvisar extraordinära
egenskaper. Det är det hårdaste kända materialet och det är även kemiskt
inert. Diamant har även unika elektrokemiska egenskaper, som exempelvis
ett brett elektrokemiskt fönster, en låg dielektricitetskonstant, kontrollerbar
ytfunktionalisering, etc. Det stora bandgapet på 5.4 eV gör emellertid att
diamant har en begränsad användbarhet för elektroniska tillämpningar.Dopämnen har därför kommit att introduceras i diamantgittret, vilket gör
att denna begränsning reduceras. Bor (B), kväve (N) och fosfor (P) är de
mest använda dopämnena, vilka introduceras i diamantgittret under tillväxtprocessen. Dopämnena i diamant har då substitutionellt ersatt kolatomer. Det
har under årens lopp bevisats att inkorporeringen av dopämnen i diamantgittret dramatiskt förändrar de geometriska och elektroniska egenskaperna hos
diamant. Därför är det av stor betydelse att studera påverkan av dopämnen
och adsorbat (på en atomär nivå) på egenskaperna för diamant.
Under CVD-processen vid diamantsyntesen kommer de resulterande kemiska egenskaperna att huvudsakligen bero på antalet radiakala ytkolatomer,
samt på de adsorberade (dvs. kemisorberade) specierna. sp3-hybridiseringen
av kolatomerna, vilket leder till starka och riktade σ-bindningar, är helt avgörande för materialets extrema egenskaper. Dessutom gör existensen av
radikala ytkolatomer diamantytan reaktiv. Kemisorberade adsorbat kan vidmakthålla sp3-hybridiseringen av de yttersta ytkolatomerna, och därmed
förhindra att diamant genomgår en grafitisering (dvs. man förhindrar en sp3till-sp2-övergång).
Yttermineringens effekt, med dess olika typer av terminerande species,
reducerar ytenergin, och stabiliserar därmed ytan. En diamantytas morfologi,
samt dess terminering, förväntas också att kraftigt påverka dess elektroniska
egenskaper (i jämförelse med de för bulk materialet). En passivering av diamantytan kommer därför att leda till en bättre kontroll av materialets kvalitet
rörande dess materialegenskaper. Yttermineringens roll är därför mycket
viktig för de tillämpningar där diamant kan fungera som ett elektrodmaterial.
Den relativa reaktiviteten hos de olika diamantplanen, terminerade med antingen H, Cdiamont-O-Cdiamont (Obrygga), Cdiamont=O (Oontop), F, OH eller NH2, är
därför mycket viktig att studera på en atomär nivå, och har därför behandlats
i denna avhandling.
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Grafen består av ett aromatiskt strukturerat monolager av kol, vilket har
packats till ett stabilt två-dimensionellt vaxkakemönster där kolatomerna
bildar perfekta ringstrukturer (s.k. hexagoner). Grafen är också känd för att
vara en semimetall med ett bandgap på 0 eV. Elektrontransporten i grafen tas
om hand av mycket rörliga elektroner. Resistiviteten hos grafen är även lägre
än för silver. Dessa ovanliga transportegenskaper hos grafen är mycket användbara för en mängd olika tillämpningar inom elektronikområdet. Det
stödjande substratet kan dock inducera defekter vilka kan förstöra de enastående egenskaper som fristående grafen uppvisar. Diamant är därför, eftersom
detta ämne endast består av kol, ett mycket lämpligt substratmaterial för
epitaxiell tillväxt av grafen. En detaljerad kunskap om effekten av diamants
dopämnen och ytadsorbat, i kontakt med grafen, saknas dock fortfarande.
Denna avhandling har därför fokuserar på en noggrann undersökning av
dessa faktorer.
Som tidigare nämnts så har dopämnen och ytfunktionalisering använts för
att förbättra de elektrokemiska egenskaperna hos diamant. Den grundläggande atomära mekanismen bakom effekterna av dopämnen och ytterminering, debatteras dock fortfarande. Projekten som presenteras i denna avhandling har haft till syfte att erhålla en fundamental förståelse för egenskapernas
(hos diamantliknande material) betydelse för tillämpningar inom elektronisk
apparatur. Under de senaste åren har teoretisk modellering och simulering
kommit att bli ett mycket användbart verktyg för (i) förutsägelser, (ii) förklaring av experimentella resultat, och (iii) hjälp vid designen av framtida
material. Simulering av diamantytor, med dess egenskaper, kan därmed vara
till nytta för att förstå relevanta grundläggande mekanismer på atomär nivå.
De strukturella och elektroniska egenskaperna hos diamantlika material har
därför kommit att undersökas med hjälp av DFT-beräkningar på atomär nivå.
Dessa DFT-metoder har kommit att utvecklas under flera årtionden, och är
för närvarande de mest populära och relativt sett mest noggranna ab initioberäkningsmetoderna.
Syftet med denna avhandling har varit att, genom att använda teoretiska
metoder för att skaffa en grundläggande förståelse vad det gäller energetisk
stabilitet, ytreaktivitet samt elektroniska egenskaper hos bor- och fosfordopade diamantytor, samt för olika ytterminerade, diamantytor. Huvudmålet
har varit att göra en strukturell, energetisk samt elektronisk undersökning av
den kombinerade effekten av bor- (eller forsfor) dopning och termineringstypen. De underliggande orsakerna till de observerade effekterna har också
analyserats i detalj. Både de globala och lokala effekterna av dopning (med
bor eller fosfor), samt ytterminering, har studerats. Resultaten pekar på att
bor som dopämnet ger en mindre påverkan på medeladsorptionsenergin för
de olika studerade termineringstyperna. Detta ger endast en lokal effekt på
pDOS-spektra för de borbindande kolatomerna. Dessutom ger Oontopterminering en metallisk elektrisk ledningsförmåga.
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Fosfor som dopämnet har visat sig påverka den strukturella stabiliseringen hos diamantytan. Däremot ger fosfor endast en mindre effekt på medeladsorptionsenergin. Fosfor har också visat sig bidra till ett tillstånd i bandgapet
strax under ledningsbandsminimat. Detta gäller för alla typer av ytterminering. Fosfor som dopämne har därför förmågan att öka den elektroniska ledningsförmågan hos diamantytan. Adsorbaten har även visat sig ha en stor
effekt på utträdesarbetet (när man jämför med en icke-terminerad diamantyta). Alla fosfordopade diamantytor uppvisar relativt mindre utträdesarbeten
i jämförelse med de icke-dopade ytorna.
I denna avhandling har också ett gränskikt, som består av grafen adsorberat på diamant (111), studerats teoretiskt från både en geometrisk och
elektronisk synvinkel. Icke-dopad och dopad (med bor eller kväve) diamant
användes som ett stödjande substrat. Likaså användes olika terminerade diamant(111)-ytor. Fem olika termineringar användes: H-, F-, Oontop-, OHeller Obrygga-termineringar. Dopämnen som bor och kväve i ett diamantgitter
kan förorsaka defekter i diamantens elektroniska struktur. De terminerande
grupperna kan också påverka den elektroniska strukturen hos diamant. Det är
därför mycket intressant och viktigt att utreda om dessa defekter och adsorbat också kan påverka interaktionen mellan diamant och grafen i ett diamant//grafen-gränsskikt. Mera specifikt, har syftet med denna studie varit att
studera stabiliteten och den elektroniska strukturen hos grafen adsorberat på
olika diamantsubstrat (odopade eller dopade; icke-terminerade eller terminerade).
Resutaten visade att grafen vidmakthåller sin hexagonala struktur med
svaga bindningar till olika typer av diamant (111)-substrat. Diamant som
substrat förorsakar inte några defekter i det epitaxiellt adsorberade grafenlagret. Därmed kommer grafenlagret att vidmakthålla den laddningsmobilitet
som grafen har som en fristående skikt.
Interaktionen mellan terminerad diamant (111) och grafen har befunnits
vara svagare än för icke-terminerad diamant. Detta gäller både för dopad och
icke-dopad diamant. En mindre grad av elektronöverföring över gränsskiktet
observerades i riktning från grafen till diamantsubstratet. Detta gäller både
dopad och icke-dopad diamant, samt terminerad och icke-terminerad diamant. Det finns dock ett undantag. Och det gäller väteterminerad diamant
(111) för vilken en partiell elektronföring ägde rum i riktning från diamant
(111) till grafenskiktet. Dessutom, visade ett grafénskikt adsorberat på en
Oontop-terminerad diamant-(111)-yta upp ett bandgap, vilket är mycket
lovande för användning av detta gränsskikt i transistorer.
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