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Abstract
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Technology 1124. 87 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-8879-6.

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 (h-
BN), 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 h-
BN (001) and r-BN (001) surfaces.
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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 re-
cently 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, struc-
tures are assumed to be dependent on the electron transfer from the nearby 
positioned metal atoms to the boron atoms.[2] A structural comparison be-
tween 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, in-
clude a transition metal (i.e., with d-electrons). In contrast to the supercon-
ductivity 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 superconduct-
ing 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 inert-
ness.[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 thor-
oughly 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 MB2-
structure, 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 
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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 excel-
lent 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 sec-
ond 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 dia-
mond, 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. How-
ever, 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 for-
mation 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//c-
BN 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 phase-
pure 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 spe-
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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 exam-
ined 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 under-
go 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 possi-
bilities and prerequisites for a direct c-BN growth on diamond (100). Re-
cently, c-BN films have been deposited without the presence of any distinc-
tive interlayer of turbostratic, or amorphous, phases between the diamond 
substrate and c-BN. This was accomplished by using fluorine-assisted plas-
ma-enhanced chemical vapor deposition (PECVD) on single-crystalline di-
amond substrates.[13, 27] 

Paper IV focuses on the effect by substitutional doping for further im-
provements of the vapor phase synthesis of cubic BN films. The H-
terminated 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 phase-
pure growth of c-BN. Recently, a thick and adherent c-BN film was received 
by using a reactive magnetron sputtering method with a controlled incorpo-
ration 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 r-
BN phases. The surface reactivity is extremely important for chemical pro-
cesses 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 with-
in materials science of today due to its capability to study atomic level pro-
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cesses with a sufficiently high accuracy. Density Functional Theory, DFT, 
calculations, for periodic systems, have been used in the present thesis. Wal-
ter Kohn and John A. Pople received the Nobel Prize in 1998 for their devel-
opment of DFT. Moreover, the Nobel Prize in chemistry, year 2013, was 
given to Martin Karplus, Michael Levitt, and Arieh Warshel for their devel-
opment of theoretical multiscale models for studying complex chemical sys-
tems. 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) puck-
ered MB2-structure, and (b) planar MB2-structure.The B and M atoms are demon-
strated as pink and green spheres.  

a) b)  
 

Figure 2. Models demonstrating H-terminated c-BN (100) 2x1 surfaces with alter-
nating boron (pink spheres) and nitrogen (blue spheres) layers: (a) a diamond//c-
BN 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 H-
terminated. 

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 elec-
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tron configuration, which is identical to aluminum. However, in contradic-
tion to boron, aluminum is a metal.[1] Moreover, boron has a medium elec-
tronegativity 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 coat-
ings for cutting tools and in electronic devices. In addition, boron-containing 
materials are expected to give an increased tool life, compared to, e.g., ce-
ramic 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 com-
pounds, 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 melt-
ing 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 inves-
tigated. In the MB2 structure with planar sheets, strong bonds with delocal-
ized 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 dis-
covery 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 fac-
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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 period-
ic 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 differ-
ent structures; cubic (c-BN), wurtzitic (w-BN), hexagonal (h-BN), rhombo-
hedral (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 prom-
ising 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 ul-
traviolet 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 junc-
tion 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 syn-
thesizing 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 disor-
dered 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 depos-
ited directly onto a diamond substrate when using plasma-enhanced chemi-
cal 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 im-
portant. 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 im-
portance for the adhesion of the film.[61] Another way to achieve low-
stressed, 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 frequen-
cy 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 bo-
ric acid and calcium cyanide.[65] It is isoelectronic to carbon and crystalliz-
es 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] h-
BN is an insulator since the free electrons are localized by the strong cova-
lent 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 im-
portant properties for that specific area of application.[67] Furthermore, h-
BN 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 increas-
ing.[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]   
 
  



 18 

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 pres-
sure 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, usu-
ally 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 bombard-
ment of heavy inert argon atoms (or another inert gas), and/or by highly en-
ergetic N ions. Many PVD processes used for BN deposition use growth 
precursors free from terminating H species (e.g., ion-beam assisted evapora-
tion), and the substrate temperature is usually not that high (less than 300-
400 °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 
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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, bom-
bardment 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 meth-
ods, 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 pro-
cesses 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 necessi-
ty to use energetic ions in the deposition of c-BN. The main goal is to devel-
op 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.  
 



 20 

2. Theoretical calculations 

2.1 General 
New and interesting materials are frequently discovered and invented. Ex-
perimental 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 re-
sults were, due to severe model size restriction, often not very accurate. The 
development of both computers and software has been tremendously im-
proved the last decades. The possibility to simulate accurate, fast and more 
realistic systems has been greatly improved. Theoretical modeling and simu-
lations have thereby become a very valuable tool as a complement to synthe-
sis 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 de-
gree of approximations and it can treat large molecular systems. The semi-
empirical 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 ex-
pression that roughly can be translated to “from scratch”.[89] They are quan-
tum mechanical methods which are highly accurate in describing the elec-
tronic 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 Func-
tional 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 time-
independent 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 Hamil-
tonian 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 Cou-
lomb 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 Born-
Oppenheimer 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, re-
sulting from a Hamiltonian working on a trial wave function, is always high-
er 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 ener-
gy can be approached by introducing minor perturbations to the system. The 
physical idea is that the exact dynamics, or energies, of a particle are re-
placed 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 correla-
tions, and therefore generates an inaccurate value of total energy. Post-
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Hartree Fock calculations, which contribute with corrections for these elec-
tron 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 fur-
ther 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 elec-
trons in a system within the volume dr.  
 

 == NdrrrN )()]([ ρρ    [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 

 

( )[ ] )]([)()( rFdrrrvrE ρρρ +=    [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 ex-
change and correlation effects.[93] By substituting F[ρ(r)] in Eq. 2.5 with the 
expression 
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equation 2.5 can be rewritten as 
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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 function-
al is, however, not possible to calculate without incorporating any approxi-
mations. It is a challenge to find a proper approximation of this 
functional.[94] In Kohn and Sham’s theory from 1965, the simplest approx-
imation to the exchange and correlation energy is the Local Density Approx-
imation (LDA), expressed as   
 

drrrrE xc
LDA
xc = )]([)()]([ ρερρ   [2.8] 

 
where εxc[ρ(r)] is the exchange and correlation energy per electron of a uni-
form electron gas of density ρ(r).[93] This εxc[ρ(r)] factor can be written as 
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[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 devel-
oped 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 non-
local exchange-correlation functional – the Generalized gradient approxima-
tion (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 approx-
imation 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 per-
formed using the ultrasoft plane-wave approach within the software program 



 24 

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 expand-
ed as plane waves according to Bloch’s theorem [103]:  
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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 select-
ed set of points in the Brillouin zone.  

In this thesis, the total energy has been minimized (i.e., geometry opti-
mized of the system structure), by varying the coefficients within the linear 
plain wave expression. These are varied self-consistently by using a precon-
ditioned conjugate-gradient technique which expands the wave functions in 
terms of plane waves.[105] The BFGS algorithm (Broyden-Fletcher-
Goldfarb-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 oscilla-
tions of the wave function.[108] The atomic core is therefore described in 
the pseudopotential approximation where the core electrons and ionic poten-
tial 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 dia-
mond//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  
 

adlayersubstratetotbind EEEE −−=Δ   [2.12] 

 
where Etot is the total energy for the interface (substrate//adlayer), and Esub-

strate and Eadlayer are the total energies for the substrate and adlayer, respective-
ly. Geometry optimization was performed when calculating the total energy 
for the interface. For the separate substrate and adlayer, single point calcula-
tions 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 theoreti-
cally 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 c-
BN 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 at-
oms.[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 chemi-
sorption of the terminating species, has been calculated using  
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)( )%94()%100( XXBNXBNads EEEE +−=Δ   [2.15] 

X = H, F, or Cl
 

In paper IV, also the abstraction energy, has been calculated using 
      

)()( )%100()%94( YXBNXYXBNabs EEEEE +−+=Δ   [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, re-
spectively. 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  
 

)( )%0()%6.0( SiSiBNSiBNstab EEEE +−=Δ   [2.17] 

 
where EBN(0.6%Si) and EBN(0%Si) are the total energies for the geometry opti-
mized 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 popu-
lations, have been generated from the calculated electron density of the vari-
ous systems. The Mulliken analysis  method was used to partitioning the 
electron density (and hence the charges) to individual atoms.[111] The elec-
tron 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 cal-
culated by using a projection of the plane-wave onto the atomic 
orbitals.[112] The population analysis is then performed from the resulting 



 27

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 gen-
erally 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 interac-
tions. In 1981 he received the Nobel Prize in chemistry for a theory that de-
scribes the reaction mechanisms that involve these frontier orbitals (especial-
ly 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:  
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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 elec-
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tron density difference, ∆ρ(r), illustrates the charge redistribution due to 
chemical bonding. It is calculated as the total electron density with the densi-
ty of the unrelaxed atoms subtracted [121]:  

 

unrelaxedtot rrr )()()( ρρρ −=Δ    [2.19] 
 
When analyzing the spin-polarized calculation results, using the spin-
polarized GG(S)A approximation, spin density values are mapped onto the 
electron density (spin density maps), and are illustrating the difference be-
tween 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 poly-
morphs 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 com-
pounds 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 in-
terest to further investigate some of the MB2 structures.[3] For each com-
pound, both a planar and a puckered structure were modelled.[2, 123-125] 
The structures were modelled as supercells, under periodic boundary condi-
tions, 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 re-
sults (see Figure 3). The initially puckered structures of YB2 and ZrB2 be-
came 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 val-
ue. 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 struc-
ture, which has experimentally been found to be planar.[128] Earlier results 
have though claimed that the MoB2 still has a hexagonal structure with pla-
nar 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 com-
pound was also found to have a ΔE value close to zero, with no obvious ex-
planation. 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.   

 
Figure 3. Energy difference diagram (initially puckered minus initially planar struc-
tures) 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.       
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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 

Change in 
charge [e] 

Mg Y Zr Nb Mo Tc Ru Rh Pd 

Planar B   -
1.0 

-
0.6 

-0.65 -0.6 -0.55 -
0.5 

-0.45 -0.6 -0.4 

Planar M 2.0 1.2 1.3 1.2 1.1 1.0 0.9 1.2 0.8 

Puckered  B -
0.8 

-
0.6 

-0.6 -
0.45 

-0.4 -
0.4 

-0.35 -0.45 -0.3 

Puckered M 1.9 1.2 1.2 0.9 0.8 0.8 0.7 0.9 0.6 
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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., anti-
bonding), 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 pla-
nar structures. The exception is the MgB2 phase, which showed a negative 
bond population of -0.4. For the initially puckered structures, the M-B elec-
tron 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 bo-
ron atoms (i.e. B-B) were found to be positive, and numerically larger for 
both the initially planar and puckered structures. However, the bond popula-
tion for the initially planar structures was somewhat higher than for the ini-
tially puckered ones. MgB2 showed the largest bond populations, when com-
pared 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 prefer-
ence for any of the planar, or puckered, structures. On the other hand, the M-
M bond populations seem to be of greater importance with strong M-M anti-
binding for the puckered structures, and non-binding M-M interactions for 
the planar structures.   
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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 dis-
tance within the bulk metal. The covalent radius is the single bond interatomic dis-
tance 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] 

88 160 178 159 143 136 135 133 134 138 

RM/RB - 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 inves-
tigated 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 condi-
tions 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 ener-
gies 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 non-
terminated, 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 non-
terminated, 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 en-
ergies for the F-terminated interfaces. These interfacial binding energy val-
ues 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 low-
est 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 non-
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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 Intro-
duction, 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 there-
fore 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 ener-
getically favourable than the corresponding terminated and non-
heterostructural interface (5.8 vs. 3.8 eV/atom; see Figure 6). It is even 
slightly more energetically favourable than the non-terminated and non-
heterostructural 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 corre-
lates with experimental results, where it has been shown that the initial lay-
ers 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 opti-
mized N (or B) adlayer, two different interfacial structures were initially 
constructed. One was with the cubic phase of BN heteroepitaxially posi-
tioned 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 hetero-
structural interfaces were found to bind stronger to the diamond substrate 
than the non-heteroepitaxial ones; 6.1 vs. 4.9 eV/binding N atom (H-
terminated), and 6.0 vs. 4.2 eV/ binding N atom (F-terminated) (Figure 5). 
Also here, the terminated and initially heteroepitaxially built structures be-
came cubic and (2x1)-reconstructed after the geometry optimization. The H-
terminated non-heteroepitaxial interface became crystalline but slightly re-
constructed, and the F-terminated one became amorphous-like. 

When adding a second atomic layer of N onto the energetically most fa-
vorable non-heteroepitaxial B monolayer (without using terminating spe-
cies), 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 inter-
face, 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). 

 



 39

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 optimiza-
tion; 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 H-
terminated 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 cu-
bic 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 (H-
terminated) eV/binding B atom. As can be seen in Figures 12, also the H-
terminated geometrical surface was kept cubic, with a partial N reconstruc-
tion 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 (H-
terminated) (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 favor-
able 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 bind-
ing energies are observed for the H-terminated and non-terminated non-
heteroepitaxial 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 dia-
mond (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 dia-
mond (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 elec-
trons 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 at-
oms 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 corre-
sponding 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 H-
terminated BN adlayer, being heteroepitaxial attached to the diamond sub-
strate. The H-termination will induce even stronger interfacial adhesion en-
ergy, 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 ni-
tride).[12] These results indicate the importance for the use of surface termi-
nation for the first BN atomic layers, in order to avoid amorphous and non-
cubic 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 H-
terminated adlayers are shown in the left and right column, respectively, for a) het-
eroepitaxial, 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 be-
tween 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 en-
ergies 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 inter-
facial binding energies where 7.8 and 6.5 eV/binding N atoms, with corre-
sponding 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 weaken-
ing because of partial filling of antibonding orbitals, and can be identified as 
the two-, six-, and eight atomic layers of BN. Their respective binding ener-
gies 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 trans-
fer. 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 0.58-
0.67. 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 lay-
ers 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 non-
heteroepitaxial interfaces, with N closest to the diamond substrate, are gen-
erally 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.  

 
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 popu-
lations and BN adlayer thicknesses. The bond populations increased with 
thicker adlayers; 0.59, 0.74, and 0.75 for one-, two-, and four atomic adlay-
ers, 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 correla-
tion 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 non-
heteroepitaxially built interfaces with B atoms closest to the diamond sub-
strate, 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 non-
heteroepitaxial 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 in-
creased 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 F-
terminated adlayers, the non-heteroepitaxial and heteroepitaxial B monolay-
ers has been included in this thesis. Both of these interfaces resulted in high 
C-B bond populations values; 0.92 (heteroepitaxial) and 0.90 (non-
heteroepitaxial). 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 or-
bitals. 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, respective-
ly.[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 trans-
fer from the diamond surface to the adlayer. When increasing the number of 
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BN adlayers, the electron transfer was, with one exception, found to de-
crease. 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 heteroepitax-
ially 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 lay-
er). 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 ob-
served 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 terminat-
ing species (-2.6 e vs. -3.5 e). This is most probably due to the electron trans-
fer 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 elec-
tron 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 trans-
fer 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 H-
terminating 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 di-
rection 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 het-
eroepitaxial 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 elec-
tron 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 spe-
cies 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 F-
species 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 dia-
mond 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 com-
pared to the situation with the non-terminated B monolayer; 1.7 e (H-
terminated) and 2.1 e (F-terminated) vs. 3.8 e (non-terminated). When in-
creasing 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 envi-
ronment, 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 tenden-
cy is especially clear for the four-atomic thick BN adlayer, where the struc-
tures 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 re-
sults, in combination with the experimental results that pointed at the diffi-
culty 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 sub-
strate. The notation “he” means that the adlayer is heteroepitaxial with respective 
to the diamond (100) substrate. Similarly, “not he” means that the adlayer is non-
heteroepitaxial 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 sub-
strate. The notation “he” means that the adlayer is heteroepitaxial with respective 
to the diamond (100) substrate. Similarly, “not he” means that the adlayer is non-
heteroepitaxial 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 well-
adherent 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 

1,5

2

2,5

3

3,5

4

4,5

5

0 1 2 3 4 5

he, H-terminated
he, F-terminated
not he, H-terminated
not he, F-terminated
he, non-terminated
not he, non-terminated

e
to

t 
a

dl
a

ye
r 

[e
]

number of atomic layers



 53

µm thick c-BN films have been deposited using B4C targets. These films 
were deposited on compositionally graded interlayers of C-B-N. Unfortu-
nately, 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 terminat-
ing species must be added to the surface atoms to hinder them from a col-
lapse 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., N- 
and B-rich surfaces). The surfaces consisted of sixteen atoms in each layer, 
and were modeled as supercells under periodic boundary conditions. The N-
rich 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 reconstruc-
tions 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 surfac-
es, both the H- and F adsorption processes were found to be more exother-
mic 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 C- 
and O-doped surface, respectively. The corresponding values for the energy 
of F adsorption are -139 vs. -104 and -105 kJ/mol. These results were strong-
ly supported by the electron bond population values for the new bond for-
mations. 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 inves-
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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 C-
doped 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 corre-
sponding 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 cova-
lent 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] 

 N-rich B-rich

 
H-
terminated 

F-
terminated 

Cl-
terminated 

H-
terminated 

F-
terminated 

Cl-
terminated 

non-doped -418 -139 +181 -247 -296 +300 
C-doped -385 -104 +237 -408 -415 +310 
O-doped -358 -105 +212 -396 -257 +298 
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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 corre-
late well with the adsorption energies for the same surface. The surfaces with 
more exothermic adsorption processes correlate with less exothermic ab-
straction 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 ex-
pected 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 mix-
ture 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 spe-
cies. 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 B-
rich 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 be-
come 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 B-rich 

 H-terminated F-terminated H-terminated F-terminated 

Abstracting 

specie 

H F H F H F H F 

Non-doped -233 -273 -552 -84 -405 -444 -395 +80 

C-doped -265 -306 -587 -119 -245 -283 -276 +199 

O-doped -294 -333 -586 -118 -256 -295 -445 +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 va-
lence 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 con-
firmed 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 H-
terminated 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 next-
nearest 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 C-
doped surfaces were found to be somewhat less reactive than the correspond-
ing 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 elec-
tron 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 cross-
section, being perpendicular to the surface and parallel with the yz plane and inter-
secting 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 corre-
sponding 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 nega-
tive 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 situa-
tions 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 at-
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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 in-
duced 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 next-
nearest 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 popu-
lation was found to be minor. It was, hence, not possible to draw any conclu-
sion 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 to-
wards the surface B´ atoms for both H- and F-terminated surfaces. The spin 
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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 di-
mer. The extra spin was also found on the surface B and F atoms (for the F-
terminated 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 com-
pare to the non-doped surface. 

The reactivity of the completely terminated surfaces, have also been in-
vestigated 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 H-
terminated 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 F-
terminated 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. How-
ever, 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 nucleo-
philic 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 (com-
pared 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 N-
rich and F-terminated c-BN (100) surface. The susceptibility of electrophilic, nucle-
ophilic, 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 suscepti-
bility 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 adsorp-
tion process. For the N-rich surfaces, the result was found to become com-
pletely different. Both the H- and F-terminating species were found to chem-
isorb stronger for the non-doped surfaces. As stated above, these results fur-
ther 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 estimat-
ed by calculating the adsorption energies for chemisorption of one of the 
terminating species to a bare surface site on an otherwise completely termi-
nated 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 B site

 
H-
terminated

F-
terminated

Cl-
terminated

H-
terminated

F-   
terminated

Cl-
terminated 

c-BN -418 -139 +181 -247 -296 +300 

h-BN -463 -243 -91 -534 -666 -337 

w-BN -398 +8 - -527   +13 - 
r-BN -596 -303 +78 -521 -348  +37 

 
The results for the c-BN surface are partially described in Section 3.3.1 Sta-
bilization energy and geometrical structures. The most reactive cubic sur-
face 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 geo-
metrical 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 corre-
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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 com-
pare 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 reac-
tive surface site was shown to be the F-terminated B-rich site, with an ener-
gy of F adsorption of -666 kJ/mol (compared to -243 kJ/mol for the corre-
sponding 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 H-
terminated one, and the B-sites seem to be more reactive for all three differ-
ent 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), com-
pared 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 ad-
sorption 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 

 



 66 

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 exother-
mic for both the surface N and B sites, but not as much as for the corre-
sponding H-terminated surface. The energies of F adsorption were -303 (N-
site) 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 r-
BN 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 endo-
thermic 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 posi-
tions. 

 

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 be-
tween 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 cova-
lent 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 with-
in 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 posi-
tion will most probably have no visible effect on the structural stability of h-
BN.  

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 at-
om 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 nega-
tive bond population value of -0.32. 

 



 70 

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 corre-
sponding non-doped r-BN surface (-521 kJ/mol). Unexpectedly, the calcu-
lated B-H bond populations were found to slightly decrease to 1.01, com-
pared 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 percent-
age 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 calcula-
tions 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 re-
place B in the lattice. The Si and B elements have more similar electronega-
tivity 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 dibo-
rides 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 struc-
ture. 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 opti-
mizations. 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 elec-
tronegative 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 do-
nate more than one electron to two neighboring boron atoms, whilst the met-
al 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 im-
portance. 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 ra-
dius ratios between the metal atom and the boron atom, shows that the ener-
getically 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 nu-
cleation of the cubic film. The aim of this thesis was to obtain a deeper un-
derstanding of the initial growth process of c-BN onto a diamond substrate. 
The effect by this specific substrate, in combination with terminating spe-
cies, was theoretically examined in papers II and III. Furthermore, the en-
ergetic stability and chemical reactivity of the surfaces of different BN pol-
ymorphs 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 there-
after geometry optimized. Both a heterostructural continuation of the dia-
mond 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 F-
terminated 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 dia-
mond (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 for-
mation. 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 influ-
ence by the terminating H and F species on the thinner adlayers was identi-
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fied as a chemical influence on both the interfacial binding energy and elec-
tron 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 sur-
face), 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 B-
rich 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 varia-
tions 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 h-
BN 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 pos-
sible to terminate the h-BN surface.   

The existence of interstitial Si dopants in the h- and r-BN lattices, did on-
ly 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 fysika-
liska 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 kvantberäkning-
ar utförda med DFT (Density Functional Theory - täthetsfunktionalteori).  
Den har här använts för att beräkna ytors struktur, stabilitet, adsorptions- 
samt abstraktionsenergier. Även andra egenskaper som laddningar och 
ytreaktivitet, har också beräknats. Avhandlingen är uppdelad i olika delpro-
jekt som alla har bor som gemensam nämnare. 

Den första delen resulterade i Paper I, som ger en strukturell och elektro-
nisk 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 resul-
tat 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 metalla-
tom donera två elektroner.   

Den andra delen, vilken resulterade i Paper II och III, handlar om gräns-
snittet mellan diamant och kubisk bornitrid (c-BN). De första lagren i en c-
BN 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. Dessu-
tom, bombarderas ytan med högenergetiska joner i syfte att växa den ku-
biska 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 stabilise-
ras redan vid två atomlager om den har terminerats. Annars kommer den att 
välja en icke-kubisk struktur. De första atomlagren i gränsytan är helt avgö-
rande för en stabil, hållfast och tjock c-BN film.  

Den tredje delen resulterade i Paper IV och V, och handlar om olika ty-
per 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 ad-
sorptionsenergierna 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 F- 
terminerade 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 termine-
rats 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 h-
BN 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 end-
ast 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.   



 77

6. Acknowledgements  

First, I would like to thank my supervisor, Professor Karin Larsson, for her 
guidance and encouragement through this period. Her advices, support and 
interest have been of great importance to me. 
  
In addition, I’m very thankful to my second supervisors, Professor Jan-Otto 
Carlsson, and Professor Mats Boman.  
 
The present and past colleagues in our research group Igor Arvidsson, Henna 
Ruuska, Tanguy van Regemorter, Johan Karlsson, Yuan Tian, Shuainan 
Zhao, Mir Mahadi Hassan, Yang Song, Yiming Zou, and finally, Daniel 
Petrini, whom I would like to give a special thank for all your support, fruit-
ful discussions, and help.  
 
The always so helpful and supportive staff; Peter Lundström, Gunilla Lindh, 
Eva Larsson, Åsa Furberg, and Katarina Israelsson. Tatti och Peter – vad 
skulle jag ha gjort utan er?  
 
Perti Knuutila – you are invaluable in the undergraduate laboratory. 
 
To all persons at the chemistry department (used to be material chemistry 
department), special thanks to Ida, Wendy, and my three roommates Ola, 
Reza, and Tian.   
 
Ett stort tack till mina vänner, ett speciellt tack till dig Anna-Lena! Tack 
Britta och Ulrika för trevligt sällskap alla dessa mil i Hågadalen. Tack också 
till min bror Hynek, min kusin Josef och mina svärföräldrar med familjer, ni 
betyder jättemycket för mig! Tack mamma och pappa för att ni alltid finns 
där och stöttar mig.  
 
Jag älskar er mina barn, Louise, Elias och Vera, utan er vore ingenting vik-
tigt!   
 
Slutligen, vill jag tacka min man Ola för allt ditt stöd! 
 
Anna Pallas, Uppsala, 12 February 2014  



 78 

7. References 

1. Bullett, D.W.J., Structure and bonding in crystalline boron and B12C3. 
Journal of Physics C: Solid State Physics, 1982. 15: p. 415-426. 

2. Burdett, J.K.;Canadell, E.;Miller, G.J., Electronic structure of transition-
metal borides with the AlB2 structure. Journal of the American Chemical 
Society, 1986. 108(21): p. 6561-6568. 

3. Nagamatsu, J.;Nakagawa, N.;Muranaka, T.;Zenitani, Y.;Akimitsu, J., 
Superconductivity at 39 K in magnesium diboride. Nature, 2001. 
410(6824): p. 63-64. 

4. Medvedeva, N.;Ivanovskii, A.;Medvedeva, J.;Freeman, A., Electronic 
structure of superconducting MgB2 and related binary and ternary borides. 
Physical Review B, 2001. 64(2): p. 20502. 

5. Ravindran, P.;Vajeeston, P.;Vidya, R.;Kjekshus, A.;Fjellvåg, H., Detailed 
electronic structure studies on superconducting MgB2 and related 
compounds. Physical Review B, 2001. 64(22): p. 224509, and references 
therein. 

6. Sanfilippo, S.;Elsinger, H.;Núñez-Regueiro, M.;Laborde, O.;LeFloch, 
S.;Affronte, M.;Olcese, G.L.;Palenzona, A., Superconducting high pressure 
CaSi2 phase with Tc up to 14 K. Physical Review B, 2000. 61(6): p. R3800-
R3803. 

7. Vajeeston, P.;Ravindran, P.;Ravi, C.;Asokamani1, R., Electronic structure, 
bonding, and ground-state properties of AlB2-type transition-metal 
diborides. Physical Review B, 2001. 63(4): p. 45115, and references 
therein. 

8. Wang, X.;Tian, D.;Wang, L., The electronic structure and chemical 
stability of the AlB2-type transition-metal diborides. Journal of Physics: 
Condensed Matter, 1994. 6: p. 10185-10192. 

9. Wang, J.;Wang, Y.-J., Mechanical and electronic properties of 5d 
transition metal diborides MB2 (M=Re, W, Os, Ru). Journal of Applied 
Physics, 2009. 105(8): p. 083539. 

10. Noor Mohammad, S., Electrical characteristics of thin film cubic boron 
nitride. Solid-State Electronics, 2002. 46(2): p. 203-222, and references 
therein. 

11. Zhang, W.;Chong, Y.;Bello, I.;Lee, S., Nucleation, Growth and 
Characterization of Cubic Boron Nitride (cBN) Films. Journal of Physics-
London-D Applied Physics, 2007. 40(20): p. 6159–6174, and references 
therein. 



 79

12. Zhang, W.J., Bello, Y., Lifshitz, Y. and Lee, S. T. , Recent Advances in 
Cubic Boron Nitride Deposition. MRS Bulletin, 2003. 28(3): p. 184-188, 
and references therein. 

13. Zhang, W.;Meng, X.;Chan, C.;Chan, K.;Wu, Y.;Bello, I.;Lee, S., 
Interfacial Study of Cubic Boron Nitride Films Deposited on Diamond. J 
Phys Chem B, 2005. 109(33): p. 16005-16010, and references therein. 

14. Mirkarimi, P.;McCarty, K.;Medlin, D., Review of Advances in Cubic Boron 
Nitride Film Synthesis. Materials Science & Engineering R, 1997. 21(2): p. 
47-100, and references therein. 

15. Larsson, K., CVD growth of cubic boron nitride: A 
theoretical/experimental approach. Thin Solid Films, 2006. 515(2): p. 401-
406. 

16. Vel, L.;Demazeau, G.;Etourneau, J., Cubic boron nitride: synthesis, 
physicochemical properties and applications. Materials Science and 
Engineering: B, 1991. 10(2): p. 149-164, and references therein. 

17. Mishima, O.;Tanaka, J.;Yamaoka, S.;Fukunaga, O., High-Temperature 
Cubic Boron Nitride P-N Junction Diode Made at High Pressure. Science, 
1987. 238(4824): p. 181-183. 

18. Kester, D.J.;Ailey, K.S.;Davis, R.F., Deposition and characterization of 
boron nitride thin films. Diamond and Related Materials, 1994. 3(4–6): p. 
332-336. 

19. Friedmann, T.;Mirkarimi, P.;Medlin, D.;McCarty, K.;Klaus, E.;Boehme, 
D.;Johnsen, H.;Mills, M.;Ottesen, D.;Barbour, J., Ion-Assisted Pulsed Laser 
Deposition of Cubic Boron Nitride Films. Journal of Applied Physics, 
1994. 76: p. 3088 - 3101. 

20. Yamamoto, K.;Keunecke, M.;Bewilogua, K.;Czigany, Z.;Hultman, L., 
Structural Features of Thick c-Boron Nitride Coatings Deposited Via a 
Graded B–C–N Interlayer. Surface & Coatings Technology, 2001. 142: p. 
881-888. 

21. Mirkarimi, P.;McCarty, K.;Cardinale, G.;Medlin, D.;Ottesen, D.;Johnsen, 
H., Substrate Effects in Cubic Boron Nitride Film Formation. Journal of 
Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 1996. 14: 
p. 251. 

22. Kester, D.;Ailey, K.;Lichtenwalner, D.;Davis, R., Growth and 
Characterization of Cubic Boron Nitride Thin Films. Journal of Vacuum 
Science & Technology A: Vacuum, Surfaces, and Films, 1994. 12: p. 3074 
- 3081  

23. Mirkarimi, P.;Medlin, D.;MCCarty, K.;Barbour, J., Growth of Cubic BN 
Films on ß-SiC by Ion-Assisted Pulsed Laser Deposition. Applied Physics 
Letters, 1995. 66(21): p. 2813-2815. 

24. Hofsass, H.;Ronning, C.;Griesmeier, U.;Gross, M.;Reinke, S.;Kuhr, 
M.;Fischer, R.;Zweck, J., Characterization of Cubic Boron Nitride Films 
Grown by Mass Separated Ion Beam Deposition. Nuclear Instruments and 
Methods in Physics Research Section B: Beam Interactions with Materials 
and Atoms, 1995. 106(1): p. 153-158. 



 80 

25. Hofsäss, H.;Ronning, C.;Griesmeier, U.;Gross, M.;Reinke, S.;Kuhr, M., 
Cubic Boron Nitride Films Grown By Low Energy B and N Ion Beam 
Deposition. Applied Physics Letters, 1995. 67: p. 46 - 48. 

26. Cameron, D.C.;Karim, M.Z.;Hashmi, M.S.J., Properties of mixed-phase 
BN films deposited by r.f. PACVD. Thin Solid Films, 1993. 236(1–2): p. 
96-102. 

27. Zhang, W.;Bello, I.;Lifshitz, Y.;Chan, K.;Wu, Y.;Chan, C.;Meng, X.;Lee, 
S., Thick and Adherent Cubic Boron Nitride Films Grown on Diamond 
Interlayers by Fluorine-Assisted Chemical Vapor Deposition. Applied 
Physics Letters, 2004. 85: p. 1344 - 1346. 

28. Zhang, W.J.;Kanda, H.;Matsumoto, S., Cathodoluminescence of Cubic 
Boron Nitride Films Deposited by Chemical Vapor Deposition. Applied 
Physics Letters, 2002. 81(18): p. 3356-3358. 

29. Leung, K.M.;Li, H.Q.;Zou, Y.S.;Ma, K.L.;Chong, Y.M.;Ye, Q.;Zhang, 
W.J.;Lee, S.T.;Bello, I., Structural analysis of cubic boron nitride films by 
ultraviolet Raman spectroscopy. Applied Physics Letters, 2006. 88(24): p. -
. 

30. Weidner, S.;Geburt, S.;Milz, S.;Ye, J.;Ulrich, S.;Ronning, C., Extension of 
the cubic boron nitride thin film growth phase diagram. Diamond and 
Related Materials, 2012. 22(0): p. 88-91. 

31. Djouadi, M.;Vasin, A.;Nouveau, C.;Angleraud, B.;Tessier, P., Deposition 
of boron nitride films by PVD methods: transition from h-BN to c-BN. 
Surface & Coatings Technology, 2004. 180: p. 174-177. 

32. Keunecke, M.;Wiemann, E.;Weigel, K.;Park, S.;Bewilogua, K., Thick c-BN 
coatings–Preparation, properties and application tests. Thin Solid Films, 
2006. 515(3): p. 967-972. 

33. Yoshida, T., Vapour phase deposition of cubic boron nitride. Diamond and 
Related Materials, 1996. 5(3–5): p. 501-507, and references therein. 

34. Karlsson, J.;Larsson, K., Hydrogen-Induced De/Reconstruction of the c-
BN(100) Surface. The Journal of Physical Chemistry C, 2010. 114(8): p. 
3516-3521. 

35. Ruuska, H.;Larsson, K., Surface reactivities of (111), (100), and (110) 
planes of c-BN: A quantum mechanical approach. Diamond and Related 
Materials, 2007. 16(1): p. 118-123. 

36. Lattemann, M.;Ulrich, S.;Ye, J., New approach in depositing thick, layered 
cubic boron nitride coatings by oxygen addition—structural and 
compositional analysis. Thin Solid Films, 2006. 515(3): p. 1058-1062. 

37. Ulrich, S.;Nold, E.;Sell, K.;Stüber, M.;Ye, J.;Ziebert, C., Constitution of 
thick oxygen-containing cubic boron nitride films. Surface and Coatings 
Technology, 2006. 200(22–23): p. 6465-6468. 

38. Ulrich, S.;Ye, J.;Stüber, M.;Ziebert, C., Cubic boron nitride based 
metastable coatings and nanocomposites. Thin Solid Films, 2009. 518(5): 
p. 1443-1450, and references therein. 

39. Schild, D.;Ulrich, S.;Ye, J.;Stüber, M., XPS investigations of thick, oxygen-
containing cubic boron nitride coatings. Solid State Sciences, 2010. 
12(11): p. 1903-1906. 



 81

40. Chubarov, M.;Pedersen, H.;Hogberg, H.;Henry, A., On the effect of silicon 
in CVD of sp2 hybridized boron nitride thin films. CrystEngComm, 2013. 
15(3): p. 455-458. 

41. Kobayashi, Y.;Nakamura, T.;Akasaka, T.;Makimoto, T.;Matsumoto, N., 
Hexagonal boron nitride on Ni (111) substrate grown by flow-rate 
modulation epitaxy. Journal of Crystal Growth, 2007. 298(0): p. 325-327. 

42. Kobayashi, Y.;Akasaka, T.;Makimoto, T., Hexagonal boron nitride grown 
by MOVPE. Journal of Crystal Growth, 2008. 310(23): p. 5048-5052. 

43. Aylward, G.a.F., T, ed. SI Chemical Data, third edition. 1994, Jacaranda 
Wiley LTD: Milton. 

44. Shriver, D.;Atkins, P., Inorganic chemistry. 1999: Oxford University Press. 
45. Oganov, A.R.;Chen, J.;Gatti, C.;Ma, Y.;Ma, Y.;Glass, C.W.;Liu, Z.;Yu, 

T.;Kurakevych, O.O.;Solozhenko, V.L., Ionic high-pressure form of 
elemental boron. Nature, 2009. 457(7231): p. 863-867, and references 
therein. 

46. Petrucci, R.H., Harwood, W. S., General Chemistry - Principles and 
modern applications ed. s. edition. 1997, New Jersey. 

47. Sullenger, D.B.;Kennard, C., Boron crystals. Scientific American, 1966. 
215: p. 96-107. 

48. Sahin, Y., Comparison of tool life between ceramic and cubic boron nitride 
(CBN) cutting tools when machining hardened steels. Journal of Materials 
Processing Technology, 2009. 209(7): p. 3478-3489. 

49. Lonnberg, B., Thermal Expansion Studies on the Group IV-VII Transition 
Metal Diborides, J. Less-Com. Met, 1988. 141: p. 145-156. 

50. Mishra, S.K.;Rupa, P.K.P.;Pathak, L.C., Surface and nanoindentation 
studies on nanocrystalline titanium diboride thin film deposited by 
magnetron sputtering. Thin Solid Films, 2007. 515(17): p. 6884-6889. 

51. Gasparov, V.A.;Sidorov, N.S.;Zver’kova, I.I.;Kulakov, M.P., Electron 
transport in diborides: Observation of superconductivity in ZrB2. Journal 
of Experimental and Theoretical Physics Letters, 2001. 73(10): p. 532-535. 

52. An, J.;Pickett, W., Superconductivity of MgB2: Covalent Bonds Driven 
Metallic. Physical Review Letters, 2001. 86(19): p. 4366-4369. 

53. Chopra, N.;Luyken, R.;Cherrey, K.;Crespi, V.;Cohen, M.;Louie, S.;Zettl, 
A., Boron Nitride Nanotubes. Science, 1995. 269(5226): p. 966-967. 

54. Goldberg, D.;Bando, Y.;Stephan, O.;Kurashima, K., Octahedral Boron 
Nitride Fullerenes Formed by Electron Beam Irradiation. Applied Physics 
Letters, 1998. 73(17): p. 2441-2443. 

55. Simone S. Alexandre, M.S.C.M., and Hélio Chacham, Stability, geometry, 
and electronic structure of the boron nitride B36N36 fullerene. Applied 
Physics Letters, 1999. 75: p. 61. 

56. Chubarov, M.;Pedersen, H.;Hogberg, H.;Jensen, J.;Henry, A., Growth of 
High Quality Epitaxial Rhombohedral Boron Nitride. Crystal Growth & 
Design, 2012. 12(6): p. 3215-3220. 

57. Chong, Y.;Ma, K.;Leung, K.;Chan, C.;Ye, Q.;Bello, I.;Zhang, W.;Lee, S., 
Synthesis and Mechanical Properties of Cubic Boron Nitride/Nanodiamond 
Composite Films. Chemical Vapor Deposition, 2006. 12(1): p. 33-38, and 
references therein. 



 82 

58. Miyata, N.;Moriki, K.;Mishima, O.;Fujisawa, M.;Hattori, T., Optical 
constants of cubic boron nitride. Physical Review B, 1989. 40(17): p. 
12028-12029. 

59. Will, G.;Perkins, P.G., Is there a new form of boron nitride with extreme 
hardness? Diamond and Related Materials, 2001. 10(11): p. 2010-2017. 

60. Echigoya, J.;Enoki, H.;Kaminishi, S., Growth of diamond films on SiC, WC 
and cubic BN substrates. Journal of Materials Science, 1997. 32(17): p. 
4693-4699. 

61. Masri, P.;Mortet, V.;Laridjani, M.;Averous, M., Physics of epitaxy and c-
BN® lms optimized growth. Computational Materials Science, 2000. 
17(520): p. 524. 

62. Qi, G.;Le, Y.-K., Influence of oxygen on the formation of cubic boron 
nitride by r.f. magnetron sputtering. Applied Surface Science, 2010. 
256(10): p. 3249-3252. 

63. Ziebert, C.;Ye, J.;Sell, K.;Ulrich, S., High-resolution depth profiling of 
mechanical properties of thick cubic boron nitride coatings. Surface and 
Coatings Technology, 2006. 200(22–23): p. 6454-6458. 

64. Yamamoto, K.;Keunecke, M.;Bewilogua, K., Deposition of Well Adhering 
cBN Films up to 2 μm Thickness by B–C–N Gradient Layer System. Thin 
Solid Films, 2000. 377–378(0): p. 331-339. 

65. Eichler, J.;Lesniak, C., Boron nitride (BN) and BN composites for high-
temperature applications. Journal of the European Ceramic Society, 2008. 
28(5): p. 1105-1109, and references therein. 

66. Lipp, A.;Schwetz, K.A.;Hunold, K., Hexagonal boron nitride: Fabrication, 
properties and applications. Journal of the European Ceramic Society, 
1989. 5(1): p. 3-9. 

67. Yoon, S.;Jha, A., Vapour-phase reduction and the synthesis of boron-based 
ceramic phases. Journal of Materials Science, 1996. 31(9): p. 2265-2277. 

68. Chubarov, M.;Pedersen, H.;Hogberg, H.;Filippov, S.;Engelbrecht, 
J.A.A.;O'Connel, J.;Henry, A. Characterization of Boron Nitride thin films. 
in Lasers and Electro-Optics Pacific Rim (CLEO-PR), 2013 Conference on. 
2013. 

69. Sōma, T.;Sawaoka, A.;Saito, S., Characterization of wurtzite type boron 
nitride synthesized by shock compression. Materials Research Bulletin, 
1974. 9(6): p. 755-762. 

70. Albe, K., Theoretical study of boron nitride modifications at hydrostatic 
pressures. Physical Review B, 1997. 55(10): p. 6203-6210. 

71. Xu, Y.-N.;Ching, W.Y., Calculation of ground-state and optical properties 
of boron nitrides in the hexagonal, cubic, and wurtzite structures. Physical 
Review B, 1991. 44(15): p. 7787-7798. 

72. Kurdyumov, A.V.;Britun, V.F.;Petrusha, I.A., Structural mechanisms of 
rhombohedral BN transformations into diamond-like phases. Diamond and 
Related Materials, 1996. 5(11): p. 1229-1235. 

73. Sato, T.;Ishii, T.;Setaka, N., Formation of Cubic Boron Nitride from 
Rhombohedral Boron Nitride by Explosive Shock Compression. Journal of 
the American Ceramic Society, 1982. 65(10): p. c162-c162. 



 83

74. Wentorf, R.H., Cubic Form of Boron Nitride. The Journal of Chemical 
Physics, 1957. 26(4): p. 956-956. 

75. Bello, I.;Chong, Y.M.;Ye, Q.;Yang, Y.;He, B.;Kutsay, O.;Wang, H.E.;Yan, 
C.;Jha, S.K.;Zapien, J.A.;Zhang, W.J., Materials with extreme properties: 
Their structuring and applications. Vacuum, 2012. 86(6): p. 575-585, and 
references therein. 

76. Kessler, G.;Bauer, H.D.;Pompe, W.;Scheibe, H.J., Laser pulse vapour 
deposition of polycrystalline wurtzite-type BN. Thin Solid Films, 1987. 
147(1): p. L45-L50. 

77. Kester, D.J.;Messier, R., Phase Control of Cubic Boron Nitride Thin Films. 
Journal of Applied Physics, 1992. 72(2): p. 504-513. 

78. Jiménez, I.;Jankowski, A.;Terminello, L.J.;Carlisle, J.A.;Sutherland, 
D.G.J.;Doll, G.L.;Mantese, J.V.;Tong, W.M.;Shuh, D.K.;Himpsel, F.J., 
Near‐edge x‐ray absorption fine structure study of bonding modifications in 
BN thin films by ion implantation. Applied Physics Letters, 1996. 68(20): p. 
2816-2818. 

79. Larsson, K.;Carlsson, J.O., Surface Processes in Cubic Boron Nitride 
Growth:  A Theoretical Study. The Journal of Physical Chemistry B, 1999. 
103(31): p. 6533-6538. 

80. Weber, A.;Bringmann, U.;Nikulski, R.;Klages, C.P., Growth of cubic 
boron nitride and boron-carbon-nitrogen coatings using N-
trimethylborazine in an electron cyclotron resonance plasma process. 
Diamond and Related Materials, 1993. 2(2–4): p. 201-206. 

81. Saitoh, H.;Yarbrough, W.A., Growth of cubic boron nitride on diamond 
particles by microwave plasma enhanced chemical vapor deposition. 
Applied Physics Letters, 1991. 58(22): p. 2482-2484. 

82. Carlsson, J.-O., Processes in interfacial zones during chemical vapour 
deposition: Aspects of kinetics, mechanisms, adhesion and substrate atom 
transport. Thin Solid Films, 1985. 130(3–4): p. 261-282. 

83. Konyashin, I.;Bill, J.;Aldinger, F., Plasma-assisted CVD of cubic boron 
nitride. Chemical Vapor Deposition, 1997. 3(5): p. 239-255. 

84. Matsumoto, S.Z., Wenjun, High-Rate Deposition of High-Quality, Thick 
Cubic Boron Nitride Films by Bias-Assisted DC Jet Plasma Chemical 
Vapor Deposition. Japanese Journal of Applied Physics, 2000. 39(5B). 

85. George, S.M., Atomic layer deposition: an overview. Chemical Reviews, 
2009. 110(1): p. 111-131, and references therein. 

86. George C. Schatz, M.A.R., Quantum Mechanics In Chemistry. 1993: 
Prentice-Hall International, Inc. 

87. Merz Jr, K.;Ferguson, D.;Spellmeyer, D.;Fox, T.;Caldwell, J.;Kollman, P., 
A second generation force field for the simulation of proteins, nucleic 
acids, and organic molecules. J. Am. Chem. Soc, 1995. 117: p. 5179-5197. 

88. Dronskowski, R., Computational Chemistry of Solid State Materials: A 
Guide for Material Scientists, Chemists, Physicists and others. 2005, 
Germany: Wiley-VCH. 

89. Atkins, P., Quanta: A Handbook of Concepts, Second edition. 1991: Oxford 
University press. 



 84 

90. Atkins, P.W., Physical Chemistry, sixth edition. 1998: Oxford University 
Press. 

91. Fermi, E., Un Metodo Statistico per la Determinazione di alcune Priorieta 
dell’Atome. Rend. Accad. Naz. Lincei, 1927. 6(602-607): p. 32. 

92. Hohenberg, P.;Kohn, W., Inhomogeneous Electron Gas. Physical Review, 
1964. 136: p. B864 - 871. 

93. Kohn, W.;Sham, L., Self-Consistent Equations Including Exchange and 
Correlation Effects. Phys. Rev, 1965. 140(4A): p. A1133-A1138. 

94. Perdew, J.P., Generalized Gradient Approximations for Exchange and 
Correlation: A Look Backward and Forward. Physica B: Physics of 
Condensed Matter, 1991. 172(1–2): p. 1-6, and references therein. 

95. Payne, M.;Teter, M.;Allan, D.;Arias, T.;Joannopoulos, J., Iterative 
minimization techniques for ab initio total-energy calculations: molecular 
dynamics and conjugate gradients. Reviews of Modern Physics, 1992. 
64(4): p. 1045-1097, and references therein. 

96. Perdew, J.;Wang, Y., Accurate and Simple Analytic Representation of the 
Electron-Gas Correlation Energy. Physical Review B, 1992. 45(23): p. 
13244-13249. 

97. Perdew, J.P.;Chevary, J.A.;Vosko, S.H.;Jackson, K.A.;Pederson, 
M.R.;Singh, D.J.;Fiolhais, C., Atoms, Molecules, Solids, and Surfaces: 
Applications of the Generalized Gradient Approximation for Exchange and 
Correlation. Physical Review B, 1992. 46(11): p. 6671-6687. 

98. Perdew, J.;Burke, K.;Ernzerhof, M., Generalized Gradient Approximation 
Made Simple. Phys Rev Lett, 1996. 77(18): p. 3865-3868. 

99. Stephens, P.;Devlin, F.;Chabalowski, C.;Frisch, M., Ab initio calculation of 
vibrational absorption and circular dichroism spectra using density 
functional force fields. J. phys. Chem, 1994. 98(45): p. 11623-11627. 

100. Clark, S.J.;Segall, M.D.;Pickard, C.J.;Hasnip, P.J.;Probert, M.I.J.;Refson, 
K.;Payne, M.C., First Principles Methods Using CASTEP. Zeitschrift für 
Kristallographie - Crystalline Materials, 2005. 220(5-6-2005): p. 567-570. 

101. Delley, B., An all‐electron numerical method for solving the local density 
functional for polyatomic molecules. Journal of Chemical Physics 1990. 92: 
p. 508-517. 

102. Delley, B., From molecules to solids with the DMol3 approach. Journal of 
Chemical Physics 2000. 113: p. 7756-7764. 

103. Ashcroft, N., Solid state physics. 1976: Aunders College Publishing. 
104. Monkhorst, H.;Pack, J., Special Points for Brillouin-Zone Integrations. 

Physical Review B, 1976. 13(12): p. 5188-5192. 
105. Teter, M.;Payne, M.;Allan, D., Solution of Schrödinger’s equation for large 

systems. Physical Review B, 1989. 40(18): p. 12255-12263. 
106. Fletcher, R., Practical Methods of Optimization. second edition ed, ed. 

Wiley. 1986. 
107. Pfrommer, B.G.;Côté, M.;Louie, S.G.;Cohen, M.L., Relaxation of Crystals 

with the Quasi-Newton Method. Journal of Computational Physics, 1997. 
131(1): p. 233-240. 

108. Phillips, J.C.;Kleinman, L., New Method for Calculating Wave Functions in 
Crystals and Molecules. Physical Review, 1959. 116(2): p. 287-294. 



 85

109. Yamauchi, J.;Tsukada, M.;Watanabe, S.;Sugino, O., First-principles study 
on energetics of c-BN(001) reconstructed surfaces. Physical Review B, 
1996. 54(8): p. 5586-5603. 

110. Attard G., B.C., Surfaces, ed. C.G.R. Davies S., Evans J., Gladden L. F. 
1998, United States: Oxford University Press. 

111. Mulliken, R.S., Electronic Population Analysis on LCAO[Single Bond]MO 
Molecular Wave Functions. I. The Journal of Chemical Physics, 1955. 
23(10): p. 1833-1840. 

112. Sanchez-Portal, D., Projection of Plane-Wave Calculations Into Atomic 
Orbitals. Solid State Communications, 1995. 95(10): p. 685-690. 

113. Mulliken, R., Electronic Population Analysis on LCAO [Single Bond] MO 
Molecular Wave Functions. II. Overlap Populations, Bond Orders, and 
Covalent Bond Energies. The Journal of Chemical Physics, 1955. 23: p. 
1841. 

114. Pauling, L., The nature of the chemical bond and the structure of molecules 
and crystals: An introduction to modern structural chemistry. 1960: 
Cornell University Press. 

115. Pauling, L., The Nature of the Chemical Bond IV. The Energy of Single 
Bonds and the Relative Electronegativity of Atoms Journal of the American 
Chemical Society, 1932. 54(9): p. 3570-3582. 

116. Fukui, K.;Yonezawa, T.;Shingu, H., A Molecular Orbital Theory of 
Reactivity in Aromatic Hydrocarbons. The Journal of Chemical Physics, 
1952. 20(4): p. 722-725. 

117. Fukui, K., The Role of Frontier Orbitals in Chemical Reactions (Nobel 
Lecture). Angewandte Chemie International Edition in English, 1982. 
21(11): p. 801-809. 

118. Yang, W.;Parr, R.G.;Pucci, R., Electron density, Kohn–Sham frontier 
orbitals, and Fukui functions. The Journal of Chemical Physics, 1984. 
81(6): p. 2862-2863. 

119. Parr, R.G.;Yang, W., Density functional approach to the frontier-electron 
theory of chemical reactivity. Journal of the American Chemical Society, 
1984. 106(14): p. 4049-4050. 

120. Bartolotti, L.J.;Ayers, P.W., An Example Where Orbital Relaxation Is an 
Important Contribution to the Fukui Function. The Journal of Physical 
Chemistry A, 2005. 109(6): p. 1146-1151. 

121. Hirshfeld, F.L., Bonded-Atom Fragments for Describing Molecular Charge 
Densities. Theoretica chimica acta, 1977. 44(2): p. 129-138. 

122. Pallas, A.;Larsson, K., Structure Determination of the 4d Metal Diborides: 
A Quantum Mechanical Study. J. Phys. Chem. B, 2006. 110(11): p. 5367-
5371. 

123. Kiessling, R., The Borides of Some Transition Elements. J. Electrochem. 
Soc. , 1951. 98(4): p. 166-170. 

124. Aronsson, B., The crystal structure of RuB2, OsB2, and IrB1.35 and some 
general comments on the crystal chemistry of borides in the composition 
range MeB-MeB3. Acta Chem Scand, 1963. 17: p. 2036-2050. 

125. Castaing, J.;Costa, P., Properties and uses of diborides, in Boron and 
Refractory Borides. 1977, Springer. p. 390-412. 



 86 

126. Hofmann, W.;Jäniche, W., Der Strukturtyp von Aluminiumborid (AlB2). 
Naturwissenschaften, 1935. 23(50): p. 851-851. 

127. Bertaut, E.F.;Blum, P., Existence et structure d'une nouvelle phase dans le 
systeme Mo-B. Acta Crystallographica, 1951. 4(1): p. 72. 

128. Kudaka, K.;Iizumi, K.;Sasaki, T.;Okada, S., Mechanochemical synthesis of 
MoB2 and Mo2B5. Journal of Alloys and Compounds, 2001. 315(1–2): p. 
104-107. 

129. Higashi, I.;Takahashi, Y.;Okada, S., Crystal structure of MoB2. Journal of 
the Less Common Metals, 1986. 123(1–2): p. 277-283. 

130. Nordling C., Ö.J., Physics Handbook for Science and Engineering ed. S. 
edition. 2004, Sweden: Studentlitteratur. 

131. Pallas, A.;Larsson, K., Initial Growth of BN on Diamond Substrates: A 
Theoretical Approach. The Journal of Physical Chemistry C, 2010. 
114(26): p. 11448-11455. 

132. Pallas, A.;Larsson, K., Effect of Terminating Species on the Initial Growth 
of BN on Diamond Substrate. Accepted by the Journal of Physical 
Chemistry C 2014, 2013. 

133. Zhang, W.;Bello, I.;Lifshitz, Y.;Chan, K.;Meng, X.;Wu, Y.;Chan, C.;Lee, 
S., Epitaxy on Diamond by Chemical Vapor Deposition: A Route to High-
Quality Cubic Boron Nitride for Electronic Applications Advanced 
Materials, 2004. 16(16): p. 1405–1408. 

134. Zhang, W.J.;Chan, C.Y.;Chan, K.M.;Bello, I.;Lifshitz, Y.;Lee, S.T., 
Deposition of large-area, high-quality cubic boron nitride films by ECR-
enhanced microwave-plasma CVD. Applied Physics A, 2003. 76(6): p. 
953-955. 

135. Karlsson, J.;Larsson, K., Halogen-Induced Reconstruction of the c-BN(100) 
Surface. The Journal of Physical Chemistry C, 2011. 115(46): p. 22910-
22916. 

136. Kim, H.S.;Park, J.K.;Lee, W.S.;Baik, Y.J., Variation of residual stress in 
cubic boron nitride film caused by hydrogen addition during unbalanced 
magnetron sputtering. Thin Solid Films, 2011. 519(22): p. 7871-7874. 

137. Loh, K.P.;Sakaguchi, I.;Nishitani-Gamo, M.;Taniguchi, T.;Ando, T., 
Hydrogen-induced surface structuring of a cubic boron nitride (100) face 
studied by low-energy electron diffraction and electron spectroscopic 
techniques. Physical Review B, 1998. 57(12): p. 7266-7274. 

138. Zhang WJ, C.C., Meng XM, Fung MK, Bello I, Lifshitz Y, Lee ST, Jiang 
X., The Mechanism of Chemical Vapor Deposition of Cubic Boron Nitride 
Films from Fluorine-Containing Species. Angew Chem Int Ed Engl., 2005. 
30: p. 4749-4753. 

139. Mårlid, B.;Larsson, K.;Carlsson, J.O., Theoretical investigation of 
hydrogen- and halogen-terminated c-BN (111) clusters. Physical Review 
B, 1999. 60(23): p. 16065-16072. 

140. Bondi, A., van der Waals Volumes and Radii. The Journal of Physical 
Chemistry, 1964. 68(3): p. 441-451. 

141. Karlsson, J.;Larsson, K., Kinetic Considerations of Gas-Phase Abstraction 
of H and F from the c-BN (100) surface. Thin Solid Films 2013. 548: p. 
280-287. 



 87

142. Karlsson, J.;Larsson, K., Adsorption of Growth Species on the c-BN(100) 
Surface. The Journal of Physical Chemistry C, 2011. 115(34): p. 16977-
16983. 

143. Ronning, C.;Banks, A.;McCarson, B.;Schlesser, R.;Sitar, Z.;Davis, 
R.;Ward, B.;Nemanich, R., Structural and electronic properties of boron 
nitride thin films containing silicon. Journal of Applied Physics, 1998. 84: 
p. 5046. 

 
 
 
 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1124

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.

Distribution: publications.uu.se
urn:nbn:se:uu:diva-218393

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2014


	List of Papers
	Abbreviations
	1. Introduction
	1.1 Boron
	1.1.1 Transition metal diborides
	1.1.2 Boron nitride

	1.2 Synthesis of c-BN

	2. Theoretical calculations
	2.1 General
	2.2 Quantum mechanics
	2.2.1 Density Functional Theory, DFT
	2.2.2 Models and basis set


	3. Results and discussion
	3.1 Transition metal diborides
	3.1.2 Structural properties and energetic stability
	3.1.3 Indications of charge transfer

	3.2 Diamond//c-BN interfaces
	3.2.1 Combinatorial effect of surface termination and substrate on BN structure and stability
	3.2.2 Analysis of electron structure

	3.3 Effect of doping on c -BN surface reactivity
	3.3.1 Stabilization energy and geometrical structures
	3.3.2 Chemical surface reactivity

	3.4 BN surfaces
	3.4.1 Effect by H-, F-, and Cl-terminating species on surface reactivities
	3.4.2 Effect of Si impurities on h-BN versus r-BN structures


	4. Concluding remarks
	5. Summary in Swedish
	6. Acknowledgements
	7. References



