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Boron, B, has many interesting electronic and structural properties, which makes it an ideal
material for technical and industrial needs. The different binary materials that have been in
focus in the present thesis, do all include B; metal diborides (MB2), cubic boron nitride (c-BN)
forming an interface with diamond, and various phases of BN [cubic (c-BN), hexagonal (hBN), wurtzitic (w-BN), and rhombohedral (r-BN)]. Density Functional Theory (DFT) methods
have been used in studying structural geometries, energetical stabilities, electronic properties,
and surface reactivity.
A structural and electronic comparison has been made for various MB2 compounds in planar
and puckered structural forms. The resulting MB2 structure was found to correlate to the degree
of electron transfer from the metal atom to B. A transfer of more than one electron was observed
to induce a planar B structure. This is to be compared with the planar MgB2 structure, for which
an electron transfer of two electrons was observed.
The initial nucleation of c-BN onto a diamond substrate has also been focused in the present
thesis. This step has experimentally been found to be critical for a phase-pure c-BN thin film
growth to occur. The evolution of an interfacial diamond//BN structure was investigated, with
the purpose to simulate a layer-by-layer growth of c-BN. The obtained results were found to
strongly support the experimental findings, in that there is a need for an extra energy in order to
avoid non-cubic phases in the closest vicinity to the substrate. However, the simulations showed
that it is possible to diminish this need of extra energy by completely terminating the surface by
species like H or F. These calculations also showed that terminated diamond//BN generally show
a stronger interfacial bond energy, thereby improving the adhesion to the diamond substrate.
The importance with surface termination was not found crucial for thicker BN adlayers.
A combined effect of doping and surface termination was investigated for the various BN
allotropes, (using O, C, and Si). The electron induced in c-BN by the O (or C) dopant was
observed to move towards the surface B atoms, and thereby creating a more reactive surface. For
the upper surface N atoms, doping was observed to create a less reactive N surface. The Si
dopants did only show a positive effect on surface reactivity at the B surface sites on both hBN (001) and r-BN (001) surfaces.
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Hartree Fock
Force field
Self-consisted field
Local density approximation
Brillouin zone
Broyden-Fletcher-Goldfarb-Shanno
Ultra high vacuum
High temperature high pressure

1. Introduction

Boron, B, is a very interesting material since it possesses some of the most
remarkable physical and chemical properties of any element. Elemental B is
a light, refractory material with an extremely high melting point (2450 K). It
is a non-metal with chemical inertness at room temperature. In addition, it is
hard, strong, and also efficient in absorbing electrons.[1]
This thesis focuses on some specific boron-containing materials which recently have attracted special interest; metal diborides (paper I), cubic boron
nitride (paper II-V), and other BN polymorphs (paper V). The underlying
reason to the different structures of metal diborides (puckered or planar, see
Figure 1), is important to understand. The planar metal diboride, MB2, structures are assumed to be dependent on the electron transfer from the nearby
positioned metal atoms to the boron atoms.[2] A structural comparison between planar and puckered MB2 structures has been of major interest to
study in the present thesis. These structures have thereby been compared to
the MgB2 structure, which has been found to be planar and superconducting,
with a transition temperature of 39 K.[3] This is a remarkable high transition
temperature for a compound with such a simple structure. Other metal boride
high-temperature superconductors, with such simple planar structures, include a transition metal (i.e., with d-electrons). In contrast to the superconductivity of MgB2, the superconductivity of the transition metal diborides
has been assumed to depend on the existence of d-electrons.[4] Also, the
CaSi2 phase in the planar AlB2-structure has been found to be superconducting at relatively high critical temperature (14 K).[5, 6] More general, metal
diborides have been widely examined due to their thermal, mechanical, and
superconducting properties.[7, 8] Some of them have high melting points,
hardness, high thermal electronic conductivity, chemical stability, and inertness.[7, 9]
Some of the high temperature superconductors have been found to have
planar boron layer structures. It is therefore of largest interest to more thoroughly investigate the possibility for also other types of MB2 structures to
obtain a planar B formation. More specifically, a deeper knowledge about
the factors that control the formation of either a planar or puckered MB2structure, has to be gained.
The main goal with paper I was, hence, to get a deeper understanding of
the underlying factors that govern the typical crystal structures of the 4d
metal diborides. For this purpose, the underlying causes to the geometrical
11

structures of the following 4d metal diborides, were examined; ZrB2, NbB2,
MoB2, TcB2, RuB2, RhB2, and PdB2.
Cubic boron nitride, c-BN, is a very interesting material due to its excellent physical and chemical properties of which some are comparable, or even
superior, to diamond.[10-15] The extreme properties of c-BN has made it a
promising material for tool coating for machining of steel, cast iron, and
ferrous alloys.[16] It is a wide bandgap material, with a hardness that is second only to diamond. It is also iso-electronic with diamond, and shows a
high thermal conductivity. Since c-BN is capable of both p- and n-doping,
and has much higher oxidation and graphitization temperatures than diamond, it is superior to diamond in these aspects.[10-12, 14, 17] The vapor
phase synthesis of c-BN has mostly involved methods where the deposition
takes place by using surface bombardment with highly energetic ions. However, there have been severe problems with the result since a mixture of BN
phases were formed, with amorphous BN closest to the substrate.[12, 14, 18]
The choice of substrate material has been shown to have a big impact on the
result. Two different factors that have been found utterly important for the
growth of c-BN directly onto the substrate, are the i) nucleation process, and
ii) lattice mismatch between the substrate and the BN film.[13, 15] The most
commonly used substrate materials today are diamond, β-SiC, Si, metals,
and KBr.[13, 19-26] The search for an optimal substrate material must,
thereby, be regarded as one of the most important research directions within
c-BN growth research of today. So far, diamond has been shown to be the
best substrate onto which c-BN can be directly formed (with a purity of more
than 90 %).[13, 27, 28] A c-BN purity higher than 99 % was found for very
thin c-BN films (up to 1.1 µm) using a nanocrystalline diamond
substrate.[29]
The energetically and structural possibility for the first atomic layer formation of either B (or N) on a (2x1) surface-reconstructed diamond (100)
surface, has been examined in the present thesis. A model of a diamond//cBN interface can be seen in Figure 2a. The aim was to receive information
about the most stable structural configuration at the very initial BN growth
stage.
Papers II and III focus on the difficulties in growing cubic boron nitride,
c-BN, using Vapor Deposition methods at lower temperature and
pressure.[14] It is well known that the nucleation stage is very important for
a successful growth of a thin film material. By studying this type of initial
growth processes of c-BN on a diamond substrate, deeper atomic-level
knowledge about the underlying factors controlling the nucleation of phasepure c-BN, will be achieved. This is the type of knowledge that can easily be
used for the design and development of novel c-BN vapor phase deposition
setups. Recently, an extension of the c-BN thin film growth phase diagram
was made by Weidner et al.[30] It was shown that the cubic phase can be
maintained during growth by simultaneously deposit N and B ions with spe12

cific ion energies. The substrate temperature should be higher than 600 K in
order to prevent the transformation to a hexagonal phase.[30]
The possibility to form various thicknesses of c-BN layers, were examined in Paper II. No terminating species were used in this process since the
purpose was to simulate the BN deposition using high-energy bombarding
methods (like ion-assisted evaporation PVD).[31-33] For these deposition
techniques, it is not likely that the surfaces will be completely terminated
due to the very low gas phase pressure. The reason is that it has earlier been
shown theoretically that a not completely terminated BN surface will undergo severe surface reconstructions from sp3 to sp2.[34, 35]
In paper III, the combined effects of terminating species (H and F) and
substrate (diamond (100) plane) were studied with a special focus on the
initial nucleation of c-BN (100). A layer-by-layer growth of BN was then
simulated, by starting with a monoatomic layer, and continuing up to eight
atomic layers (i.e., four BN layers). The evolution in structural geometry and
interfacial stability were thereby investigated in order to outline the possibilities and prerequisites for a direct c-BN growth on diamond (100). Recently, c-BN films have been deposited without the presence of any distinctive interlayer of turbostratic, or amorphous, phases between the diamond
substrate and c-BN. This was accomplished by using fluorine-assisted plasma-enhanced chemical vapor deposition (PECVD) on single-crystalline diamond substrates.[13, 27]
Paper IV focuses on the effect by substitutional doping for further improvements of the vapor phase synthesis of cubic BN films. The Hterminated c-BN (100) surface can be seen in Figure 2b. One near surface N
(or B) atom was substituted by O (or C). These surfaces were terminated by
either H or F. There is the possibility that the extra electron in the doping
atom might have a more profound effect on both the surface reactivity and
geometrical structure, which would be of an outmost importance for a phasepure growth of c-BN. Recently, a thick and adherent c-BN film was received
by using a reactive magnetron sputtering method with a controlled incorporation of a small amount of O into the deposition process. Not only O was
found in the cubic structure, but also small amounts of C.[36-39]
Paper V focuses on the surface reactivity of the four different BN phases
(c-, h-, w-, and r-BN), by calculating the energy of adsorption for H, F, or Cl
surface-terminating species. In addition, the effect by interstitially positioned
Si dopants on these BN surface reactivities was also studied for the h- and rBN phases. The surface reactivity is extremely important for chemical processes as, e.g., thin film growth. Si was recently experimentally observed to
favor the growth of the r-BN structure.[40] Only recently, epitaxial h-BN
films were successfully grown on lattice matched Ni (111) substrates by
using thermal CVD.[41, 42]
Theoretical modeling and simulations has become an important tool within materials science of today due to its capability to study atomic level pro13

cesses with a sufficiently high accuracy. Density Functional Theory, DFT,
calculations, for periodic systems, have been used in the present thesis. Walter Kohn and John A. Pople received the Nobel Prize in 1998 for their development of DFT. Moreover, the Nobel Prize in chemistry, year 2013, was
given to Martin Karplus, Michael Levitt, and Arieh Warshel for their development of theoretical multiscale models for studying complex chemical systems. These prizes demonstrated the need for also a theoretical approach
within materials science of today.

a)

b)

Figure 1. Projections of two different MB2-structures, onto the xz plane; (a) puckered MB2-structure, and (b) planar MB2-structure.The B and M atoms are demonstrated as pink and green spheres.

a)

b)

Figure 2. Models demonstrating H-terminated c-BN (100) 2x1 surfaces with alternating boron (pink spheres) and nitrogen (blue spheres) layers: (a) a diamond//cBN interface with a B-rich (boron layer as the upper surface) c-BN adlayer; (b) an
N-rich (nitrogen layer as the upper surface) c-BN surface. The bottom layers are Hterminated.

1.1 Boron
Boron, element number five in the periodic table, is a light material that has
many interesting electronic and structural properties. It is a non-metal with
chemical inertness at room temperature. Boron has an s2p1 outer shell elec14

tron configuration, which is identical to aluminum. However, in contradiction to boron, aluminum is a metal.[1] Moreover, boron has a medium electronegativity of 2.04 and is a small atom with a covalent radius of 88
pm.[43] In nature, boron occurs primarily as oxides and oxoanions.[44] It
was not until early 1900, that 99 % pure boron was synthesized. Before that,
compounds containing only 60-70 % boron were found.[45] It is a Lewis
acid, so it reacts strongly with Lewis bases. A Lewis acid is an atom (or ion
or molecule) that is an electron pair acceptor (i.e., it has vacant orbitals). The
Lewis base is, on the other hand, an electron pair donor.[46] In its most
common crystalline state, boron is stronger than steel, hard as carborundum
and less dense than aluminium.[47] These properties make boron-containing
materials ideal for technical and industrial needs, such as in protective coatings for cutting tools and in electronic devices. In addition, boron-containing
materials are expected to give an increased tool life, compared to, e.g., ceramic based tools or tungsten carbide based tools.[14, 16, 48]
Since boron is an element with only three valence electrons, it will easily
form compounds with metals.[1] It adopts somewhat unusual structures,
such as cage structures with three-centre, two-electron bonds. It can also
adopt puckered (or planar) layered structures, as well as boron nitride compounds, which are examined in this thesis (Paper I-paper V).

1.1.1 Transition metal diborides
The transition metal diborides are, due to their large density of states at the
Fermi level and high conductivity properties, a very interesting group of
materials.[5] Some MB2 show very interesting properties, such as high melting points, hardness, high thermal electronic conductivity, chemical stability,
and inertness.[7, 9] These unique properties make them practically useful
and interesting for applications at high temperatures and/or within severe
environments. They may also be used for superconductivity applications.[3,
5, 49-51]In the MB2 structure, the metal atoms have been observed to donate
electrons to the boron atoms. This leads to a stabilization in either of three
different structural formations; planar, puckered, or stacked (e.g., ReB2)
sheets.[2] Within this study, only planar and puckered structures were investigated. In the MB2 structure with planar sheets, strong bonds with delocalized electrons will create thermal- and metallic conductivity, high melting
points, low electrical resistance, and high phonon frequencies.[7, 51]
The planar boron skeleton in MB2 has a graphite structure.[52] The discovery of superconductivity in planar MgB2 has made other MB2 compounds
even more interesting to study. High-temperature superconductors in general
show quite complicated and complex structures, which makes it difficult to
fully understand the microscopic origin of the critical temperature.[5] This is
the main reason why it is of major importance to learn more about the fac15

tors that can steer the synthesis of MB2 to planar, instead of puckered, boron
structures.

1.1.2 Boron nitride
Nitrogen, N, is one of the most electronegative elements (3.04) in the periodic table. It participates in hydrogen bonding and can form multiple bonds. N
is very reactive as a Lewis base, and thereby reacts strongly with a Lewis
acid like boron, B, with an electronegativity of 2.04.
Boron Nitride, BN, is a binary compound that can possess several different structures; cubic (c-BN), wurtzitic (w-BN), hexagonal (h-BN), rhombohedral (r-BN), nanotube, and fullerene structures.[16, 41, 53-56] The first
two structures are based on sp3-hybridized atoms, while the others are based
on sp2-hybridized ones. Cubic BN, has a zinc-blende structure and is a promising material due to its extreme properties, out of which many are similar,
or even superior, to diamond; low density (3.48 g/cm2), extreme hardness
(second only to diamond, 70 GPa), wide bandgap (6-6.4 eV), high thermal
conductivity (13Wcm-1K-1), large resistivity (106 Ωcm), chemical stability,
high resistance to oxidation (up to 1300 K), and transparency from near ultraviolet to infrared (refractive index n=2.1 for l=600 nm) (Table 1).[10, 14,
16, 57, 58] Cubic BN can be both n- or p-doped, while there are difficulties
to n-type dope diamond.[16, 17, 57] This makes c-BN suitable for p-n junction modes. Cubic boron nitride also possesses a higher thermal stability
which makes it promising for tool coatings for machining of steel, cast iron,
and ferrous alloys.[16, 57] Unfortunately, there are severe problems in synthesizing c-BN at lower temperatures and pressures. Vapor phase deposition
of c-BN, using methods based on surface bombardment with energetic ions,
generally results in a film containing layers of different BN phases, such as
amorphous (a-BN), turbostratic (t-BN), and c-BN. The t-BN is a very disordered hexagonal BN.[11, 59] The a-BN is generally situated closest to the
substrate.[11, 18] The film quality also becomes poor which results in high
film stresses, poor crystalline quality, small grain sizes, and high density of
defects. The c-BN film easily peels off from the substrate even for low film
thicknesses (0.1-0.2μm). However, c-BN films has been successfully deposited directly onto a diamond substrate when using plasma-enhanced chemical vapour deposition (PECVD) with very low-energetic ions.[27] Hence,
the role of the substrate, onto which c-BN is grown, seems to be very important. Besides the achievement of a low interfacial lattice mismatch, the
chemical affinity between c-BN and the substrate has been assumed to be of
an outermost importance.[13, 60] Physical properties of the substrate surface
(e.g., hardness and roughness) have been observed to be of greatest importance for the adhesion of the film.[61] Another way to achieve lowstressed, well-adhesive, and thick (several µm) c-BN films is to add a small
amount of oxygen into the film during deposition.[36, 37, 62, 63] Latteman
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et al.[36] deposited a 3 µm thick c-BN film using unbalanced radio frequency magnetron sputtering and a hot-pressed hexagonal boron nitride target.
Moreover, a 2.7 µm thick c-BN film was successfully deposited using boron
carbide targets. These films were deposited on a compositionally graded
interlayer which consisted of C-B-N, and the resulting cubic films contained
small fractions of C.[20, 38] However, these films were observed to still
exhibit very high stresses (10-15 GPa).[64]
The hexagonal form of BN, h-BN, was first synthesized in 1842 from boric acid and calcium cyanide.[65] It is isoelectronic to carbon and crystallizes in the graphite structure.[16] h-BN consists of planar sheets and has later
been synthesized by heating boron oxide with a nitrogen compound.[44] hBN is an insulator since the free electrons are localized by the strong covalent bonding between the B and N atoms within the same layer.[65] This
strong covalent bonding also explains the white color of h-BN (graphite is
black).[65] There are weak van der Waals forces in between the sheets,
which allows the planes to easily slide against each other. Therefore, h-BN is
often used in the form of a powder for some applications.[65, 66]. h-BN in
particle form, is also used in the cosmetic industry. The ability to not absorb
moisture from the skin, the optical reflectance, and the non-toxicity, are important properties for that specific area of application.[67] Furthermore, hBN has been successfully grown by thermal CVD.[41, 42]
Two more crystalline polymorphs of BN are the rhombohedral (r-BN),
and the wurtzite (w-BN) boron nitrides. They are both, however, only of
academic interest so far.[59] This is due to the difficulty of growing them as
thin films. It was only recently shown possible to grow r-BN epitaxially.[68]
w-BN can be transformed from h-BN by using high temperature and high
pressure, or a dynamic shock.[69] The w-BN structure is metastable, with a
somewhat larger lattice energy compared to c-BN. Moreover, the structure is
analogous to the stable AlN structure.[70, 71] r-BN, on the other hand, is
graphitic-like with its sp2-bonded planes.[70, 72] Due to the outstanding
physical and chemical properties (e.g., wide band gap, high thermal and
chemical stability), the interest for the r-BN thin films is rapidly increasing.[40] r-BN is structurally analogous to rhombohedral graphite, and can be
transformed to the cubic phase under pressure. However, there are some
kinetic and dynamic barriers that have to be overcome for the c-BN film to
be synthesized.[73]
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Table 1. Properties of cubic boron nitride (c-BN).
Low density (3.48 g/cm2)
Extreme hardness (second only to diamond)
Wide bandgap (6-6.4 eV)
High thermal conductivity (13Wcm-1K-1)
Large resistivity (106 Ωcm)
Chemical stability
High resistance to oxidation (up to 1300 K)
Easily n- and p-type doped
Transparency from near ultraviolet to infrared (refractive index n=2.1 for l=600 nm)

1.2 Synthesis of c-BN
Thin films play an enormous role in modern materials science. Different
techniques to produce these films are available today, which all have their
own pros and cons. There are, however, severe problems when trying to
deposit c-BN films (see Section 1.1.2 Boron nitride).
c-BN has traditionally been synthesized using high pressure and high
temperature (HTHP) techniques.[16] Already in 1957, Wentorf synthesized
c-BN from the hexagonal form of BN, using high temperature and high pressure techniques.[74] It is, however, not possible to synthesize thin films by
using these HTHP methods since the result will be small particles. However,
thin films of materials can be obtained by using vapor phase deposition
methods.
Physical Vapor Deposition, PVD, is a method where ion bombardments
are commonly used (e.g., for BN growth).[31] For the situation with c-BN
syntheses, it unfortunately results in not phase-pure c-BN films (see Section
1.1.2 Boron nitride). The PVD methods used for deposition of c-BN, are
physical methods where the growth species are released from a source, usually an h-BN target, by applying a high voltage or plasma.[75, 76] These
species are directed towards the substrate by using, e.g., a magnetic field.
The substrate is, at the same time, exposed to a high energy ion bombardment of heavy inert argon atoms (or another inert gas), and/or by highly energetic N ions. Many PVD processes used for BN deposition use growth
precursors free from terminating H species (e.g., ion-beam assisted evaporation), and the substrate temperature is usually not that high (less than 300400 °C).[31, 32, 77] The usage of highly energetic ions has been shown to be
necessary to be able to synthesize cubic, instead of hexagonal, BN films.[78]
However, this high energy ion bombardment will cause stresses in the film,
leading to a mixture of BN phases and the problems with delamination of the
18

film (as discussed in Section 1.1.2 Boron nitride). However, the usage of
magnetron sputtering, under the addition of a small amount of oxygen during
the deposition, has been found to be successful (see Sections 1.1.2 Boron
nitride and 3.3.1 Stabilization energy and geometrical structures ).[36-39]
Chemical vapor deposition, CVD, of c-BN is a more gentle process,
where the growth precursors (B- and N-containing) are pumped into the
reaction chamber.[79-81] A high concentration of species similar to H2 (or
F2), is most often added to the gaseous mixture, which will be activated by
using, e.g., plasma. The resulting gaseous fragments will react chemically
with each other, both in the gas phase and onto the substrate.[33, 79, 80, 82]
However, it has been shown necessary to use, also for this technique, bombardment with energetic ions using, e.g., the plasma-assisted chemical vapor
deposition (PACVD) method.[75, 81, 83] It must though be stressed that the
energies for these ions are not that high as was necessary for the PVD methods, and the ions will not have the power to penetrate the upper BN surface.
However, the usage of an energy impact by ions will still cause, but to less
extent, film stresses. Recently, some of the plasma enhanced (PE) CVD processes have shown to be successful in synthesizing BN films with a high
content of c-BN. One example of process is direct current jet plasma CVD in
an Ar-N2-BF3-H2 gaseous system.[84] These films were shown to have a
film thickness of 3 µm, and a cubic phase content of 90%.[84] For industrial
needs, this process is, however, difficult to control and is also costly.
Atomic Layer deposition, ALD, is a CVD process where the precursors are
pumped into the chamber sequentially. The various precursors will then be
allowed to react with the growing thin film surface more or less completely
independent of each other. This method will allow for a highly controllable
layer-by-layer growth of a material, with a specific film thickness. An inert
purging gas is used to remove all loosely bound species, and will thereby
keep the surface coverage to be below, but close to, 100 %. The substrate
geometry is not limited to a line-of sight in the chamber since the precursors
in the ALD (or CVD) process are gas phase molecules which fill the whole
space in the chamber; it is only limited by the size of the reaction
chamber.[85]
Further developments of the CVD-processes are, though, still necessary.
It is a strong requirement to learn about the underlying causes to the necessity to use energetic ions in the deposition of c-BN. The main goal is to develop a CVD setup with which it is possible to synthesize phase-pure c-BN,
using the more traditional CVD (or ALD) methods where no bombardment
is being used.
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2. Theoretical calculations

2.1 General
New and interesting materials are frequently discovered and invented. Experimental work can often be very time consuming and expensive. This was,
to some extent, also the situation for theoretical modeling and simulation
some decades ago. The calculations were very time consuming, and the results were, due to severe model size restriction, often not very accurate. The
development of both computers and software has been tremendously improved the last decades. The possibility to simulate accurate, fast and more
realistic systems has been greatly improved. Theoretical modeling and simulations have thereby become a very valuable tool as a complement to synthesis and characterization within materials science of today.

2.2 Quantum mechanics
Several theoretical methods (e.g. semi-empirical, force field, and ab initio
methods) can be used to calculate the energy of a system. Semi-empirical
methods are based on the Hartree-Fock method. It is based on parameters,
which are most often obtained from experimental data. Due to the large degree of approximations and it can treat large molecular systems. The semiempirical methods will thereby give the simplest model description of the
molecular electronic structure.[86] The force field, FF, methods are based on
classic mechanics, and do not belong to the class of quantum mechanical
methods. The force field method is the least accurate one of these three
methods since it does not treat electrons as the smallest unit. However, the
FF method most often gives a reasonable geometrical structure of the model
under consideration. In addition, this type of method gives an insight in the
spectrum of interactions between molecules.[87, 88] The methods that have
been used in the present study are the ab initio methods. Ab initio is an expression that roughly can be translated to “from scratch”.[89] They are quantum mechanical methods which are highly accurate in describing the electronic structures for a specific model system. The ab initio calculations need
no other input than the values of the fundamental constants within the
Schrödinger equation, in addition to the atomic numbers (and charges) of the
atoms present.[89] Unfortunately, the models treated cannot be too large.
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The two main ab initio methods are Hartree-Fock, HF, and Density Functional Theory, DFT.
To examine different material properties, and to describe their electronic
structure, the interaction between the material components (e.g., atoms) must
be understood on a quantum level. Within quantum mechanics, the timeindependent Schrödinger equation can be solved by using:
HΨ = EΨ

[2.1]

where H is an operator called the Hamiltonian, E is the total energy, and Ψ is
the many-particle wave function.[89] The complete non-relativistic Hamiltonian of a system can be described as:
H= TN + Te + VeN + Vee + VNN

[2.2]

where TN is the kinetic energy of the nuclei, Te is the kinetic energy of the
electrons, VeN is the Coulomb potential of the electron-nucleus interaction,
Vee is the electron-electron repulsive Coulomb potential, and VNN is the Coulomb potential of nucleus-nucleus repulsive interaction.[86] There are very
few analytically known solutions to the Schrödinger equation why different
levels of approximations are needed. The most common approximation used
in chemistry is the Born-Oppenheimer approximation. The BornOppenheimer approximation describes the separation of the motion of the
electrons from the motion of the nuclei in the system under
investigation.[89] It is based on the pronounced mass differences between
the nuclei and the electron.[89] Since the Born-Oppenheimer approximation
neglects the movements of the nuclei, the Hamiltonian can be reduced to
He = Te + VeN + Vee

[2.3]

A trial wave function is initially used in the calculations since the variation
principle states that the calculated energy value is never more negative than
the true energy.[86, 89, 90] This means that the calculated total energy, resulting from a Hamiltonian working on a trial wave function, is always higher in energy (or identical to) than the real ground state energy. The trial wave
function should be varied until the lowest energy is received. By using the
iterative self-consisted field (SCF) solution, the minimum ground state energy can be approached by introducing minor perturbations to the system. The
physical idea is that the exact dynamics, or energies, of a particle are replaced by its evolution in a field averaged over all the other particles.[86]

2.2.1 Density Functional Theory, DFT
The conventional Hartree-Fock (HF) method neglects the electron correlations, and therefore generates an inaccurate value of total energy. Post21

Hartree Fock calculations, which contribute with corrections for these electron correlations, have to be performed. The density Functional Theory
(DFT) methods does, on the other hand, include a certain level of electron
correlation corrections also at the most simple level of theory; Local Density
Approximation (LDA). The DFT method can be traced back to 1927 when
Thomas Fermi calculated the distribution of electrons around the nucleus,
and the energy that is required for a complete ionization.[91] It has been
largely improved since then. The DFT method was in the mid of sixties further refined by Hohenberg and Kohn (1964) and Kohn and Sham (1965).
Hohenberg and Kohn developed a theory for the electronic ground state, and
proved that the total energy of an electron gas is a functional of the electron
density.[92] The computational gain is tremendous when dealing with the
electron density (as in DFT) instead of the complicated wave function (as in
the Schrödinger equation). The DFT method can therefore be implicated for
larger systems. The computational gain, together with the fact that the DFT
method is valid for in principle all elements in the periodic table, have made
DFT very popular and widely used in both chemistry and physics.
The density, ρ(r), determines the probability of finding one of the N electrons in a system within the volume dr.

N [ ρ ( r )] =  ρ ( r ) dr = N

[2.4]

The energy of an electronic system can therefore be written in terms of ρ(r),
which is the basic idea of the DFT method. [92] The ground state energy, E,
can be written as

E [ρ (r )] =  v ( r ) ρ ( r ) dr + F [ ρ ( r )]

[2.5]

where v(r) is an external potential defined by the nuclei, ρ(r) the electron
density and F[ρ(r)] is a universal functional, which is a functional of the
electron density.[92] A functional is a function of another function (instead
of using a numerical value as a variable).[88] Further on, Kohn and Sham
developed a set of self-consistent equations which treat the electronic exchange and correlation effects.[93] By substituting F[ρ(r)] in Eq. 2.5 with the
expression

T [ ρ (r )] +

1 ρ (r ) ρ (r´)
+ E xc [ ρ (r )]
2  r − r´

equation 2.5 can be rewritten as
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[2.6]

E [ρ (r )] = T [ ρ (r )] +

1 ρ (r ) ρ (r´)
+  v(r ) ρ (r )dr + E xc [ ρ (r )] [2.7]
2  r − r´

where T[n(r)] is the kinetic energy of a system of non-interacting electrons
with density, ρ(r), and Exc[ρ(r)] is the exchange and correlation energy of a
system with density ρ(r).[93] The exchange and correlation energy functional is, however, not possible to calculate without incorporating any approximations. It is a challenge to find a proper approximation of this
functional.[94] In Kohn and Sham’s theory from 1965, the simplest approximation to the exchange and correlation energy is the Local Density Approximation (LDA), expressed as

E xcLDA [ ρ ( r )] =  ρ ( r )ε xc [ ρ ( r )]dr

[2.8]

where εxc[ρ(r)] is the exchange and correlation energy per electron of a uniform electron gas of density ρ(r).[93] This εxc[ρ(r)] factor can be written as

ε xc [ρ (r )] = ε x [ρ (r )] + ε c [ρ (r )]

[2.9]

Within the LDA approximation, the electron exchange-correlation energy at
the position r in the electron gas εxc , is equal to the exchange-correlation
energy per electron in a homogenous electron gas that has the same density,
ρ, as the electron at point r.[95] The LDA is the simplest way of describing
the exchange-correlation energy of an electronic system, and it was developed and, hence, works best for simple metals. However, the LDA does not
treat other types of bond types in an acceptable way. It overestimates bond
strengths for, e.g., covalent systems, why improvements to the LDA have
been developed for other systems than metals. One improvement is the nonlocal exchange-correlation functional – the Generalized gradient approximation (GGA) functional -- by Perdew and Wang.[96, 97] It is expressed as
=

, ∇ρ

[2.10]

The electron exchange and correlation functional is thereby improved by the
addition of information about the gradient of charge density (∇ρ). The GGA
theories vary with different parameters, resulting in several functionals, e.g.
PW91 and PBE.[94, 97, 98] There is also another class of functionals that is
called the hybrid functionals, e.g., B3LYP. In these functionals, the approximation is only based of the electron correlation part since the Hartree-Fock
exchange energy can be calculated exactly.[99] The DFT method developed
by Perdew and Wang - GGA-PW 91 - has been applied in all five papers
within this thesis.[96] The first principle DFT calculations have been performed using the ultrasoft plane-wave approach within the software program
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Cambridge Sequential Total Energy Package (CASTEP).[92, 93, 100] In
addition, the DMol3 package was used for complementary calculations of the
surface reactivities (by calculating the Fukui functions, see paper IV).[101,
102]

2.2.2 Models and basis set
In the calculations performed in Paper I - V, the systems have been modeled
as periodically repeated super cells in three dimensions.[95] The model is
thereby made infinite in the x- and y- directions, while forming separate
slabs in the z-direction. The electronic wave functions are therefore expanded as plane waves according to Bloch’s theorem [103]:

Ψk (r ) =  c k −G e i ( k −G ) r

[2.11]

G

where Ck-G are the expansion coefficients, G is the vector of the reciprocal
lattice, and k is the wave vector.[103] The finite k-points can be generated in
several ways, but in this work the Monkhorst-Pack scheme has been
used.[104] In the Monkhorst-Pack scheme, the integrations of the periodic
functions of a Bloch’s wave vector are computed only for a carefully selected set of points in the Brillouin zone.
In this thesis, the total energy has been minimized (i.e., geometry optimized of the system structure), by varying the coefficients within the linear
plain wave expression. These are varied self-consistently by using a preconditioned conjugate-gradient technique which expands the wave functions in
terms of plane waves.[105] The BFGS algorithm (Broyden-FletcherGoldfarb-Shanno) was used in all including articles.[106, 107] The gradient
is preconditioned to make the convergence rate reasonably, independent of
the number of plane waves.[105] A very large basis set is, however, still
required to perform an all electron calculation. In the core region a very
large number of plane waves would be needed to describe the rapid oscillations of the wave function.[108] The atomic core is therefore described in
the pseudopotential approximation where the core electrons and ionic potential are replaced by a weaker pseudopotential.
When dealing with the BN surfaces a large vacuum slab, in combination
with a saturation of the dangling bonds on the bottom atoms, were used to
suppress the artificial charge transfer that induces an electrostatic field from
the polarity of the two N and B ends.[109] This was done also for the diamond//BN interface. The two bottom atomic layers of BN and the bottom C
layer within the diamond//BN interface, with the terminating H species, were
held fixed during the geometry optimization to simulate a continuous bulk
structure. All the other atoms were allowed to fully relax.
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2.3 Reaction energies
2.3.1 Interfacial binding
In papers II and III, the interfacial binding energy for the c-BN adlayer
attached to the diamond substrate has been calculated using

Δ E bind = E tot − E substrate − E adlayer

[2.12]

where Etot is the total energy for the interface (substrate//adlayer), and Esubstrate and Eadlayer are the total energies for the substrate and adlayer, respectively. Geometry optimization was performed when calculating the total energy
for the interface. For the separate substrate and adlayer, single point calculations were performed using the structural geometries from the optimized
interfaces.

2.3.2 Surface binding
As one important challenge, the atomic-level chemical process during the
initial nucleation of c-BN has to be deeply understood. Within this thesis, the
initial nucleation of the c-BN (100) surface has been examined by theoretically studying the structure of the BN//diamond interface. The energetic
stabilization (i.e., interfacial binding energy) of this interface was examined
under the assumption to use two different experimental techniques; the more
brutal PVD process, and the more gentle CVD (ALD) process. Also the cBN film, with and without doping species, was presented. The important
adsorption and abstraction steps of the CVD process were calculated, and the
reactivity of the surface was evaluated. The adsorption process is when one
of the gaseous species (the adsorbate), A, is chemisorbed (or physisorbed)
onto the surface (the adsorbent), S, i.e. forms a bond with the surface atoms.[110]
A(g) + S → AS

[2.13]

The abstraction process is the reaction when one surface atom, A, reacts
with a gaseous specie, B, and thereby is removed from the surface as AB.
SA + B(g) → S + AB(g)

[2.14]

The c-BN (100) surface was used throughout this thesis since this particular
surface has experimentally been shown to be the most favorable surface in
CVD growth because of the alternating layers of N and B.
In paper IV and V, the adsorption energy, associated with the chemisorption of the terminating species, has been calculated using
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ΔEads = EBN(100% X ) − (EBN(94% X ) + E X )

[2.15]

X = H, F, or Cl
In paper IV, also the abstraction energy, has been calculated using

ΔEabs = (EBN(94%X ) + EXY ) − (EBN(100%X ) + EY )

[2.16]

X, Y = H, F, or Cl
EBN(100% X) is the total energy for a 100 % surface coverage with X. EBN(94% X)
is the total energy for a monoradical surface (94 % X-covered), and EX, EY,
and EXY are the total energies for an X or Y atom, and an XY molecule, respectively. Geometry optimization was performed when calculation the total
energy for the respective surface, and for the XY molecule, while single
point calculation was performed for the X and Y atoms.

2.3.3 Relative stabilization
In paper V, also the relative stabilization energies for the Si-doped surfaces,
relative the non-doped ones, have been calculated using

Δ E stab = E BN ( 0.6% Si ) − ( E BN ( 0% Si ) + E Si )

[2.17]

where EBN(0.6%Si) and EBN(0%Si) are the total energies for the geometry optimized Si-doped (0.6%) and non-doped BN surface, respectively. ESi is the
total energy for the single Si atom. Geometry optimization was performed
when calculating the total energy for the respective surface.

2.4 Chemical reactivity analysis
2.4.1 Electronic analysis
Several electronic properties, like atomic charges and electronic bond populations, have been generated from the calculated electron density of the various systems. The Mulliken analysis method was used to partitioning the
electron density (and hence the charges) to individual atoms.[111] The electron bond population, (i.e. electron density between two atoms) is generally
regarded to be a measure of the covalent bond strength. It has here been calculated by using a projection of the plane-wave onto the atomic
orbitals.[112] The population analysis is then performed from the resulting
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projected states used by the Mulliken formalism.[111, 113] The electron
transfer between two atoms is generally regarded to be a strong indication of
interactions, and, hence, bonding. Molecules (or systems in general) are generally interacting by forming overlapping orbitals. The factors that control
the interaction strengths and bond types are degree of orbital overlap, and
orbital energy difference. The interaction will, depending on these factors,
span all the way from perfect covalent bonds, over polar covalent bonds to
ionic bonds. This is also the situation with the electron transfer. For perfect
covalent bonds, there is no degree of electron transfer. However, an ordinary
covalent bond also contains ionic contributions (called a polar bond). They
often show a more or less degree of electron transfer.
The electronegativity, χ, was first defined by Pauling as the “power of an
atom in a molecule to attract electrons to itself”.[44, 114, 115] It is thereby a
useful tool for estimating the ionic contributions in chemical bonds.

2.4.2 Surface reactivity indications
Already in 1952, Fukui introduced the concept of frontier orbital interactions. In 1981 he received the Nobel Prize in chemistry for a theory that describes the reaction mechanisms that involve these frontier orbitals (especially the highest occupied molecular orbital, HOMO, and lowest unoccupied
molecular orbital, LUMO).[116, 117] The Fukui functions were later defined
by Parr and Yang.[118, 119] The functions give information about the
change in electron density when changing the number of electrons in the
system:

 ∂ρ (r ) 
f (r ) = 

 ∂N ν ( r )

[2.18]

where ρ(r) is the electron density, N is the number of electrons, and ν(r) is
the constant external potential. These Fukui functions will thereby predict
the susceptibility for an electrophilic (f-), nucleophilic (f+), or radical (f0),
attack onto the surface. Hence, the Fukui functions inform about the more
electronegative and electropositive parts on the surface. Information about
electronegativity are achieved by adding one electron to the system (f+), and
information about electropositivity by removing one electron (f -).[120] The
susceptibility for a radical attack, f0, is estimated by taking the average value
of the f- and f+. In this thesis (paper IV), the reactive sites on the surfaces
have been studied by calculating the Fukui functions, being mapped onto the
charge density isosurface.
Also other surface reactivity indications were used, such as the electron
deformation density difference maps, ∆ρ, and spin density maps. The elec27

tron density difference, ∆ρ(r), illustrates the charge redistribution due to
chemical bonding. It is calculated as the total electron density with the density of the unrelaxed atoms subtracted [121]:

Δρ(r) = ρ(r)tot − ρ(r)unrelaxed

[2.19]

When analyzing the spin-polarized calculation results, using the spinpolarized GG(S)A approximation, spin density values are mapped onto the
electron density (spin density maps), and are illustrating the difference between the densities of the alpha- and beta spins.
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3. Results and discussion

The section Results and discussion is divided into several sub sections,
which each describes the individual papers. The purpose with the first paper
was to receive a deeper understanding about the underlying causes to the
different structures of the 4d transition metal diborides. The main goal with
the second and third paper was to study the evolution of the interface during
the initial growth phase of BN onto the diamond substrate. In addition, the
energetic stability and chemical reactivity of the surfaces of different polymorphs of BN, were examined (with and without the doping atoms O, C and
Si within papers IV and V. The theoretical modelling and simulations in
paper II to IV were made with the purpose to get a deeper knowledge about
the atomic-level factors that lead to a phase-pure growth of c-BN films.

3.1 Transition metal diborides
3.1.2 Structural properties and energetic stability
The induced effect by the 4d transition metals (Y, Zr, Nb, Mo, Tc, Ru, Rh,
and Pd) on the geometrical structure of the boron skeleton in the MB2 compounds has been investigated in paper I.[122] Since MgB2 have been found
to be superconducting at the critical temperature of 39 K, it is of a great interest to further investigate some of the MB2 structures.[3] For each compound, both a planar and a puckered structure were modelled.[2, 123-125]
The structures were modelled as supercells, under periodic boundary conditions, in a planar hexagonal AlB2 type with a = b = 3.05 Å and c = 3.113 Å,
and a puckered orthorhombic RuB2-structure with a = 4.644 Å, b = 2.865 Å,
and c = 4.045 Å.[124, 126, 127] Each structure consisted of sixteen boron
atoms and eight metal atoms. The energetic stability of each compound was
then calculated and compared. The energy difference, ΔE, was generally
observed to follow the structure formations obtained from experimental results (see Figure 3). The initially puckered structures of YB2 and ZrB2 became planar as a result of geometry optimization. The ΔE values for these
compounds were therefore calculated to be close to zero (see Figure 3).
Moreover, it is only the NbB2 compound that shows a clear positive ΔE value. This result will thereby imply a planar structure for this compound. On
the other hand, the TcB2, RuB2 and RhB2 compounds show clearly negative
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ΔE values. The most preferred structure type for these compounds is, hence,
the puckered one. A very interesting result was observed for the MoB2 structure, which has experimentally been found to be planar.[128] Earlier results
have though claimed that the MoB2 still has a hexagonal structure with planar metal layers, but every other boron layer is puckered instead of
planar.[129] The present calculations showed a slightly negative ΔE value,
but close to zero. There are several plausible explanations to this behaviour.
One should keep in mind that the ΔE value in Figure 3 is a result from the
subtraction of two very big numbers, and that the electron exchange and
correlation approximation also will induce small errors that not necessarily
have to be identical for the puckered and planar structures. The PdB2 compound was also found to have a ΔE value close to zero, with no obvious explanation. This ΔE value is slightly negative which implies a tendency for a
puckered structure. According to the energy differences in Figure 3, the
compounds to the left of Mo in the periodic table prefer a planar structure,
while the compounds to the right of Mo prefer the initially puckered one.

15
10

ΔE [eV]

5

planar

0

puckered

-5
-10
-15

Y

Zr Nb Mo Tc Ru Rh Pd

Figure 3. Energy difference diagram (initially puckered minus initially planar structures) from the geometry optimisation calculations. The positive ∆E values (in the
unit, eV per supercell) indicate the preference for a planar boron structure, whilst
the negative values indicate the preference for a puckered boron structure.

30

The structural stabilization energies in Figure 3 have been compared with the
elemental electronegativity values by Pauling, see Table 2.[114, 130] The
metals that are less electronegative than boron have a larger ability to donate
electrons to neighbouring boron atoms. As can be seen in Figure 3, all of
these metals show a preference for planar MB2 structures (with an exception
for TcB2). The metals that are more electronegative than boron do all show a
preference for the puckered structure. The MgB2 compound is included in
Table 2 for comparison. It shows a planar boron structure, and has also a
lower electronegative value as compared to the B element.
Table 2. Electronegativity values for B and the various metals (Pauling Scale).
Metal

Mg

Y

Zr

Nb

Mo

Tc

B

Ru

Rh

Pd

Electronegativities

1.2

1.3

1.4

1.6

1.8

1.9

2.0

2.2

2.2

2.2

3.1.3 Indications of charge transfer
3.1.3.1 Charge transfer
The electron transfer between the metal atoms to neighboring boron atoms
can be seen in Table 3. MgB2 is included in Table 3 for comparison. A clear
trend, which correlates well with the electronegativities (Table 2), can be
observed. The degree of electron transfer increases when going to the left in
the periodic system. The metal atoms that are positioned to the left of Tc,
donates more than one electron to neighboring boron atoms for the initially
planar structures. However, less than one electron is donated for the metal
elements to the right of Tc in the periodic table, with an exception for Rh.
For the initially puckered structure, the metals that donate more than one
electron to neighboring boron atoms is positioned to the left of Nb in the
periodic table, see Table 3. To the right of Nb, all metals donate less than
one electron to neighboring B atoms.
These results correlate well with the structural energy difference, ∆E, as
shown in Figure 3.
Table 3. Changes in atomic charge as a result of electron transfer from one metal
atom to two neighbouring boron atoms.
Initial
structure
Planar

Change in
charge [e]
B

Planar

M

Puckered

B

Puckered

M

Mg

Y

Zr

Nb

Mo

Tc

Ru

Rh

Pd

1.0
2.0

0.6
1.2

-0.65

-0.6

-0.55

-0.45

-0.6

-0.4

1.3

1.2

1.1

0.5
1.0

0.9

1.2

0.8

0.8
1.9

0.6
1.2

-0.6

0.45
0.9

-0.4

0.4
0.8

-0.35

-0.45

-0.3

0.7

0.9

0.6

1.2

0.8

31

3.1.3.2 Bond populations
The electron bond population is an estimation of the density of electrons
within the bonds. It is generally regarded to be a measure of the (covalent)
bond strength. The results of the electron bond population calculations can
be seen in Figure 4. The electron populations between two metal atoms are
very close to zero for all initially planar structures to the left of Mo in the
periodic table. Only three metals to the right of Nb show M-M electron bond
populations (Mo, Tc and Ru). However, they are all negative (i.e., antibonding), with TcB2 showing the lowest value of -0.4. The initially puckered
structures do also show negative electron population to the right of Nb in the
periodic table (RhB2 showing the most negative value of -0.7). To the left of
Mo, however, the initially puckered structures showed zero electron bond
populations. The only exception is NbB2, which show a positive electron
bond population of 0.07 (see Figure 4).
These results imply that the MB2 structures that energetically prefer to be
puckered, show an anti-bonding M-M character for the planar structure. It is
then possible to draw the conclusion that the anti-binding M-M bonds will
severely destabilize the planar structure and hinder it to be formed. There
were almost zero electron bond populations for in principle all initially planar structures. The exception is the MgB2 phase, which showed a negative
bond population of -0.4. For the initially puckered structures, the M-B electron populations were slightly positive for all elements, except for MgB2
which also here showed a bonding population of -0.3 (see Figure 4).
As can be seen in Figure 4, the electron bond populations between the boron atoms (i.e. B-B) were found to be positive, and numerically larger for
both the initially planar and puckered structures. However, the bond population for the initially planar structures was somewhat higher than for the initially puckered ones. MgB2 showed the largest bond populations, when compared to the 4d MB2 [1.7 (initially planar) vs. 1.5 (initially puckered)]. From
these results it is possible to draw the conclusion that the bond population
values for the B-B bonds are not of any guidance in explaining the preference for any of the planar, or puckered, structures. On the other hand, the MM bond populations seem to be of greater importance with strong M-M antibinding for the puckered structures, and non-binding M-M interactions for
the planar structures.
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Electron Bond population

2

B-B, planar
B-B, puckered
M-B, planar
M-B, puckered
M-M, planar
M-M, puckered

1,5
1
0,5
0
-0,5
-1

Mg

Y

Zr Nb Mo Tc Ru Rh Pd

Figure 4. Electron bond populations for initially planar and puckered 4d metal
diborides

There is also a clear correlation observed between the radius [between the
metal atom and the boron atom (RM/RB)] and the energetically preferred
structures. The energetically most preferred planar structures show a radius
ratio above 1.60, and the energetically most preferred puckered structures
show a radius ratio around 1.50 (see Table 4).
Hence, based on these results it is possible to draw the conclusion that it
is not only the electronic structures that are important for the final structure,
but also the difference in size of the metal atoms.
Table 4. Demonstration of the metallic radii of the metal atoms, and covalent radius
for the boron atom. The metallic radius is one half of the shortest interatomic distance within the bulk metal. The covalent radius is the single bond interatomic distance in diatomic molecules of B.[43] The ratio RM/RB is the radius ratio between
the metallic radii of the metal atoms and the covalent radius for the boron atom.
Element, E

B

Mg

Y

Zr

Nb

Mo

Tc

Ru

Rh

Pd

Radius, R
[pm]
RM/RB

88

160

178

159

143

136

135

133

134

138

-

1.82

2.02

1.81

1.63

1.55

1.53

1.51

1.52

1.57
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3.2 Diamond//c-BN interfaces
3.2.1 Combinatorial effect of surface termination and substrate
on BN structure and stability
A layer-by-layer growth of BN on a diamond (100) substrate has been investigated in papers II and III.[131, 132] Geometrical structures, interfacial
binding energies, electron bond populations, and atomic charges have been
calculated to carefully investigate the initial growth of BN onto diamond
(100). Experimental results have shown that diamond (100) is the best
choice as substrate material for epitaxial c-BN growth. Especially in conditions with low ion impact energy. Furthermore, diamond and c-BN show a
very low lattice mismatch of only 1.36 %.[13, 133] Layered structures with
nanocrystalline diamond and c-BN have successfully been grown.[57] The
purpose with the present study was to obtain a deeper understanding about
the initial nucleation stage of BN.[12] The c-BN (100) surface is constituted
by alternating layers of boron and nitrogen, why either a nitrogen or boron
layer has been used closest to the diamond substrate. The surfaces used in
both papers II and III, consisted of twelve atoms in each layer.
The interfacial binding energies were calculated (Eq. 2.12). These energies are here regarded as a measure of the interfacial strength between the
diamond (100) and the growing BN adlayer, and can be seen in Figures 5
and 6.
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Figure 5. Interfacial binding energies for geometry optimized structures starting
with N atoms closest to the diamond substrate. The suffix e (in e.g. Ne) means that
the adlayer is heteroepitaxial to the diamond (100) substrate. The numbers in front
of NB (e.g. 3NB) denote the number of BN layers. The adlayers are either nonterminated, or terminated, by H (or F) species.
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Figure 6. Interfacial binding energies for geometry optimized structures starting
with B atoms closest to the diamond substrate. The adlayers are either nonterminated, or terminated by H or F species. The suffix e (in e.g. Be) means that the
adlayer is heteroepitaxial to the diamond (100) substrate. The numbers in front of
BN (e.g. 2BN) denote the number of BN layers.

As can be seen in Figure 6, the hollow circles show the binding energies for
the non-terminated interfaces, the filled circles show the binding energies for
the H-terminated interfaces, and the filled red squares show the binding energies for the F-terminated interfaces. These interfacial binding energy values are not only dependent on the B (or N) atom attached to the diamond
surface, but also on the geometrical structure of the interfaces. The first
atomic layer, B or N, was attached to the diamond (100)-2x1 surface (see
Figure 7) in different positions, and geometry optimized to receive the lowest energetic value. Furthermore, the second atomic layer was applied on the
already optimized first atomic layer, forming a thicker adlayer. With the
exception for the single BN adlayer, all thicker BN adlayers (four, six, and
eight atomic layers) were modelled by adding new layers ontop of a non36

geometry optimized interface. The interfaces with B closest to the diamond
substrate, were modelled up to a four atomic thick BN adlayer. In paper II,
the interfaces were modelled without terminating species, while in paper
III, H and F terminating species were used. As presented in section Introduction, the c-BN films have recently been deposited without the presence of
any distinctive interlayer of non-cubic phases between the diamond substrate
and c-BN.[13, 27, 134]
When applying a monolayer of N, the most favourable energetic position
is as a heterostructural continuation of the diamond (100) structure (Figure
7a). Heterostructurally positioned N onto diamond (100) was found to show
a very low binding energy; 7.8 (no terminating species) vs. 7.4 eV/N atom
(H-terminated). When applying a monolayer of B to the diamond (100)(2x1) structure, the most favourable energetic position for non-terminated B
is in bridge formations along the C-C dimer chain (Figure 7b). As can be
seen in Figures 5 and 6, the interfacial binding energy is higher, and therefore less favourable, than with N closest to diamond; 5.4 (B) vs. 7.8 (N)
eV/binding monolayer atom. The energy difference from the heterostructural
continuation with B closest to the diamond surface is 0.8 eV per binding B
atom (see Figure 6). When using H (or F) terminating species, the resulting
binding energy for the heterostructural B monolayer is actually more energetically favourable than the corresponding terminated and nonheterostructural interface (5.8 vs. 3.8 eV/atom; see Figure 6). It is even
slightly more energetically favourable than the non-terminated and nonheterostructural B monolayer (5.8 vs. 5.4 eV/atom).
As a conclusion, the terminating species will induce stabilization of the
adhesion strength for the heteroepitaxial structure. They will also help to
secure sp3 hybridization (i.e., the cubic structure) of the surface atoms. These
results correlate well with theoretical and experimental results, which show
that both the H and F atoms were found to be efficient as surface stabilizing
agents for the c-BN surface.[15, 34, 79, 134, 135] The results further correlates with experimental results, where it has been shown that the initial layers of BN often result in non-cubic layers.[12]

a)

b)

Figure 7. Periodic slabs containing the upper five layers of C in a diamond (100)
surface with the bottom C layer hydrogen-terminated; geometry optimized a) N
monolayer, and b) B monolayer.
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When applying a second atomic layer of B (or N) onto the geometry optimized N (or B) adlayer, two different interfacial structures were initially
constructed. One was with the cubic phase of BN heteroepitaxially positioned with respect to the diamond (100) lattice (Figure 8a). The other one
was with the x-axis of the c-BN aligned with the y-axis of the diamond (100)
lattice (see Figure 8b). After geometry optimization, the heteroepitaxially
positioned c-BN, with N closest to the diamond surface, remained cubic (see
Figure 9a), whilst the corresponding non-heteroepitaxially positioned c-BN
became amorphous-like (see Figure 9b). This amorphous-like interface,
however, showed a more energetic favorable binding energy compared to the
heterostructurally positioned c-BN (5.9 vs. 3.9 eV/binding N). When using
terminating species, the result became completely the opposite. The heterostructural interfaces were found to bind stronger to the diamond substrate
than the non-heteroepitaxial ones; 6.1 vs. 4.9 eV/binding N atom (Hterminated), and 6.0 vs. 4.2 eV/ binding N atom (F-terminated) (Figure 5).
Also here, the terminated and initially heteroepitaxially built structures became cubic and (2x1)-reconstructed after the geometry optimization. The Hterminated non-heteroepitaxial interface became crystalline but slightly reconstructed, and the F-terminated one became amorphous-like.
When adding a second atomic layer of N onto the energetically most favorable non-heteroepitaxial B monolayer (without using terminating species), the adlayer was found to not bind to the diamond (100) substrate at all.
When using H-termination, the BN-layer was observed to bind to the surface
with an interfacial binding energy of 5.0 eV/binding B atom (see Figure 6).
This value is even higher than for the H-terminated B monolayer (-3.8
eV/binding B atom). When adding a second N layer onto the less energetic
favorable heterostructural B atoms, the adlayer stayed heteroepitaxial with a
surface reconstructed N layer as a result from the geometry optimization (see
Figures 10 a-c). The interfacial binding energy was 5.2 eV/binding B atom.
The H-terminated heteroepitaxially built BN layer was found to bind only
slightly harder to the diamond surface compare to the non-terminated interface, 5.3 eV/binding B atom. It is here interesting to note that these binding
energies are less stable than the non-terminated non-heterostructural adlayer,
with N closest to the diamond substrate (5.2 and 5.3 vs. 5.8 eV/binding
adlayer atom), but more stable than the H-terminated non-heteroepitaxial
binding energy results (5.2, 5.3 vs. 4.9 eV/binding atom) (see Figures 5 and
6).
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a)

b)

Figure 8. c-BN adlayers onto diamond (100), containing two atom-layers with N
closest to the diamond surface. Both models are shown prior to geometry optimization; a) An adlayer of heteroepitaxial BN, and b) an adlayer of BN with the x axis of
c-BN aligned with the y axis of the diamond lattice.

a)

b)
Figure 9. Geometry optimized structures showing interfaces between diamond (100)
and BN, with N closest to the diamond surface. The BN adlayer contains two atomic
layers. The non-terminated, H-terminated, and F-terminated surfaces are shown to
the left, middle, and right column for a a) heteroepitaxial and b) non-heteroepitaxial
adlayer, respectively.
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a)

b)

c)

Figure 10. Geometry optimized structures showing interfaces between diamond
(100) and BN. The BN adlayer contains two atomic layers; a) a non-terminated
adlayer of heteroepitaxial BN with B closest the diamond surface; b) an Hterminated adlayer of heteroepitaxial BN with B closest the diamond surface; and c)
an H-terminated adlayer of non-heteroepitaxial BN with B closest the diamond
surface.

Thereafter, a second BN layer was built on top of the two-atomic thick BN
adlayer, forming a four-atomic adlayer. The heteroepitaxial structure with N
closest to the diamond substrate, showed interfacial binding energies which
were very similar for both the non-terminated and terminated layers; 6.4 vs.
6.5 eV/binding N atom for the H-, F- vs. non-terminated (see Figure 5). As
can be seen in Figure 11a, both the H- and F-terminated structures were kept
cubic, but with some surface reconstruction. For the non-terminated adlayer,
the B atoms were observed to strive towards a flattening of the B valence
environment, and to bind only to three N atoms.
The structure where the adlayer was initially built as a non-terminated cubic BN structure, and rotated 90º with respect to the diamond lattice, resulted
in an amorphous structure with the lowest total energy (Figures 11b). When
using terminating species, the structures were much more ordered (Figure
11b); 5.8 (non-termination), 5.8 (H-termination), and 5.0 (F-termination)
eV/binding N atom.
When adding a second BN layer ontop of the heteroepitaxial structure
with B closest to the diamond substrate, the non-terminating adlayer was
actually more energetically favorable; 6.8 (non-terminated) vs. 5.9 (Hterminated) eV/binding B atom. As can be seen in Figures 12, also the Hterminated geometrical surface was kept cubic, with a partial N reconstruction on the surface. It should be stressed that the interfacial binding energies
for both the non-terminated and terminated adlayers were energetically more
favorable than the corresponding two-atomic adlayers; 6.8 vs. 5.2
eV/binding B (non-terminated) and 5.9 vs. 5.3 eV/binding B atom (Hterminated) (see Figure 6).
The structure, where the adlayer was initially built as a cubic BN structure
and rotated 90º with respect to the diamond lattice, resulted in a less ordered
structure without terminating species, while the H-terminated interface was
found to be more ordered (but not cubic, see Figure 12c-e). As can be seen in
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Figure 6, the interfacial binding energy was slightly less energetically favorable for the less ordered non-terminated interface (4.1 eV/binding B atom)
compared to the H-terminated interface (4.5 eV/binding B atom). These
binding energies were slightly lower than for the heteroepitaxial interface
(6.8 and 5.9 eV/binding B atom).
One can draw the conclusion that only small differences in adlayer binding energies are observed for the H-terminated and non-terminated nonheteroepitaxial surfaces.

a)

b)
Figure 11. Geometry optimized structures showing interfaces between diamond
(100) and BN. The BN adlayer contains four atom-layers with N closest to the diamond (100) surface. The non-terminated (side view along the y-axis vs. x-axis), and
the H-terminated adlayers are shown in the left, middle, and right column for; a)
heteroepitaxial and b) non-heteroepitaxial adlayers.
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a)

b)

c)

d)

e)

Figure 12. Geometry optimized structures showing interfaces between diamond
(100) and BN. The BN adlayer contains four atom-layers with B closest to the diamond (100) surface; a) an adlayer of heteroepitaxial BN side view along the y-axis;
b) the corresponding geometrical structure for the H-terminated adlayer of BN,
side-view along the x-axis; c) an adlayer of non-heteroepitaxial BN, side view along
the y-axis. d) an adlayer of non-heteroepitaxial BN, side view along the x-axis; and
e) the corresponding geometrical structure for the H-terminated adlayer of BN, side
view along the x-axis.

Adding a third BN layer on top of the second BN layer, with N atoms closest
to the diamond substrate, resulted in a six atomic thick BN adlayer. Both the
non-terminated and terminated heteroepitaxial interfaces became cubic, with
a tendency for the B and N atoms within the adlayers to bind to only three N
atoms. This is understood since the elemental B only has three valence electrons and that the elemental N has five valence electrons (and thereby also
prefers to bind to three atoms, with one remaining electron pair). The B atoms on the bare (i.e., non-terminated) BN surface was reconstructed as a
result from the strive of the B atoms for a three valence environment. These
geometric structural results were also very similar when approaching the
even thicker heteroepitaxial eight atomic adlayer interfaces (Figure 13).
These adlayers showed an even larger tendency for creating a crystalline
cubic BN structure, even the non-terminated adlayer stayed cubic with a B
surface reconstruction on the bare B surface. As can be seen in Figure 5, the
interfacial binding energies were larger for the terminated interfaces. When
comparing the six atomic thick and non-terminated interfaces with the corresponding eight atomic thick one, the thicker adlayer was adhering stronger to
the diamond substrate (4.7 vs. 3.3 eV/binding N atom). For the H-terminated
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interfaces, the six atomic adlayer was instead adhering much stronger than
the eight atomic adlayer (9.4 vs. 5.2 eV/binding N atom). These results
might be due to the larger strive of the B (and N) atoms within the six atomic
adlayer (compare to the eight atomic adlayer) to bind to only three atoms.
Therefore, no anti-binding orbitals will be filled with electrons, which will
otherwise be the case with the he eight atomic adlayers.
When approaching towards thicker adlayers, the differences in binding
energy were found to be somewhat small. It can still be concluded that the
most energetically stable BN//diamond interfacial configuration is for the Hterminated BN adlayer, being heteroepitaxial attached to the diamond substrate. The H-termination will induce even stronger interfacial adhesion energy, as compared to the non-terminated scenario. These results couples
nicely with experimental results which have shown that the first layers of the
BN film result in non-cubic layers (discussed in Section 1.1.2 Boron nitride).[12] These results indicate the importance for the use of surface termination for the first BN atomic layers, in order to avoid amorphous and noncubic formations. However, after four atomic thick BN adlayers, the surface
termination is no longer as important for a phase-pure growth to take place.
Recent experimental results have shown that the addition of H during c-BN
deposition (using unbalanced magnetron sputtering) was very effective in
reducing the compressive residual stress of the c-BN film.[136]
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a)

b)
Figure 13. Geometry optimized interfaces of BN/diamond with eight-atomic thick
adlayers (N attached to the diamond substrate). The non-terminated and Hterminated adlayers are shown in the left and right column, respectively, for a) heteroepitaxial, and b) non-heteroepitaxial adlayers.

3.2.2 Analysis of electron structure
3.2.2.1 Bond populations
As stated above, the electron bond population (i.e., the electron density between two specific atoms) is regarded to be a measure of the covalent bond
strength. In papers II and III, the bond populations were calculated for the
interfacial C-N and C-B bonds. All electron bond population values were
numerically large, but no strict correlations between interfacial binding energies and bond populations were observed. This is, however, expected since
the interfacial binding energies contain contributions from other bond types
(e.g., ionic contribution). However, most of the interfaces showed a general
trend where the bond population value was correlated with the bond lengths
(see Figures 14 and 15). Both of these parameters are strong indicators of
bond strengths.
For the heteroepitaxially built interfaces (described with the suffix e in
Figure 14) with N atoms closest to the diamond substrate and without any
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terminating species, the electron bond population results do not show any
correlation to either adlayer thickness or binding energies. The reason for
this is most probably due to the severe geometrical reconstruction of the
region surrounding the substrate-binding N atoms. Within this region, two
different situations were identified for various BN film thicknesses; with
either binding or anti-binding bonds. The latter situation will result in a
weakening in bond strengths. The former situation was observed for the
mono-atomic and four atomic thick BN adlayer. Their corresponding interfacial binding energies where 7.8 and 6.5 eV/binding N atoms, with corresponding C-N bond population values of 0.74 and 0.79. On the other hand
the latter situation has most probably been suffered from C-N bond weakening because of partial filling of antibonding orbitals, and can be identified as
the two-, six-, and eight atomic layers of BN. Their respective binding energies are 3.9, 3.3, and 4.7 eV/binding N atom, and the corresponding bond
populations are 0.66, 0.57, and 0.63, respectively. The underlying causes to
these observations will be further discussed in section 3.2.3.2 Charge transfer. The corresponding bond lengths are 1.48, 1.55, 1.52, 1.56, and 1.50 Å
for one, two, four, six, and eight atomic layers (see Figure 14).
The bond populations for the H-terminating heteroepitaxial structures
(with N atoms closest to the diamond substrate) were in the interval of 0.580.67. The bond population results actually seem to decrease with a thicker
BN adlayer. The C-N bond populations where identical for thinner adlayers;
0.67 for a monolayer, two atomic, and four atomic adlayer. The C-N bond
population for the six- and eight atomic thick BN adlayers decreased to 0.62
and 0.58, respectively. The decrease in bond population can be explained by
anti-binding bonds.
The F-terminated and heteroepitaxial interfaces followed the same (but
weak) trend with a decreased value of bond population for increased BN
adlayer thicknesses. The C-N bond populations for two and four atomic layers were 0.67 and 0.66, respectively. The corresponding bond lengths were
1.54 Å for both of them.
As can be seen in Figure 14, the bond population values for the nonheteroepitaxial interfaces, with N closest to the diamond substrate, are generally higher than for the heteroepitaxial ones (0.67-0.81 vs. 0.57-0.79).
Without any terminating species, the electron bond populations for two, four,
six, and eight atomic layers were also observed to increase with increased
adlayer thicknesses; 0.76, 0.77, 0.79, and 0.80. The bond population values
were found larger when using terminating species (see Figure 14). With one
exception, there is an acceptable correlation to the bond lengths (1.46, 1.50,
1.40, and 1.40 Å). Also for this situation with terminating species, the bond
populations increased with increasing adlayer thicknesses (0.77, 0.79, 0.80,
and 0.81, respectively), with an overall acceptable correlation with the bond
lengths (1.45, 1.50, 1.40, and 1.40 Å).
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The F-terminated, non-heteroepitaxial, interfaces did not follow the same
trend, as for the H-terminated ones. The bond populations for two- and four
atomic layers were 0.67 and 0.66, respectively. The corresponding bond
lengths were 1.49 Å and 1.54 Å.
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Figure 14. Diagram showing the electron bond population values vs. bond lengths,
r, between the diamond surface C atoms and the directly attached N atoms in the BN
adlayer. The suffix e (in, e.g., Ne) denotes a heteroepitaxial adlayer with respect to
the diamond (100) substrate.

For the bare and heteroepitaxial interfaces with B closest to the diamond
(100) substrate, a clear correlation was observed for the electron bond populations and BN adlayer thicknesses. The bond populations increased with
thicker adlayers; 0.59, 0.74, and 0.75 for one-, two-, and four atomic adlayers, respectively. The corresponding interfacial binding energies were 4.6,
5.2, and 6.8 eV/binding B atom, and thereby well correlated with the bond
population values. With one exception, there is also an acceptable correlation with the corresponding bond lengths; 1.7, 1.67, and 1.68 Å (Figure 15).
When H-terminating these interfaces, a good correlation between larger
bond populations and shorter bond lengths was observed (Figure 15). The
calculated bond populations for a monolayer, two atomic, and four atomic
adlayer were 0.89, 0.69, and 0.80, with corresponding C-B bond lengths of
1.52, 1.69, and 1.51 Å, respectively.
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As can be seen in Figure 15, the bond populations for the nonheteroepitaxially built interfaces with B atoms closest to the diamond substrate, all resulted in large electron bond population values (0.8-0.93) but
with no correlation with the bond lengths. The bond lengths were found to
be almost constant (1.58 to 1.59 Å). There was not either any correlation
observed for the bond populations and adlayer binding energies. Again it
should be mentioned that the electron bond population calculations only give
information about the covalency within the bond, and other contributions are
not included. In addition, the resulting geometrical structures for these nonheteroepitaxial interfaces showed very irregular patterns.
The C-B bond populations for the non-terminated interfaces did, however,
increase with thicker adlayers; 0.80 (monolayer) and 0.92 (four atomic
adlayer). When H-terminating these interfaces, the bond populations increased to somewhat larger values; 0.89, 0.92, and 0.93 for one-, two-, and
four atomic layers (Figure 15).
It was only the B-rich (i.e., the upper surface consists of boron) surfaces
that were F-terminated in paper III. This is the reason why only two Fterminated adlayers, the non-heteroepitaxial and heteroepitaxial B monolayers has been included in this thesis. Both of these interfaces resulted in high
C-B bond populations values; 0.92 (heteroepitaxial) and 0.90 (nonheteroepitaxial). As can be seen in Figure 15, these values were very similar
to the corresponding H-doped B monolayers; 0.89 (heteroepitaxial) and 0.89
(non-heteroepitaxial).
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Figure 15. Diagram showing the electron bond population values vs. bond lengths,
r, between the diamond surface C atoms and the directly attached B atoms in the BN
adlayer. The suffix e (in e.g. Be) denotes heteroepitaxial adlayers with respect to the
diamond (100) substrate.

3.2.2.2 Charge transfer
As a complement to electron bond population results, the degree of electron
transfer between the atoms in the diamond/BN interface has been estimated
by calculating the atomic charges. The electron transfer has been used with
the purpose to explain the underlying causes to geometrical structures and
interfacial binding energies.
In an interface, two materials usually interact by forming overlapping orbitals. The bonds over the diamond//c-BN interface have not only a covalent
contribution. There must also be a certain degree of ionic contribution due to
the difference in electronegativity between the C and N (or B) atoms. The
electronegativities are 2.6, 3.0, and 2.0 for the C, N, and B atoms, respectively.[43] The electron transfer is also controlled by the fact that N is a Lewis
base and B is a Lewis acid. The N atom will thereby contribute with one
electron pair and form a bond with the electron deficient B atom. These
binding electrons will, however, be drawn towards the more electronegative
N atom because of the difference in electronegativity between B and N.
As can be seen in Figure 16, the non-terminated heteroepitaxial interfaces,
with N atoms closest to the diamond substrate, show a partial electron transfer from the diamond surface to the adlayer. When increasing the number of
48

BN adlayers, the electron transfer was, with one exception, found to decrease. The exception is for a six atomic-thick adlayer, where the six atomic
adlayer show a much smaller electron transfer from the diamond substrate to
the adlayer than e.g., the eight atomic adlayer (1.8 e vs. 2.3 e). As can be
seen in Figure 16, the degree of electron transfer is largest from the diamond
substrate to the monolayer of N (3.5 e). When adding a B layer heteroepitaxially to this N monolayer, the substrate binding N layer will receive electrons
not only from the substrate C atoms, but also from the B atoms, due to the
differences in electronegativity (each B atom will donate 0.2 e to the N layer). As a consequence, anti-binding orbitals will most probably be filled, and
the resulting interfacial binding energy will decrease from 7.8 to 3.9
eV/binding N atom (see Figure 5). This trend is similar for the corresponding
non-heteroepitaxial structures. However, due to the larger variation in C-N
and N-B bond lengths, also larger variations in electron transfer were observed for these structures.
When the heteroepitaxial N monolayer is H-terminated, the total atomic
charge of the adlayer is not as negative as for the situation without terminating species (-2.6 e vs. -3.5 e). This is most probably due to the electron transfer from the terminating H atoms to the N atoms. This electron transfer will
make the N atoms less active in withdrawing electrons from the diamond C
atoms. When increasing the adlayer thickness, the H-terminated interfaces
was found to follow the same trend as for the non-terminated interfaces; with
a decreasing degree of electron transfer for an increasing adlayer thickness
(from 2.6 e to 2.2e). Also here, the six atomic adlayer shows a smaller electron transfer than the eight atomic adlayer; 2.0 e vs. 2.2 e (Figure 16).
The underlying reason to the larger variations in degree of electron transfer for the non-heteroepitaxial BN structures (without terminating species),
is most probably the larger variation in C-N and B-N bond lengths for these
structures (i.e., because of the less ordered geometrical structures). When Hterminating these non-heteroepitaxial interfaces, the electron transfer from
the C atoms to the thicker BN adlayers (four, six, and eight atomic adlayers
with N closest the diamond substrate), is almost constant (2.0, 2.0, and 2.1
e). Hence, the terminating species were also here observed to show a more
pronounced effect for the thinner BN adlayers.
When B is closest to the diamond (100) substrate in the interface, the direction of the electron transfer becomes the opposite; B will partially donate
electrons to the C atoms in the diamond substrate.
As can be seen in Figure 17, the degree of electron transfer for the heteroepitaxial terminated structures is largest for the monolayers (4.3 e and 4.9
e for H- and F-termination, respectively). For the H-terminated adlayers, the
values are almost constant with increasing adlayer thickness, with an electron transfer of around 2 e. The electron transfer to the C atoms from the B
monolayer for the non-terminated interface was, however, found to be larger
(2.5 e) than for the thicker adlayers (around 2 e). As was the situation with N
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closest to the diamond substrate, these results show that the terminating species will most probably counteract the electron transfer from the diamond
surface to the BN adlayer.
The F-terminated B monolayer did also show an electron transfer from
the adlayer to the C atoms in the substrate (4.9 e). This is an unexpected
result due to the difference in electronegativity; H (2.20), and F (3.98). One
plausible explanation is that sterical repulsions amongst the terminating Fspecies will induce a certain degree of electron transfer from the adlayer to
the substrate C atoms.
There are only two calculated values for the degree of electron transfer for
the non-terminated and non-heteroepitaxial adlayers. It is, therefore, not
possible to find a trend (see Figure 17). Also for this situation, the direction
of the electron transfer is from the adlayer to the substrate C atoms. The
electron transfer from the B monolayer to the C atoms is high (3.8 e). The
four atomic adlayer show a much lower electron transfer (1.8 e) to the diamond substrate. Also here, the N atoms ontop of the first B layer, will affect
the total electron transfer due to the differences in electronegativity. When
terminating the adlayer, the degree of electron transfer is much smaller compared to the situation with the non-terminated B monolayer; 1.7 e (Hterminated) and 2.1 e (F-terminated) vs. 3.8 e (non-terminated). When increasing the adlayer thickness from two to four atomic layers, the electron
transfer from the H-terminated adlayer to the diamond substrate was found
to be almost constant (2.2 and 2.1 e). Also here, the H-terminating species
were observed to have a more pronounced effect for a thinner BN adlayer.
As a conclusion, it is obvious that B prefers a three valence electron environment, and that N prefers a five valence electron environment. This will
result in a surface reconstruction, involving the surface B atoms, towards
pair-wise B-B binding interactions. As can be seen in Figure 11, this tendency is especially clear for the four-atomic thick BN adlayer, where the structures surrounding the B atoms show a tendency to flatten out and only bind
to three N atoms.
The terminating species seem to have a much more pronounced influence
on the charge transfer and binding situations for thinner adlayers. These results, in combination with the experimental results that pointed at the difficulty in receiving a cubic phase during the initial growth process of c-BN,
show the importance for further development of more gentle CVD (ALD)
deposition techniques with an improved control of the initial atomic-level
deposition steps.[12]
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Figure 16. Diagram showing the degree of electron transfer vs. number of atomic
layer in the BN adlayer. Nitrogen atoms are directly attached to the diamond substrate. The notation “he” means that the adlayer is heteroepitaxial with respective
to the diamond (100) substrate. Similarly, “not he” means that the adlayer is nonheteroepitaxial with respective to the diamond (100) substrate.
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Figure 17. Diagram showing the degree of electron transfer vs. number of atomic
layers in the BN adlayer. Boron atoms are directly attached to the diamond substrate. The notation “he” means that the adlayer is heteroepitaxial with respective
to the diamond (100) substrate. Similarly, “not he” means that the adlayer is nonheteroepitaxial with respective to the diamond (100) substrate.

3.3 Effect of doping on c -BN surface reactivity
3.3.1 Stabilization energy and geometrical structures
The effect of substitutionally positioned O (or C) on the surface reactivity
and structure of c-BN (100), was especially studied in paper IV. Earlier
experimental results have namely shown that a controlled incorporation of a
small amount of oxygen into the reaction chamber will favour the c-BN
growth.[36-38] The resulting film showed a thickness of 3 µm, was welladherent to the substrate, and had an overall cubic content of 65 %. Besides
O, also small traces of C were found in the lattice.[36, 39] Furthermore, 2.7
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µm thick c-BN films have been deposited using B4C targets. These films
were deposited on compositionally graded interlayers of C-B-N. Unfortunately, the film stress was still very high. Any details of the role of C are not
known.[20, 38, 64]
As a measure of surface reactivity, adsorption energies were in this thesis
calculated for the most commonly used surface terminating species (H, F,
and Cl). Electron bond populations and atomic charges were furthermore
calculated with the purpose to outline the underlying causes to the various
surface reactivities. For a successful c-BN growth to occur, surface terminating species must be added to the surface atoms to hinder them from a collapse towards hexagonal BN. However, these terminating species must not
only adsorb to the surface, but also be able to leave room for incoming
growth species by undergo abstraction from the surface by reacting with
gaseous species.
Two ten atom layer thick c-BN surfaces were used as models, with either
the nitrogen or the boron side of the c-BN (100) as the upper surface (i.e., Nand B-rich surfaces). The surfaces consisted of sixteen atoms in each layer,
and were modeled as supercells under periodic boundary conditions. The Nrich surface was (1x1)-reconstructed, which is the favourable reconstruction
for a successful c-BN growth. The B-rich surface was, however, (2x1)reconstructed since earlier theoretical and experimental studies have shown
that this reconstruction is the most stable one at 100% H-termination.[34,
137] For the C-doped situation, a B atom within the second B layer (i.e., the
4th atomic layer within the N-rich surface, and the 3th atomic layer within the
B-rich surface) was substituted by a C atom. For the O-doped situation, an N
atom within the second N layer (i.e., the 3th atomic layer within the N-rich
surface, and the 4th atomic layer with in the B-rich surface) was substituted
by an O atom. Experimental results strongly indicate that the N atoms in the
c-BN lattice will partially be replaced by O atoms.[39]
All the doped c-BN (100) structures showed minor surface reconstructions in the vicinity of the dopant atom. The adsorption energies for the
chemisorption of the terminating species (H, F, and Cl) to an otherwise
completely terminated surface, can be seen in Table 5. For the N-rich surfaces, both the H- and F adsorption processes were found to be more exothermic for the non-doped surfaces. The H-adsorption processes were though
found to be more exothermic than the F-adsorption processes. The energy of
H adsorption is -418 vs. -385 and -358 kJ/mol for the non-doped vs. the Cand O-doped surface, respectively. The corresponding values for the energy
of F adsorption are -139 vs. -104 and -105 kJ/mol. These results were strongly supported by the electron bond population values for the new bond formations. The bond population for the N-H bond is 0.72, which is larger than
for the N-F bond; 0.26. These results do further support earlier experimental
results by Zhang et al., who measured very low concentrations of F atoms on
the N-rich surface by using XPS techniques.[138] Previous theoretical inves53

tigations have also shown that the F-terminated surface is less energetically
ideal, compared to the H-terminated one, for the subsequent adsorption of B
precursors to the N-rich surface. It was also shown to be less efficient for
stabilizing and maintaining the cubic sp3-structure.[79, 139]
For the B-rich surfaces, the H- and F adsorption processes onto a Cdoped c-BN surface were found to be the most exothermic ones. In addition,
the H adsorption process onto the O-doped c-BN surface was found to be
more exothermic than the corresponding process for a non-doped surface. As
can be seen in Table 5, the only doped B-rich surface that was found to be
less reactive (i.e., give less exothermic adsorption energies) than the corresponding non-doped one is the F-terminated O-doped surface. Furthermore,
the F-terminated non- and C-doped surfaces were found to be more reactive
than corresponding H-doped ones. This result is most probably due to the
larger polarity within the B-F bond, compared to the B-H bond, resulting in a
larger ionic contribution within the B-F bonds. The B-H bond is more covalent in its nature. These results are, furthermore, supported by the electronic
bond population values for a non-doped c-BN surface; 0.97 (B-H) vs. 0.54
(B-F).
The adsorption processes for the Cl species were, however, found to be
strongly endothermic, which means that these reactions are not expected to
take place. This is most probably due to the strong sterical repulsions
amongst these adsorbates. The shortest Cl-Cl distance for both the N-rich
and B-rich surface is 2.55 Å, which is to be compared with the van der
Waals distance for two Cl atoms; 3.50 Å.[46, 140]
These results couple nicely with experimental results made by Qi et
al.[62] They have studied the formation of c-BN by using radio frequency
magnetron sputtering with O2 addition in the working gas (Ar/N2). They
showed that O in a sufficient N-supply will hinder the c-BN formation,
whilst the O in an insufficient N-supply will promote the establishment of
the growing film.
Table 5. Adsorption energies [kJ/mol] for 100% coverage onto c-BN (100) surfaces.
∆Eads [kJ/mol]

non-doped
C-doped
O-doped
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Hterminated
-418
-385
-358

N-rich
Fterminated
-139
-104
-105

Clterminated
+181
+237
+212

Hterminated
-247
-408
-396

B-rich
Fterminated
-296
-415
-257

Clterminated
+300
+310
+298

3.3.2 Chemical surface reactivity
3.3.2.1 Abstraction energy
The abstraction energies for removing one H (or F) adsorbate from the c-BN
surface, with either H (or F) gaseous species, were calculated for all doped
and non-doped surfaces (Table 6).
As can be seen in Table 5 and 6, the calculated abstraction energies correlate well with the adsorption energies for the same surface. The surfaces with
more exothermic adsorption processes correlate with less exothermic abstraction processes, and vice versa. And, because of the more ionic character
of the H-F bond, compared to the H-H or F-F bonds, the energy gain is expected to be much higher when abstracting H (F) atoms with F (H) atoms.
The bond energy for the H-F bond is much larger than the F-F bond (565 vs.
155 kJ/mol).[44] From a thermodynamically point of view, a mixture of
gaseous H and F radicals should thereby be the best choice for the gas mixture in the CVD chamber. As can be seen in Table 6, this is also the situation
with the abstraction of H atoms from the N-rich surface with F gaseous species. However, recent kinetic calculations performed by Karlsson et al.
showed that the abstraction of H atoms with gaseous F species will not take
place.[141] The underlying reason is that the incoming F species will react
with the H-terminating species on the N surface, instead of removing it from
the surface.
As can be seen in Table 6, abstraction of F-terminated atoms from the Brich surfaces, with F gaseous species, was observed to not be possible. It
should though be stressed that when the surface is O-doped, the abstraction
process is less endothermic (∆Eabs= +31 kJ/mol) than without O atom
(∆Eabs= +80 kJ/mol). This means that the terminating F species might become abstracted with gaseous F species from the O-doped surface if extra
energy is added to the system. The C-doped surface gives, on the other hand
much more endothermic F abstraction processes (∆Eabs= +199 kJ/mol) than
without doping species.
This result will strongly support the usage of O-doping for a continuous
growth of c-BN. These results further support the need for a CVD method
where the growth species are separately introduced into the reactor, e.g., an
ALD method.[142]
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Table 6. Abstraction energies [kJ/mol] for 100% coverage onto c-BN (100) surfaces.
∆Eabs [kJ/mol]
N-rich
H-terminated
F-terminated
Abstracting
H
F
H
F
specie

B-rich
H-terminated
F-terminated
H
F
H
F

Non-doped -233
C-doped
-265
O-doped
-294

-405
-245
-256

-273
-306
-333

-552
-587
-586

-84
-119
-118

-444
-283
-295

-395
-276
-445

+80
+199
+31

3.3.2.2 Electronic structure
In paper IV, some electronic properties of the surfaces were studied as a
complement to the adsorption and abstraction energies. Spin density maps
and electron deformation densities were used as a complement to atomic
charges and electron bond populations. Fukui functions were analyzed to
determine the reactivity on the surfaces.
For both types of doping situations (with O and C), the doping atoms will
bring extra electrons into the c-BN (100) lattice. The C atom has four valence electrons, which is one more compared to B with its three valence
electrons. The O atom has six valence electrons, compare to N with its five
valence electrons.
Doping with C atoms was not observed to have any major effect on the
bond strengths towards the surrounding N atoms. These results are confirmed by both the bond populations, as well as with the atomic charges. The
extra electron density was, however, found to be located on the surface N
atoms in the vicinity of C (from here on denoted N´), and also a bit further
away from C (from here on denoted N*). The atomic charges of these N´
atoms became -0.84 e (C-doped) vs. -0.67 e (non-doped) for the Hterminated surfaces, and -0.30 e (C-doped) vs. -0.24 e (non-doped) for the
corresponding F-terminated surfaces. But instead of strengthening the N´-H
and N´-F bonds, the B-N´ bonds were observed to become stronger with
resulting bond populations of 0.82 (C-doped) vs. 0.78 (non-doped) for both
the H- and F-terminated structures, respectively. These results are further
emphasized by the spin density maps (see Figure 18).
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a)

b)
Figure 18. Spin density maps for N-rich and C-doped c-BN (100) surfaces. The side
views of the surface and, ontop orientations are seen in the left and right columns
for (a) H-terminated and (b) F-terminated surfaces, respectively.

As can be seen in Figure 18b, the largest spin density is not localized on the
surface N´ atoms closest to the C dopant. Instead it is localized on the nextnearest N atoms, N*. These N* atoms have a somewhat smaller atomic
charge than the N´ atoms. The N´ atoms have most probably received extra
electron density which has resulted in something similar to an electron pair.
This could be explained by the fact that each N atom is binding to four
neighbors. There will, however, be a polarization of electrons towards the N
atom because of the more electronegative value for this atom (compared to B
and C). The 5th valence electron will, hence, stay in the vicinity of N. For the
N´ atoms, there will also be an electron density contribution from the extra
electron induced by the C atom, which will increase the total atomic charge,
but at the same time lower the total spin density. The spin-density effect by
the fifth electron in N´ is expected to be counteracted by the spin-density
effect by the extra electron in C. Radical surface sites on the N-rich and Cdoped surfaces were found to be somewhat less reactive than the corresponding non-doped surfaces. This result was supported by elongation of the N-H
and N-F bonds. Moreover, the N-F bond populations were observed to be
identical to the non-doped surface (0.26), or somewhat decreased (from 0.72
to 0.69 for the N-H bond).
The stronger B-N´ bond populations are further emphasized by the electron density difference map (Figure 19). The positive deformation density
regions indicate covalent bond formations, while negative regions indicate
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the loss of electrons. The electron deformation density maps are visualized
in two dimensional slices through the electron density field.

Figure 19. C-doped c-BN (100)-1x1 surface with an H-terminated upper N surface.
A slice through an electron density difference (∆ρ) map has been shown for a crosssection, being perpendicular to the surface and parallel with the yz plane and intersecting the N(1)-B(2) bonds.

For the B-rich C-doped surface, the stronger adsorption energies are further
emphasized by the increased B-H and B-F bond populations, and corresponding bond length shortenings. Also for the B-rich surfaces, the location
of the extra electron density is closer to the surfaces. The spin density maps
(Figure 20) further support these results, where the extra electron density is
located in a surface B –B dimer. As can be seen in Figure 20b, the extra spin
is also found on the surface B and F atoms (for the F-terminated surface). It
is most probably due to the larger electronegativity of F, compared to H.
These results are further supported by the atomic charges, where the major
differences are observed for the surface B atoms (compared to the non-doped
situations). Also, the terminating F atoms have received an increased negative charge compared to the non-doped surface.
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a)

b)
Figure 20. Spin density maps for B-rich and C-doped c-BN (100) surfaces .The side
views of the surfaces, ontop orientations, and the corresponding non-dopes situations are shown in the left, middle, and right column for a (a) H-terminated and (b)
F-terminated surfaces, respectively.

When doping with oxygen, the average O-B bond population surrounding
the O atom was found to be lower compared to the corresponding non-doped
situations, and the bond lengths were elongated. These results are strongly
supported by the electron density difference maps, were the less pronounced
O-B bonds are clearly visualized (Figure 21a and b).

a)

b)

c)

Figure 21. Three slices, through electron density difference maps, are shown for an
O-doped c-BN (100)-1x1 surface with an F-terminated upper surface N layer; a)
parallel with the xz plane through O and intersecting the B(2)-O bonds; b) parallel
to the yz plane through the O atom plane and intersecting the O-B(4) bonds; and c)
parallel to the yz plane and intersecting the N(1)-B(2) bonds.

The extra electron induced in the system by the O atom will, hence, affect
the O-B bonds surrounding the O atom by weakening them.
For the N-rich surfaces, the electrons were also observed to affect the B-N
bonds between the B atoms binding to the O dopant, and the surface N at59

oms. The B-N bond populations increased from 0.78 to 0.90 for both H- and
F-terminated surfaces (compared to the corresponding non-doped surfaces).
Supporting information was also observed in the electron density difference
map (Figure 21c), were the electron density was found to become much
more pronounced between N and B (compared to the other N-B bonds).
The calculated atomic charges did also show that the extra electron induced to the system by the O atom, had moved towards the surface N atoms,
and especially to the surface N´ atoms closest to the O dopant. As was the
situation for an F-terminated C-doped and N-rich surface, the spin density
was found to be not localized on these N´ atoms, but instead on the nextnearest N* atoms (Figure 22). The N´ atoms have also here received an extra
electron density, which most probably resulted in something similar to an
electron pair.

a)

b)

c)

Figure 22. Spin density maps for an F-terminated N-rich and O-doped c-BN (100)
surface: a) side view, b) ontop orientation, and c) corresponding non-doped ontop
situation.

The effect by the O dopant on the N-H bond energy, length and bond population was found to be minor. It was, hence, not possible to draw any conclusion regarding degree of correlation between these variables. This was also
the situation for the N-F bonds.
For the B-rich surfaces, the extra electron induced by the O atom was also
here observed to not only affect the O-B bonds. The H-terminated surface
showed a larger H adsorption energy, which was further confirmed by the
increased B´-H bond populations (from 0.97 to 1.07) and corresponding
bond length shortening. Furthermore, there was a resulting minor decrease in
N-B´ bond population (from 0.56 to 0.54). The result for the F-terminated
surface was, though, somewhat different. Both the N-B´ and B´-F bonds
were found to increase; 0.45 to 0.77 (N-B´), and 0.54 to 0.71 (B´-F), whilst
the F adsorption energy was somewhat less energetically favored compared
to the non-doped situation.
The atomic charges confirmed that the extra electron density moved towards the surface B´ atoms for both H- and F-terminated surfaces. The spin
60

density maps were very similar to the C-doped B-rich surfaces. Also here,
the extra electron density was observed to be located in a surface B –B dimer. The extra spin was also found on the surface B and F atoms (for the Fterminated surface). As was the situation for the C-doped surface, this result
is most probably due to the more electronegative F atom (compared to H).
The terminating F atoms have received an increased negative charge compare to the non-doped surface.
The reactivity of the completely terminated surfaces, have also been investigated in the present thesis. The Fukui functions were mapped onto the
charge density isosurface, as an indication of surface reactivity. The N-rich
and H-terminated surfaces were found to be more susceptible towards an
electrophilic attack when doped with either C- or O (Figure 23). In short, this
means that this type of less positive H adsorbate will also be less prone to
react with an electrophilic agent (like Cl).

a)

b)

c)

Figure 23. Fukui functions mapped onto the electron density isosurface for the Hterminated N-rich c-BN (100) surface, showing the susceptibility for an electrophilic
attack.; a) non-doped, b) C-doped, and c) O-doped surface.

As can be seen in Figure 24, the calculated Fukui functions for the N-rich Fterminated surface, showed different results for the C- and O-doped surfaces.
For the C-doped situation, the F-terminated surface showed approximately
the same reactivity over the whole surface, and it was clear that these surface
F atoms are slightly more susceptible towards an electrophilic attack. However, they are found to be less susceptible towards either a nucleophilic or a
radical attack. The susceptibility towards an electrophilic attack was, on the
other hand, found to be unchanged for the O-doped situation. The nucleophilic attack was also found to be unchanged onto the F sites on top of the
N´ atoms, i.e. over the O dopant. The other F species on the surface was
found to be somewhat less susceptible towards a nucleophilic attack (compared to the non-doped situation). The terminating surface F species was
also found to be somewhat more susceptibility towards a radical attack.
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a)

b)

c)
Figure 24. Fukui functions mapped onto the electron density isosurface for the Nrich and F-terminated c-BN (100) surface. The susceptibility of electrophilic, nucleophilic, and radical attack are shown in the left, middle, and right column for; a)
non-doped, b) C-doped, and c) O-doped surfaces.

The calculated Fukui functions for the F-terminated B-rich and C-doped
surface were shown to be a little less susceptible towards an electrophilic
attack. The susceptibility towards the nucleophilic or radical attack was,
however, remained unchanged when compared with the non-doped situation.
All the other B-rich surfaces didn´t show any significant change in susceptibility for an electrophilic, nucleophilic, or radical attack when doping with
either C (or O) atoms (compared to the respective non-doped surface).
As a conclusion, the present study shows that the O (or C) doped B-rich
surfaces are much more prone to bind to surface-terminating H atoms, as
compared with the non-doped situation. For the corresponding F-terminated
surface, only the C-doped surface will result in a more exothermic F adsorption process. For the N-rich surfaces, the result was found to become completely different. Both the H- and F-terminating species were found to chemisorb stronger for the non-doped surfaces. As stated above, these results further support the observations made by Karlsson et al. [142] that the incom-
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ing growth species should be separately introduced into the gas chamber,
e.g., by using ALD.

3.4 BN surfaces
3.4.1 Effect by H-, F-, and Cl-terminating species on surface
reactivities
The reactivity of the N and B surface sites for four crystalline BN phases
(cubic, hexagonal, wurtzitic, and rhombohedral) was investigated in paper
V. It has been found difficult to synthesize high quality epitaxial films of
these allotropes. These difficulties have been discussed earlier in section 1.2
Synthesis of c-BN. However, h-BN and r-BN thin films have recently been
synthesized epitaxially.[41, 42, 56] The surface reactivities could be estimated by calculating the adsorption energies for chemisorption of one of the
terminating species to a bare surface site on an otherwise completely terminated BN surface. Calculations of electron bond populations, and atomic
charges, were thereafter used for an analysis purpose. The purpose was to
investigate the surface reactivity and the energetic stabilities of these four
BN phases. The c-BN surfaces were constructed as described in Section
2.2.2 Models and basis set. The super-cell models of the three other phases
(h-, w-, and r-BN) consisted of 8 N and 8 B atoms in each layer, with a 10
atomic layer slab thickness.
The adsorption energies for the chemisorption of the terminating species
(H, F, and Cl) can be seen in Table 7.
Table 7. Adsorption energies [kJ/mol] for 100% terminated BN (001) structures.
∆Eads [kJ/mol]
N site

c-BN
h-BN
w-BN
r-BN

Hterminated
-418
-463
-398
-596

Fterminated
-139
-243
+8
-303

Clterminated
+181
-91
+78

Hterminated
-247
-534
-527
-521

B site
Fterminated
-296
-666
+13
-348

Clterminated
+300
-337
+37

The results for the c-BN surface are partially described in Section 3.3.1 Stabilization energy and geometrical structures. The most reactive cubic surface is the H-terminated N-rich one, with an H-adsorption energy of -418
kJ/mol. The energy of F adsorption is much lower (-139 kJ/mol), which is
also presented and discussed in Section 3.3.1 Stabilization energy and geometrical structures. For the B-rich surface, the F-terminated surface was, as
can be seen in Table 7, shown to be slightly more reactive than the corre63

sponding H-terminated surface (-296 vs. -247 kJ/mol). This is, as described
earlier, most probably due to the higher polarity within the F-B bond compare to the H-B bond.
Furthermore, the adsorption processes for the Cl species were found to be
endothermic for the cubic structures, and are, hence, therefor not expected to
take place.
The h-BN surface consists of both B and N atoms in alternating rows (as
seen in Figure 25). The adsorption energies were therefore calculated for
both the B- and N surface sites on each terminated surface. The most reactive surface site was shown to be the F-terminated B-rich site, with an energy of F adsorption of -666 kJ/mol (compared to -243 kJ/mol for the corresponding N surface site). This was also quite reasonable since the calculated
electron bond population was higher for the B-F bond (0.60), as compared
with the N-F bond (0.27).
The adsorption process for the H-terminated surface was found to be
highly exothermic for both the N- and B- surface sites, with a slightly more
reactive B-site. The energies for H adsorption were -534 (B-site) vs. -463
kJ/mol (N-site).

a)
b)
c)
Figure 25. Model demonstrating a geometry optimized h-BN (001) surface that has
been terminated with Cl species; a) side-view with a projection onto the BN plane,
b) side-view with a projection along the BN planes, and c) an ontop view

The largest difference compared to c-BN, is that for the h-BN surface the Cl
adsorption process was observed to be exothermic (for both the B- and N
surface sites). The distance between the Cl atoms on the surface was found
to be larger for h-BN versus c-BN (2.87 vs. 2.55 Å), which is an indication
of a smaller inter-adsorbate interaction for the hexagonal structure.
As a conclusion, the most reactive (001) surface of h-BN is, hence, the Hterminated one, and the B-sites seem to be more reactive for all three different types of terminations.
Just as for the h-BN surface, also the w-BN surface consists of alternating
rows of N and B atoms, as can be seen in Figure 26.
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a)
b)
c)
Figure 26. Model demonstrating a geometry optimized w-BN (100) surface that has
been terminated with H species; a) side-view with a projection onto the yz-plane, b)
side-view with a projection onto the xz-plane, and c) an ontop view.

The adsorption processes for both the N- and B-sites were found to be
strongly exothermic. The energies of H adsorption were -398 (N-site) and 527 kJ/mol (B-site). The calculated bond populations do further emphasize
these results with a higher bond population for the B-H bond (1.07), compared to the N-H bond (0.76). As can be seen in Figure 26, the H-terminating
surface atoms resulted in a slight (2x1)-reconstruction.
The adsorption processes for the F species were found to be endothermic
for the w-BN structure, and are, hence, therefor not expected to take place.
This result is most probably due to F-F repulsions, since the shortest F-F
distance on the surface is 2.09 Å, while the van der Waals distance for two F
atoms is 2.94 Å. [46, 140]
When trying to fully cover the surface with Cl atoms, the Cl atoms were
found not to bind to the w-BN surface at all. The distance is even shorter
between the Cl-Cl atoms than for the c-BN surface. No energies of Cl adsorption were, hence, possible to calculate.
In conclusion, the H adsorption processes for both the N- and B-surface
sites on the w-BN surface, are highly exothermic. However, it was not found
possible to completely terminate the w-BN surface with other terminating
species (F or Cl).
An r-BN surface does also consist of alternating N and B atoms, and was
in the present work covered with different terminating species.
The H adsorption processes for both the N- and B-sites were found to be
strongly exothermic. The energies of H adsorption were -596 (N-site) and 521 kJ/mol (B-site). As expected, the calculated bond populations were
stronger for the B-H bond (1.07), compared to the N-H bond (0.97).
As can be seen in Figure 27, the surface structure did change as a result of
the geometry optimization process. The surface B atoms released one of their
two terminating H atoms, which thereafter moved closer to a nearby one in
trying to form pairwise B-B bridges
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a)
b)
Figure 27. Model demonstrating a geometry optimized r-BN (001) surface that has
been terminated with H species; a) side-view along the y-axis and b) side-view along
the z axis.

The F adsorption process for the r-BN surface was also found to be exothermic for both the surface N and B sites, but not as much as for the corresponding H-terminated surface. The energies of F adsorption were -303 (Nsite) and -348 kJ/mol (B-site), respectively. The geometrical structure was
also here changed. As can be seen in Figure 28, the three top atomic layers
did move slightly laterally. The B-atoms did not release their F-atoms, and
did not therefor strive towards pairwise bridges, as for the H-terminated rBN surface.

Figure 28. Model demonstrating a geometry optimized r-BN (001) surface that has
been terminated with F species.

Finally, the adsorption processes for the Cl species were found to be endothermic for the r-BN structure (for both surface N- and B-sites) and are
therefore not expected to take place.
As a conclusion, the energy of H adsorption was highly exothermic with
minor geometrical surface changes for r-BN. The F adsorption process was
found exothermic, with geometrical surface changes in atomic layers further
down in the r-BN lattice. It was found to be not possible to fully terminate
the r-BN surface with Cl-terminating species.

3.4.2 Effect of Si impurities on h-BN versus r-BN structures
Earlier experimental results by Chubarov et al. [40] have shown that the
incorporation of Si into the gas phase will favor the r-BN growth. Earlier
studies by Ronning et al. [143], showed that the incorporation of Si in c-BN
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will favor the formation of h-BN.[143] They also suggest that Si is either
intercalated in between the basal planes or replace B within the lattice.[40,
143] Therefore, an interstitial Si atom was positioned in several different
positions within the h- and r-BN surface lattices, and geometry optimized for
each surface type.
For the h-BN surface, and as a result of the geometry optimization, the Si
atom only stayed in the lattice for three, out of seven, different initial positions.

a)
b)
Figure 29. Model demonstrating an h-BN (001) surface that has been terminated
with H species; a) parallel with the BN planes and with a projection onto the xy
plane, and b) with a projection onto the xy plane. The numbers show the different
positions of the interstitially positioned Si atoms.

For all three Si-doped surfaces (i.e., with Si positions 1, 6, and 7), the Si
atom was observed to move out from its initial position, to end up in between two BN sheets (see Figure 30). These results are most probably due to
the very large covalent radius of the Si atom (1.16 Å), compared to the covalent radii for the B (0.88 Å) and N (0.73 Å) atoms.[43] The covalent distance
between the Si and N atom is 1.89 Å, and the corresponding covalent Si-B
distance is 2.04 Å. The resulting N-Si-B covalent distance will then be
3.93Å. This result is much longer than the shortest B-N distances for the
respective initial positions; 2.88 Å (position 1), and 1.45 Å (positions 6 and
7). This means that the distances in these initial positions are too small for
the Si atom to be able to fit in. Furthermore, the N atoms within the sheets
on the opposite sides of the Si atom were observed to move laterally away
from the Si atom (see Figure 30). This is most probably due to anti-binding,
which is further confirmed by the bond population values which showed
negative values (-0.06, -0.20, and -0.17) for the initial positions 1, 6, and 7,
respectively.
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a)

b)
Figure 30. Geometry optimized structures showing h-BN (001) surfaces that have
been terminated with H species. The models which have an interstitial Si atom within position 1, 6, and 7 are shown in the left, middle, and right column; a) side view,
and b) on top orientation.

The energies of H adsorption were calculated, and found to be only slightly
more energetically favorable when compared to the non-doped surface (for
initial positions 1 and 7). It should, though, be stressed that the energy of H
adsorption was only possible to be calculated for position 1 and 7 onto a B
surface site. For the N-sites, the Si atom desorbed from the surface when
trying to calculate the energy of H adsorption. For the h-BN surface with Si
in position 6, it was, however, possible to calculate these adsorption energies
for both the N- and B-sites. However, the adsorption process was found to be
less exothermic than for the corresponding non-doped surface.
The relative stabilization energies (compared to the non-doped surfaces)
were positive for all Si-doped h-BN surfaces with Si in position 1, 6, and 7;
+ 8, +364, and +348 kJ/mol. As a conclusion, the interstitial Si dopant seems
not to favor the formation of h-BN. However, it should be stressed that the
value for position 1 is very close to zero. Hence, the Si dopant in this position will most probably have no visible effect on the structural stability of hBN.
A corresponding study was also made for the H-terminated r-BN (001)
surface. For this specific surface, the Si atom stayed in the lattice for only
one (of the seven initial positions), as a result of geometry optimization.
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a)

b)
c)
Figure 31. Model demonstrating an r-BN (001) surface that has been terminated
with H species; a) Parallel with the BN planes, b) with a projection onto the xy
plane, and c) with a projection onto the xy plane. The numbers shows the different
positions of the interstitially positioned Si atoms.

The Si atom stayed within the r-BN surface after geometry optimization for
Si initially in position 6 (Figure 31). For the other positions, the Si atom
desorbed from the surface. As was the situation for the h-BN surface, the Si
has moved out from the position within the sheet, to a position between the
BN sheets (see Figure 32). Thereafter, the Si dopant moved further down
into the r-BN lattice. The shortest B-N distance (with Si in between) is 1.46
Å. The larger covalent radius of the Si atom (1.16 Å), compared to N (0.73
Å) and B (0.88 Å), is most probably also here the reason for the escape of
the Si atom. The initial position is, hence, too small for the Si atom. This
result further correlates with the experimental results made by Chubarov et
al.[40] which suggested that the Si atom will intercalate between the basal
planes.
Furthermore, the atoms within the sheet on the opposite sides of the Si atom were found to move laterally away from the Si atom (see Figure 32).
This is most probably due to anti-binding, which is further confirmed by the
bond population values which were calculated to be negative; -0.13 (Si-N)
and -0.09 (Si-B). Also the Si-binding B atom was found to move laterally
away from the Si atom (see Figure 32), which also is confirmed by a negative bond population value of -0.32.
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a)
b)
Figure 32. Geometry optimized structures showing the r-BN (001) surface that has
been terminated with H species. The model which have an interstitial Si atom within
position 6 is shown in; a) a side view, and b) an ontop orientation

The energies of H adsorption were calculated to be -418 (N-site) and -596
kJ/mol (B-site). Only the B surface site is, thereby, more reactive than corresponding non-doped r-BN surface (-521 kJ/mol). Unexpectedly, the calculated B-H bond populations were found to slightly decrease to 1.01, compared to the B-H bond in the non-doped lattice (1.03). This decrease was
accompanied by a minor bond lengthening of 0.01 Å. However, the percentage of ionic contribution seems to be higher compared to the non-doped
surface, with a B atomic charge of +0.16 (Si-doped) vs. +0.02 e (non-doped).
The atomic charge of the H atom is +0.02 vs. +0.06 e (non-doped).
The calculated stabilization energy was negative for the Si-doped r-BN
surfaces (-100 kJ/mol), and, hence, energetically favored. The interstitial Si
dopant seems to improve the stabilization on the r-BN surface, and there is a
probability for this phase to exist in equilibrium.
Experimental results by Ronning et al.[143] have shown that the Si atom
will most probably replace a B (or N) site in the lattice, why further calculations is needed for also this type of doping. Moreover, Chubarov et al.[40]
suggest that Si is either positioned in between the basal planes, or will replace B in the lattice. The Si and B elements have more similar electronegativity values and atomic radii, as compared with Si and N.[40]
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4. Concluding remarks

In this thesis, the structural and electronic properties of various boron related
materials have been studied by using quantum mechanical density functional
theory calculations under periodic boundary conditions. The 4d metal diborides show very interesting properties like high melting points, hardness, and
high thermal electric conductivity. However, a deeper understanding of the
underlying causes of these electronic and structural properties is, however,
needed for a future development of new high-temperature superconductors.
In paper I, calculations were made for various planar and puckered metal
diborides. The aim was to gain a deeper knowledge about the underlying
factors for the formation of planar MB2. The calculated energetic stabilities
were found to generally follow the experimentally obtained results. MoB2,
with its metal positioned in the middle of the 4d metals in the periodic table,
did not show any obvious preference for either a planar or a puckered structure. Transition metals to the left of Mo in the periodic table were observed
to prefer the planar AlB2 structure, and the metals to the right were found to
prefer a puckered one. Both the initially built puckered and initially built
planar YB2 and ZrB2 structures became planar as a result of geometry optimizations. From a thermodynamically point of view, these two structures
(YB2 and ZrB2) have thus severe problems to crystallizing in a puckered
structure.
The results from paper I further indicate that the electronic redistribution
is important for the finally obtained structure. The metals that are less electronegative than boron were found to have a larger ability to donate their
electrons to neighboring boron atoms, which will result in a planar boron
structure. An observed trend is that metal atoms in the planar structures donate more than one electron to two neighboring boron atoms, whilst the metal atoms in preferred puckered structures donate less than one electron to the
neighboring boron atoms.
Furthermore, non-binding interactions are observed for the structures that
prefer to be planar, whilst the structures that prefer to be puckered show
strong M-M antibonding. Other electron bond populations seem to be of no
importance for neither of the structures. These results lead to the conclusion
that for the planar structure to form, the charge transfer is of major importance. On the other hand, M-M repulsions are very important for the
puckered structure to be formed. The size of the metal atoms can also be
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correlated to the energetically most favourable structure. The calculated radius ratios between the metal atom and the boron atom, shows that the energetically most preferred planar structures have a radius ratio above 1.60. The
energetically most preferred puckered structures have a radius ratio around
1.50. Small radius ratios are generally expected to result in larger degree of
orbital overlap, and thereby causing a larger extent of M-M anti-binding in
these systems.
Boron nitride is another very interesting boron-related material. The cubic
phase, c-BN, is a promising material because of its extreme properties, of
which many are similar and some even superior diamond. Most of the CVD
and PVD processes used today require ion bombardment on the growing
film. This will cause severe stress and other problems during the initial nucleation of the cubic film. The aim of this thesis was to obtain a deeper understanding of the initial growth process of c-BN onto a diamond substrate.
The effect by this specific substrate, in combination with terminating species, was theoretically examined in papers II and III. Furthermore, the energetic stability and chemical reactivity of the surfaces of different BN polymorphs were examined in papers IV and V. The effect by Si, O, and C
doping was also included in those studies, and has been found to be very
important for the possibility to grow phase-pure BN, as well as for surface
chemical processes in general.
In papers II and III, either N (or B) did initially form a mono-atomic
adlayer onto the diamond substrate. Two-, four-, six-, and eight atom layers
of BN were thereafter built, and the whole BN//diamond interface was thereafter geometry optimized. Both a heterostructural continuation of the diamond lattice, and a non-heterostructural continuation, was in this way built.
The latter structure had the x-axes of the c-BN aligned with the y-axis of the
diamond lattice. Deposition of BN using methods like ion-beam assisted
evaporation PVD was simulated in paper II, why no surface terminating H
(or F) species have been used in this paper. In paper III, H- and Fterminated species were used to uphold the cubic sp3-structure in simulating
a more gentle CVD growth process.
A major conclusion from these geometry optimization results is that there
is a clear preference for the non-cubic BN phase to bind directly to the diamond (100) substrate when using deposition techniques without possibility
for a complete surface termination. These results support all experimental
findings.
All results from papers II and III indicate the importance for surface
termination of the initial BN adlayers in order to avoid non-cubic BN formation. However, the degree of surface termination was not that important
for a continued growth of c-BN further away from the diamond substrate.
For BN adlayers of thicknesses larger than four atomic layers, also the
adlayers without a perfect termination was found to stay cubic. The influence by the terminating H and F species on the thinner adlayers was identi72

fied as a chemical influence on both the interfacial binding energy and electron transfer over the diamond//c-BN interface.
In paper IV, the major conclusions are that none of the N-rich O (or C)
doped c-BN surfaces showed a more exothermic H- or F adsorption process
than the respective non-doped surfaces. The B-rich surfaces, however, gave
rise to a completely different result. The terminating H species were found to
chemisorb much stronger onto the C (or O) doped surfaces, in comparison to
the non-doped one. For the B-rich O doped surface, only the H adsorption
process was found to be more exothermic (compared to the non-doped surface), whilst the process of F adsorption was less exothermic. The process of
Cl adsorption was endothermic for all surfaces, and, hence, it will not be
possible to completely terminate the surfaces with Cl.
As a result from the geometry optimization, only small local changes
were observed in the geometrical structures. The extra electron induced in
the system by the dopant atom, was found to move towards the surface and
thereby either strengthening (for the B-rich surfaces), or weakening (for the
N-rich surfaces), the B-H and B-F bonds.
Furthermore, the reactivity of the terminating surfaces was investigated
by calculating the Fukui functions. The results showed that none of the Brich surfaces were more susceptible to electrophilic, nucleophilic, nor radical
attack, as compared to the corresponding non-doped surfaces. On the other
hand, the C- and O-doped N-rich surfaces all resulted in much larger variations in electrophilic and nucleophilic attacks compared to the corresponding
non-doped surfaces.
In paper V, the H-, F-, and Cl- adsorption onto the c-, h-, w-, and r-BN
(001) surfaces, respectively, have been calculated. The major conclusions
are that the surface reactivities for the non-terminated N surface sites, and
for the situation with an otherwise completely H-terminated surface, are
more pronounced as compared to F- and Cl-termination. This was true for all
BN allotropes; c-, h-, w-, and r-BN. The same behavior was observed for the
non-terminated B surface sites for the w- and r-BN phases. For the c- and hBN surfaces, a non-terminated B-surface site on an otherwise F-terminated
surface was instead found to be slightly more reactive. There were extreme
problems to terminate the various surfaces with Cl-species. It was only possible to terminate the h-BN surface.
The existence of interstitial Si dopants in the h- and r-BN lattices, did only show positive effects for the non-terminated B surface site reactivity for
otherwise completely H terminated surfaces.
The calculated stabilization energy showed that it is most probably not
possible to Si-dope the h-BN surface lattice, while the r-BN structure gave a
positive effect on the surface reactivity.
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5. Summary in Swedish

Bor är ett väldigt spännande material som besitter många fantastiska fysikaliska och kemiska egenskaper; hårdhet, styrka, samt effektiv absorbtion av
elektroner. Bor är dessutom en inert icke-metall (dvs. inte kemiskt reaktiv) i
rumstemperatur.
Alla artiklar i den här avhandlingen bygger på teoretiska kvantberäkningar utförda med DFT (Density Functional Theory - täthetsfunktionalteori).
Den har här använts för att beräkna ytors struktur, stabilitet, adsorptionssamt abstraktionsenergier. Även andra egenskaper som laddningar och
ytreaktivitet, har också beräknats. Avhandlingen är uppdelad i olika delprojekt som alla har bor som gemensam nämnare.
Den första delen resulterade i Paper I, som ger en strukturell och elektronisk jämförelse av några metallborider, MB2. Metalldiboriderna besitter
många intressanta egenskaper, såsom hög smältpunkt, hög hårdhet och hög
elektrisk ledningsförmåga. De är kemiskt stabila och inerta. Borstrukturen i
dessa MB2-strukturer tros bero på elektronöverföringen från de närliggande
metallatomerna. I den här avhandlingen har flera, både plana och veckade,
4d-metallborider undersökts vad gäller både struktur och elektronöverföring.
Dessa strukturer har också jämförts med den plana, stabila MgB2-strukturen,
som har visat sig vara supraledande med en övergångstemperatur på 39 K.
Resultatet från Paper I följer generellt tidigare experimentella resultat, och
visar att MB2–strukturerna till vänster om Mo i periodiska systemet helst vill
vara plana. De till höger vill däremot helst vara veckade. Vidare visar resultat att om metallatomerna donerar mer än en elektron per atom, så resulterar
detta i en plan MB2 (AlB2)-struktur. Donerar varje metallatom däremot
mindre än en elektron, så resulterar detta i den veckade MB2-strukturen. För
att erhålla den mest stabila (plana) AlB2-strukturen, så måste varje metallatom donera två elektroner.
Den andra delen, vilken resulterade i Paper II och III, handlar om gränssnittet mellan diamant och kubisk bornitrid (c-BN). De första lagren i en cBN film resulterar ofta i icke kubiska faser, vilka lätt lossnar från substratet.
Genom att tillsätta ett atomlager i taget (kväve (N) eller bor (B)), så kan man
simulera en tillväxt av cBN. Vid vissa beläggningstekniker (exempelvis
PVD) så termineras inte ytan fullständigt av ytterminerande atomer. Dessutom, bombarderas ytan med högenergetiska joner i syfte att växa den kubiska fasen av BN. Dessa högenergetiska joner tros orsaka bland annat stress
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i bornitridfilmen vilket slutligen leder till att den lossnar från substratet.
Andra beläggningstekniker (såsom CVD) använder bland annat väte och
fluor för att vidmakthålla en kubisk struktur. I den här studien har både rena
ytor, samt H- och F-terminerade ytor, använts och jämförts sinsemellan.
Resultaten visar att de terminerande atomerna hjälper filmen att behålla den
kubiska strukturen. Vidare så verkar den kubiska c-BN strukturen stabiliseras redan vid två atomlager om den har terminerats. Annars kommer den att
välja en icke-kubisk struktur. De första atomlagren i gränsytan är helt avgörande för en stabil, hållfast och tjock c-BN film.
Den tredje delen resulterade i Paper IV och V, och handlar om olika typer av bornitridytor (kubisk (c-BN), hexagonal (h-BN), wurtzitisk (w-BN)
och rombohedrisk (r-BN)), samt deras reaktivitet. Tidigare resultat har visat
att yttermineringsatomerna är mycket viktiga för att den önskade strukturen
inte ska kollapsa till andra, oönskade, faser. I paper IV har c-BN ytorna
dopats med antingen syre- eller kolatomer med syfte att undersöka vad som
händer med den extra elektronen som förs in i systemet. Detta har gjorts som
ett komplement till tidigare experimentella studier, vilka visat att om syre
finns med i beläggningskammaren så har en högre koncentration av den
kubiska fasen erhållits. Resultaten i detta arbete visar på att alla strukturer
förblev i stort sett kubiska vid tillsats av syre eller kol. De beräknade adsorptionsenergierna av ytterminerande atomer visade att för den syredopade
ytan var det endast den B-rika H-terminerade ytan som var energetiskt mer
gynnsam än den odopade. För den koldopade ytan var både de H- och Fterminerade B-rika ytorna mer gynnsamma än motsvarande odopade c-BN
yta. De kväverika ytorna var alla mer energetisk gynnsamma som odopade
Beräkningsresultaten för paper V visade att en naken (oterminerad)
kväveplats var som mest reaktiv då den i övrigt var väteterminerad. Detta
gällde alla faser inkluderade i studien (c-, h-, w- och r-BN). De geometriska
strukturerna förblev då också minst förändrade, jämfört med när de terminerats med andra species. De nakna borytplatserna på c- och h-BN-ytorna var
dock mer reaktiva då resten av ytan fluorterminerats.
För ett par av BN-ytorna (h-BN och r-BN) har även kiselatomer stoppats
in i strukturen interstitiellt. Experimentella resultat har tidigare visat att kisel
(Si) främjar framställandet av den rombohedriska fasen av BN (r-BN). För
att få någon klarhet i vad detta kan bero på så har Si placerats interstitiellt på
flera olika platser och därefter geometrioptimerats i både r-BN ytan och hBN ytan. Resultaten visade på att Si-atomen inte gärna vill stanna kvar i
strukturen, vare sig för h-BN eller r-BN. För h-BN så stannade Si atomen
kvar nere i gittret för tre av sju olika initiala platser. För r-BN, var fallet endast för en plats av sju. Kiselatomen ville gärna positionera sig mellan BN
planen för bägge strukturerna, vilket troligtvis beror på att kiselatomen är för
stor för att sitta mellan B och N atomerna i ett plan.
Resultaten visade att en ytatom på en i övrigt väteterminerad dopad h- och
r-BN yta, är mer reaktiv än för en motsvarande odopad yta. De beräknade
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stabilitetsenergierna var inte gynnsamma för de Si-dopade h-BN-ytorna,
vilket den däremot var för den Si-dopade r-BN ytan.
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