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c-BN has been in focus for several years due to its interesting properties. The possibility for large
area CVD is a requirement for the realization of these different properties in various applications.
Unfortunately, there are at present severe problems in the CVD growth of c-BN. The purpose
with this research project has been to theoretically investigate, using DFT calculations, the
possibility for a layer-by-layer CVD growth of c-BN. It could be established that, PEALD, using
a BF3-H2-NH3-F2 pulse cycle and a diamond substrate, is a promising method for deposition
of c-BN films. The gaseous species will decompose in the plasma and form BFx, H, NHx, and
F species (x = 0, 1, 2, 3). The H and F radicals will uphold the cubic structure by completely
hydrogenate, or fluorinate, the growing surface. However, surface radical sites will appear
during the growth process as a result of atomic H, or F, abstraction reactions. The addition of
NHx growth species (x = 0, 1, 2) to B radical sites, and BFx growth species (x = 0, 1, 2) to N
radical sites, will then result in a continuous growth of c-BN.
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Abbreviations 

BN Boron nitride 
c-BN Cubic boron nitride 
h-BN Hexagonal boron nitride 
HPHT High-pressure high-temperature 
CVD Chemical vapor deposition 
DFT Density functional theory 
LDA Local density approximation 
GGA Generalized gradient approximation 
DNP Double numeric basis set with polari-

zation functions 
PBC Periodic boundary conditions 
BFGS Broyden-Fletcher-Goldfarb-Shanno 
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1. Introduction 

1.1 Boron Nitride 
Boron nitride (BN) is a binary chemical compound which is isoelectronic to 
a similarly structured carbon lattice.1 BN therefore exists in various carbon-
like crystalline phases. The two main phases are the diamond-like sp3 hy-
bridized cubic phase (c-BN) and the graphite-like sp2 hybridized hexagonal 
phase (h-BN)2,3 (Figure 1). The hexagonal phase is the thermodynamically 
stable phase under normal laboratory conditions. It changes into the cubic 
phase at 6 GPa and 2000 °C. This cubic phase has several outstanding physi-
cal and chemical properties, e.g., extreme hardness (second only to dia-
mond), low density (3.48 g/cm3), high thermal conductivity (13 W/(cm K) at 
T = 300 K), high electrical resistivity (1016 Ω cm), wide band gap (6 - 6.4 
eV, the largest among all IV and III-V materials), high chemical stability, 
and transparency from near-ultraviolet to infrared (η = 2.1 for λ = 600 nm).4,5 
Furthermore, it possesses a high thermal stability, both in oxidizing envi-
ronments (up to 1300 °C) and in contact with Fe, Co, and Ni. It is therefore 
promising as a tool coating for machining of steel, cast iron, and ferrous 
alloys. It can also be made as both p- and n-type semiconductors, suitable for 
p-n junction diodes. These properties make c-BN an extremely promising 
multifunctional material, which could be tailored for a very large range of 
advanced mechanical, tribological, thermal, electronic, and optical applica-
tions. 

 
Figure 1. The two main phases of BN: (A) c-BN (ν  = 109.5°) and (B) h-BN 
(ν  = 120°).
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1.2 Chemical Vapor Deposition of c-BN 
The traditional way of manufacturing c-BN has been by first synthesizing h-
BN, by heating boron oxide with a nitrogen compound, and thereafter trans-
forming it into the cubic phase by using high-pressure and high-temperature 
(HPHT) methods. However, most of the applications mentioned in section 
1.1 cannot be exploited with c-BN powder synthesized by the HPHT-
method. Instead, large area chemical vapor deposition (CVD) of c-BN films 
is required (Figure 2). In CVD of c-BN, a dilute gaseous mixture of B- and 
N-containing growth species, in an excess of a surface stabilizing agent, is 
being introduced into a reactor.6 In the vicinity of a substrate surface, the 
reactants will be decomposed by using, for instance, a plasma.7 The decom-
posed growth species will then deposit as a c-BN film onto the substrate. 
The role of the surface stabilizing species is to maintain the sp3 hybridization 
of the surface atoms by completely covering the growing surface.8 However, 
surface radical sites will appear during the growth process as a result of ab-
straction reactions.9 The addition of N-containing growth species to B radi-
cal sites, and B-containing growth species to N radical sites, will then result 
in a continuous CVD growth of c-BN.10 Unfortunately, there are at present 
severe problems in the CVD growth of c-BN. The purpose with this research 
project has therefore been to theoretically investigate, using quantum me-
chanical calculations, the possibility for a layer-by-layer CVD growth of c-
BN on the (100) surface. The focus has been on choice of surface-stabilizing 
agents and growth species. Properties that were calculated include (Figure 
2): reconstruction, relaxation, adsorption energy (∆ ), abstraction energy (∆ ), activation energy (∆ ), electron density  ( ), deformation den-
sity (Δ ), electrostatic potential ( ), and Mulliken charges ( ).  

 
Figure 2. Schematic figure of the processes occurring during CVD growth of c-BN. 
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2. Computational Methods 

2.1 Quantum Mechanics 
To understand the structures of individual atoms and molecules, we need to 
know how subatomic particles move in response to the forces they experi-
ence.11 It was once thought that the motion of atoms and subatomic particles 
could be expressed using classical mechanics, the laws of motion introduced 
in the 17th century by Isaac Newton. According to classical mechanics, par-
ticles and waves are entirely distinct entities. However, towards the end of 
the 19th century, experimental evidence accumulated showing that particles 
have the characteristics classically ascribed to waves, while electromagnetic 
radiation has the characteristics classically ascribed to particles. This joint 
particle and wave character of matter and radiation is called wave-particle 
duality. This duality implied that the basic concepts of classical mechanics 
were false, and in the 1920s a new mechanics, called quantum mechanics, 
was developed. Quantum mechanics acknowledges the wave-particle duality 
of matter by supposing that, rather than travelling along a definite path, a 
particle is distributed through space like a wave. The mathematical represen-
tation of the wave that in quantum mechanics replaces the classical concept 
of trajectory is called a wavefunction ( ) (Figure 3). The wavefunction con-
tains all the dynamical information possible about the particle, including 
where it is and what it is doing. Specifically, the probability of finding the 
particle at a given location is proportional to the square of the wavefunction 
at that point ( ). According to this interpretation, there is a high probability 
of finding the particle where   is large, and the particle will not be found 
where  is zero.   

 
Figure 3. The wavefunction ( ) and its probability density ( ). 
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The wavefunction is found by solving the Schrödinger equation: =   
where  is the total energy of the system and  is a Hamiltonian operator 
representing the total energy:   

= + + + +  
 

The Schrödinger equation can be further simplified by adopting the Born-
Oppenheimer approximation in which it is supposed that the nuclei, being so 
much heavier than an electron, move relatively slowly and may be treated as 
stationary while the electrons move in their field. Of course, if the nuclei are 
fixed in space and do not move, their kinetic energy is zero ( = 0) and the 
potential energy due to nucleus-nucleus repulsion is merely a constant ( = ).12  Thus, the complete Hamiltonian ( ) reduces to the so-called 
electronic Hamiltonian ( ): 

 = + +  
 
The wavefunction for the molecule ( ) can now be separated into an elec-
tronic ( ) and a nuclear ( ) part:13 

 =  
 

and the Schrödinger equation can be solved for the wavefunction of the elec-
trons alone: 

 =  
 
The total energy equals the sum of the nuclear-nuclear repulsion energy and 
the electronic energy:  

 = +  
 

However, even under the Born-Oppenheimer approximation, solution of the 
Schrödinger equation is exceedingly difficult. Nevertheless, there is a recipe 
for systematically approaching the wavefunction of the ground-state ( ), 
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i.e., the state which delivers the lowest energy ( ). This is the variational 
principle:  

 
If an arbitrary (trial) wavefunction ( ) is used to calculate the ener-

gy, the value calculated is never less than the true ground-state energy, i.e., 
.  

This principle is the basis of all modern molecular structure calculations, and 
it implies that, if we vary the trial wavefunction until the lowest energy is 
achieved, then that wavefunction will be the best (Figure 4).    

 
Figure 4. According to the variational principle, the energy calculated from an ap-
proximation ( ) to the true wavefuntion ( ) will always be greater than the 
true energy ( ). Consequently, the better the wavefunction, the lower the energy. 

2.2 Density Functional Theory 
In density functional theory (DFT), the energy of a molecule is expressed in 
terms of the electron density ( ∝ ) rather than the wavefunction ( ) 
itself: 

 

= + +  +  
 

When the Schrödinger equation is expressed in terms of , it becomes a set 
of equations called the Kohn-Sham equations, which are solved iteratively 
starting from an initial estimate and continuing until they are self-consistent. 
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The challenge in DFT is to find a proper description of the exchange-
correlation energy ( ). The simplest approximation is the local density 
approximation (LDA), which is based upon a model called the uniform elec-
tron gas, in which the electron density is constant throughout all space. The 
total exchange-correlation energy can then be obtained by integrating over 
all space: 

= ( )  

 
where ( ) is the exchange-correlation energy per electron as a function 
of the density in the uniform electron gas. In LDA, the real electron density 
surrounding a volume element at position  is replaced by a “constant” elec-
tron density with the same value as at . However, this “constant” electron 
density is different for each point in space (Figure 5).  

To achieve a better description of the inhomogeneity of the electron gas, 
which naturally occurs in any molecular system, one uses gradient-corrected, 
“non-local” functionals. These functionals depend upon the gradient of the 
density ( ) at each point in space and not just on its value (Figure 5): 

= ( , )  

 
Such methods are known as generalized gradient approximation (GGA) 
methods, and they provide a considerable increase in the accuracy of pre-
dicted energies and structures. 

 

 
Figure 5. Schematic representation of the way in which LDA and GGA assumes 
that the electron density  within a volume element  surrounding a point  varies. 
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2.3 DFT Modeling of c-BN(100) 
In this thesis the layer-by-layer CVD growth of c-BN on the (100) surface 
was studied using all-electron DFT, as implemented in the program package 
DMol3 (Materials Studio, v. 4.2) from Accelrys, Inc.14,15,16,17,18 The geometry 
was first optimized using LDA with the PWC functional, and thereafter fur-
ther refined with GGA and the PW91 functional. A double numeric basis set 
with polarization functions (DNP) has been used for all calculations. The 
size of the DNP basis set is comparable to the commonly used Gaussian 
analytical basis set 6-31G** (a split-valence basis set with a polarization p-
function added to H and He, and a polarization d-function added to heavier 
atoms). It is most suitable for polar compounds such as BN since it is, com-
pared to the minimal basis set, improved in the description of expansions and 
contractions of the valence shell in response to different molecular environ-
ments and, hence, gives more accurate results. The surfaces were modeled as 
supercells (a = b = 10.22 Å, c = 30.85 Å, α = β = γ = 90°) under periodic 
boundary conditions (PBC) (Figure 6).19 PBC refers to the modeling of 
structures consisting of periodic lattices of identical motifs. Applying PBC to 
simulations means that interactions between periodic images can be used to 
include influences of the crystalline environment, improving the rigor and 
accuracy of a structure. In order to maintain the stoichiometry of the bulk 
crystal, the supercells were constructed of an even number of (001)-oriented 
layers, with 4 × 4 B (or N) atoms in each layer.20 This produces a B-
terminated surface on one side of the slab and an N-terminated surface on 
the other; that is, c-BN(100) is a polar surface. This polarity gives rise to an 
unphysical charge transfer between the two ends, which will induce an elec-
trostatic field in both the slab and the vacuum region.21 To suppress this ar-
tifical charge transfer, the dangling bonds on the lower surfaces of the slabs 
were saturated with H atoms and a large vacuum distance between the slabs 
was used (∼ 20 Å). 

 It has previously been observed that interactions exist between the recon-
structed lower and upper surfaces of thin slabs of up to 4 layers. A thickness 
of at least 6 atomic layers was in ref. 20 found to be required to represent 
surfaces of semi-infinite crystals. In the calculations reported here, a c-BN 
slab based on 10 atomic layers has therefore been used. The positions of the 
B and N atoms within the bottom two layers (including the dangling bond-
passivating H atoms) were fixed to simulate the structure of bulk c-BN. The 
rest of the atoms were allowed to fully relax using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm.22  

The Brillouin zone was sampled with a (2 × 2 × 1) Monkhorst-Pack grid, 
which produces a uniform grid of k points along the three axes in reciprocal 
space.23 This grid has been defined, after careful test calculations, to be the 
best compromise between the precision of the calculation and the calculation 
time. 24 
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The convergence criteria within the calculations were 2 × 10-5 Ha for the 
maximum energy change per atom, 4 × 10-3 Ha/Å for the maximum force per 
atom, and 5 × 10-3 Å for the maximum displacement per atom.  

 
Figure 6. Supercell for modeling the c-BN(100) surface. 
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3. Results 

3.1 Adsorption/Abstraction of Surface-Stabilizing 
Species 
To be successful in the CVD growth of high-quality c-BN films one must be 
able to stabilize the sp3 hybridization of the surface atoms, and thereby hin-
dering the surface from a structural collapse to the hexagonal phase. This is 
done by covering the surface with surface-stabilizing species. However, the 
surface-stabilizing species must also be able to undergo abstraction reactions 
with gaseous species and, hence, leave room for an incoming B- or N-
containing growth species. The ability of H, F, and Cl, to act as surface-
stabilizing agents for the B- and N-terminated c-BN(100) surfaces was in-
vestigated in I and II. The structural evolution of the surfaces, during adsorp-
tion/abstraction of these species, is shown in Figure 7. Table 1 shows the 
corresponding structural properties, i.e., type of surface reconstruction, the 
N-B-N or B-N-B bond angle for both a saturated ( ) and a radical surface 
site ( ), the B-N bond length for a saturated surface site ( ), the 
lowering of the surface radical site in the  direction (∆ ), the adsorption 
energy (∆ ) for an H, F, or Cl atom on a monoradical surface site, and 
the abstraction energy for chemisorbed H, F, or Cl, using gaseous H (∆ ( )), F (∆ ( )), or Cl ∆ ( )  radicals.  
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Table 1. Structural properties of H-, F-, and Cl-covered B- and N-terminated c-
BN(100) surfaces. ( = N-B-N, or B-N-B, bond angle for a saturated surface site; = N-B-N, or B-N-B, bond angle for a radical surface site; = B-N 
bond length for a saturated surface site; ∆ = lowering of the surface radical site in 
the  direction;  ∆ = adsorption energy  for an H, F, or Cl atom on a monoradi-
cal surface site; ∆ ( ), ∆ ( ), and ∆ ( ) = abstraction energy for chemi-
sorbed H, F, or Cl, using gaseous H, F, or Cl  radicals) 

 
From these results it is possible to conclude that: 

 
• A 100% surface coverage of on-top H or F on the initially clean B-

terminated c-BN(100)-(1 × 1) surface will induce a (2 × 1) reconstruc-
tion of the surface, i.e., the atoms are not able to uphold an ideal bulk-
like (1 × 1) structure. However, they are able to uphold a bulk-like bond 
angle and bond length for the surface B atoms. Both H and F were 
strongly chemisorbed to the surface, and the most optimal abstracting 
species was found to be F (H) for abstraction of chemisorbed H (F). It 
was also found that a B radical surface site will severely collapse into a 
local noncubic form of BN. 

• A 100% surface coverage of on-top H or F on the initially clean N-
terminated c-BN(100)-(1 × 1) surface will maintain the (1 × 1) structure, 
i.e., the atoms are able to uphold an ideal bulk-like (1 × 1) structure. 
However, they are not able to uphold a bulk-like bond angle and bond 
length for the surface N atoms. Both H and F were strongly chemisorbed 
to the surface, and the most optimal abstracting species was found to be 
F (H) for abstraction of chemisorbed H (F). It was also found that an N 
radical surface site is quite stable towards collapse. 

• A 100% surface coverage of on-top Cl on the initially clean B-
terminated c-BN(100)-(1 × 1) surface will induce a (2 × 1) reconstruc-
tion of the surface, i.e., the atoms are not able to uphold an ideal bulk-
like (1 × 1) structure. However, they are able to uphold a bulk-like bond 
angle and bond length for the surface B atoms. The adsorption energy 

 Bulk B-termination N-termination - Gas-phase Gas-phase - H-covered F-covered Cl-covered H-covered F-covered Reconstruction (1 × 1) (2 × 1) (2 × 1) (2 × 1) (1 × 1) (1 × 1)  / (°) 109.5 110 109 109 116 117  / (Å) 1.57 1.56 1.57 1.57 1.51 1.50  / (°) - 115 116 114 108 109 ∆  / (Å) - -0.26 -0.35 -0.11 -0.14 -0.16 ∆  / ( / ) - -198 -471 +262 -431 -283 ∆ ( ) / ( / ) - -258 -130 -696 -25 -318 ∆ ( ) / ( / ) - -403 +252 - -170 +63 ∆ ( ) / ( / ) - - - -503 - - 
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for an atomic Cl on a monoradical B surface site was found to be endo-
thermic. 

• A 100% surface coverage of on-top Cl on the initially clean N-
terminated c-BN(100)-(1 × 1) surface was found to be unstable, and the 
Cl atoms will atomically desorb from the surface. 

  
These observations indicate that Cl, most probably, will induce large sterical 
hindrance on both the B- and N-terminated c-BN(100) surface. It is therefore 
not suitable as surface stabilizing agent for CVD growth of c-BN. However, 
a gaseous mixture of H and F seems very promising.  

 

 
Figure 7. Structural evolution during adsorption/abstraction of H, F, or Cl species. 
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Activation energies for the abstraction processes occurring in an H/F gas-
phase were determined in IV, and the results are given in Table 2.   

 

Table 2. Activation energies for the process of H, or F, abstraction, with gaseous atomic H, or F, from the H- or F-covered B- or N-terminated c-BN(100) surfac-es. 
 

 
 
 
 
 
 
 
 

 
According to this table it is not possible to chemically abstract a surface-
binding F from either the N- or B-terminated c-BN(100) surface by using 
gaseous F radicals. However, the abstraction of F from the B-terminated 
surface, with gaseous H radicals, was found to be highly probable from both 
thermodynamic and kinetic considerations. This was, in a sense, also the 
situation for the F-covered N-terminated surface (with a minor energy barri-
er of +8 kJ/mol). It can also be concluded that it is possible to chemically 
abstract H from the surfaces (B- or N-terminated) by using gaseous H. How-
ever, a minor energy barrier was observed for the N-terminated surface (+13 
kJ/mol), which is not expected to be of any major importance at realistic 
deposition temperatures.  

The major differences observed for the earlier thermodynamic investiga-
tion, and the present kinetical one, involve abstraction of H from the B- or 
N-terminated c-BN(100) surface using gaseous F. The thermodynamic study 
showed a clear exothermic reaction. However, the kinetic study showed that 
neither of these will ever take place, because: 
 
• the incoming F species was found to not react with the surface-binding 

H species on the B-terminated surface, but instead bind to the surface B 
atom and thereby introduce a local surface restructuring.  

• the incoming F species was found to react with the surface-binding H 
species on the N-terminated surface, forming a more complex adsorbate 
with an enhanced difficulty to desorb from the surface.  

  

 ∆ / ( / )Surface Abstracting speciesTermination Coverage H FB H 0 No abstractionF 0 No abstractionN H +13 > +100F +8 No abstraction
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These observations indicate that a gas-phase containing only F is unfavora-
ble for CVD growth of c-BN(100). A better choice is to use only H, or a 
mixture of H and F, in the gas-phase. 

3.2 Adsorption of Growth Species 
Adsorption of gaseous growth species onto the c-BN surface is one of the 
key elementary reactions in CVD growth of c-BN. The ability of BHx, BFx, 
and NHx species (x = 0, 1, 2, 3) to act as such growth species (in a saturated 
gas-phase containing either H or F, or a mixture thereof) for the B- and N-
terminated c-BN(100) surfaces was investigated in III. The main results are 
summarized in Table 3, which shows the adsorption energy (∆ ) for 
chemisorption of BHx, BFx, and NHx species onto a monoradical surface site 
on the 94% H- or F-covered N-terminated c-BN(100)-(1 × 1) surface, and on 
the 94% H- or F-covered B-terminated c-BN(100)-(2 × 1) surface. 

 

Table 3. Adsorption energies (∆ ) for the chemisorption of BHx, BFx, and NHx 
species (x = 0, 1, 2, 3) onto a monoradical surface site on the 94% H- or F-covered 
N-terminated c-BN(100)-(1 × 1) surface, and on the 94% H- or F-covered B-
terminated c-BN(100)-(2 × 1) surface. 

 
  

 ∆  / ( / )N–termination B–terminationGas–phase Gas–phaseGrowth  species H–covered F–covered H–covered F–covered B –642 –584 –627 –594 BH –686 –671 –414 –479 BH2 –621 –604 –454 –533 BH3 –179 Dissociativechemisorption –270 –233 BF –609 –505 –264 –327 BF2 –585 –484 –390 –350 BF3 –172 No chemisorp-tion No chemisorp-tion No chemisorp-tion N –514 –416 –502 –704 NH –491 –436 –700 –813 NH2 –338 –212 –594 –550 NH3 –106 –115 –192 –233 H –431 – –198 –F – –283 – –471 
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From these results it is possible to conclude that: 
 

• The adsorption process of the BH, BH2, BF, BF2, NH, and NH2 species 
are energetically more favorable than the corresponding one for the B, 
BH3, BF3, N, and NH3 species for a growth to occur in an H-saturated 
gas-phase. 

• The adsorption process of the BH, BH2, BF, BF2, N, NH, and NH2 spe-
cies are energetically more favorable than the corresponding one for the 
B, BH3, BF3, and NH3 species for a growth to occur in an F-saturated 
gas-phase. 

• The adsorption process of the B, BH, BH2, BF, BF2, N, NH, and NH2 
species are energetically more favorable than the corresponding one for 
the BH3, BF3, and NH3 species for a growth to occur in an H/F-saturated 
gas-phase. 

 
These observations indicate that decomposition of the incoming BH3, BF3, 
and NH3 growth species is very crucial for CVD growth of c-BN. In addi-
tion, to avoid an unwanted result where the growth species adsorb onto non-
ideal surface sites (like BHx and BFx onto a surface B atom and NHx onto a 
surface N atom) it would be most preferable to use a CVD method where the 
incoming growth species are separately introduced into the reactor, e.g., by 
using an atomic layer deposition (ALD) type of method. It can also be estab-
lished that the H/F-saturated gas-phase is the most optimal gas-phase for 
CVD growth of c-BN since it exhibits: (i) favorable abstraction reactions, 
(ii) more exothermic adsorption reactions, and (iii) the largest range of fa-
vorable growth species. 

Based on these results, and experimental work by Zhang et al.10, we pro-
pose plasma-enhanced atomic layer deposition (PEALD), using a BF3-H2-
NH3-F2 pulse cycle and a diamond substrate, as a promising method for dep-
osition of c-BN films (Figure 8). The gaseous species will decompose in the 
plasma and form BFx, H, NHx, and F species (x = 0, 1, 2, 3). The H and F 
radicals will uphold the cubic structure by completely hydrogenate, or fluor-
inate, the growing surface. However, surface radical sites will appear during 
the growth process as a result of atomic H, or F, abstraction reactions. The 
addition of NHx growth species (x = 0, 1, 2) to B radical sites, and BFx 
growth species (x = 0, 1, 2) to N radical sites, will then result in a continuous 
growth of c-BN. 
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Figure 8. CVD growth of c-BN from BFx and NHx species (x = 0, 1, 2, 3) in an H/F-
saturated gas-phase.  
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4. Summary 

The purpose with this research project has been to theoretically investigate, 
using DFT calculations, the possibility for a layer-by-layer CVD growth of 
c-BN. The focus has been on choice of surface-stabilizing agents and growth 
species. Based on bond strength and capability to uphold the cubic structure, 
the most optimal surface-stabilizing species was found to be F (H) for the B-
terminated (N-terminated) surface. It was also found that chemisorbed F (H) 
atoms should be abstracted with H (F) radicals. These observations indicate 
that the optimal gas-phase consists of a mixture of H and F. It was also 
found that decomposition of the incoming BH3, BF3, and NH3 growth spe-
cies is very crucial for CVD growth of c-BN. It would also be most prefera-
ble to use a CVD method where the incoming growth species are separately 
introduced into the reactor, e.g., by using an ALD type of method. These 
results, and experimental work by Zhang et al.10, indicate that PEALD, using 
a BF3-H2-NH3-F2 pulse cycle and a diamond substrate, is a promising meth-
od for deposition of c-BN films. The gaseous species will decompose in the 
plasma and form BFx, H, NHx, and F species (x = 0, 1, 2, 3). The H and F 
radicals will uphold the cubic structure by completely hydrogenate, or fluor-
inate, the growing surface. However, surface radical sites will appear during 
the growth process as a result of atomic H, or F, abstraction reactions. The 
addition of NHx growth species (x = 0, 1, 2) to B radical sites, and BFx 
growth species (x = 0, 1, 2) to N radical sites, will then result in a continuous 
growth of c-BN. 
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Sammanfattning på Svenska 

Bornitrid (BN) består av lika delar bor (B) och kväve (N) vilket gör ämnet 
isoelektronisk med kol (C). BN och C uppvisar därför samma kristallstruk-
turer varav de vanligast förekommande är den diamantliknande kubiska for-
men (c-BN) samt den grafitliknande hexagonala formen (h-BN) (Figur 1). 
Den hexagonala fasen är den termodynamiskt stabila fasen vid normala för-
hållanden men omvandlas till den kubiska fasen vid höga tryck och tempera-
turer. Denna fas uppvisar ett flertal intressanta fysikaliska och kemiska egen-
skaper, bl.a. hög hårdhet, låg täthet, hög värmeledningsförmåga, hög resisti-
vitet, stort bandgap samt hög kemisk och termisk stabilitet. Ämnet kan även 
både n- och p-dopas. c-BN är därför ett mycket lovande multifunktionellt 
material, vars egenskaper kan styras för många olika mekaniska, tri-
bologiska, termiska, elektroniska samt optiska tillämpningar.  

 
Figur 1. (A) Kubisk (c-BN) och (B) hexagonal (h-BN) bornitrid. 
De vanligaste förekommande syntesmetoderna för c-BN involverar höga 
tryck och temperaturer (HPHT). Detta tillvägagångssätt ger dock endast 
upphov till mikrometerstora kristaller medan de flesta tillämpningar kräver 
kemiskt gasfasdeponerade (CVD) tunnfilmer av hög kvalité. I denna metod 
aktiveras en gasformig blandning av B- och N-innehållande föreningar över 
en substratyta. De bildade fragmenten adsorberar därefter på substratytan 
varvid en ytbeläggning av c-BN bildas. För att upprätthålla ytans kubiska 
struktur måste den dock mättas med s.k. ytstabiliserande specier, t.ex. väte 
(H) och fluor (F). Abstraktionsprocesser kommer dock att bilda fria yt-
radikalplatser. Adsorption av N-innehållande fragment på B-radikalplatser, 
samt B-innehållande fragment på N-radikalplatser, kommer därefter att ge 
upphov till en kontinuerlig CVD-tillväxt av c-BN.  
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I denna avhandling har dessa olika CVD-processer studerats med täthets-
funktionalteori (DFT) i syfte att förbättra kvaliteten på den odlade kubiska 
bornitriden. Beräkningarna visade att den växande kubiska bornitridytan 
måste vara fullständigt täckt med gasfasspecier för att inte falla ihop till den 
hexagonala formen. De optimala ytstabiliserande specierna befanns vara H 
för en N-exponerad yta samt F för en B-exponerad yta. För fortsatt tillväxt 
krävs dock fria radikalplatser på ytan. Dessa befanns kunna skapas genom 
abstraktion av adsorberat H- med F-radikaler samt adsorberat F- med H-
radikaler. Den optimala gasfasen består därför av en blandning av H och F. 
Adsorption av BHx, BFx och NHx specier (x = 0, 1, 2, 3) på de bildade 
radikalplatserna undersöktes även. Dessa ämnen är tänkbara fragment av de 
ingående gaserna BH3, BF3 och NH3. Beräkningarna visade att det krävs 
nedbrytning av dessa inkommande tillväxtspecier till mer reaktiva fragment 
för att de skall kunna bilda nya lager. För att undvika bildandet av ofördel-
aktiga B-B- och/eller N-N-bindningar i materialet bör även tillväxtspecierna 
införas sekventiellt i reaktionskammaren. Detta tyder på att högenergiaktive-
rad atomlagerdeponering (ALD) bör användas för syntes av c-BN.  

Baserat på detta arbete, samt experimentella resultat av Zhang et al10, fö-
reslår vi därför plasmaaktiverad ALD (PEALD), med en BF3-H2-NH3-F2-
pulssekvens samt ett diamantsubstrat, som en mycket lovande metod för 
kemisk gasfasdeponering av c-BN (Figur 2). De ingående gaserna kommer 
att sönderdelas i plasmat och bilda BFx, H, NHx och F fragment (x = 0, 1, 2, 
3). H- och F-radikalerna upprätthåller den kubiska fasen genom att fullstän-
digt täcka den växande ytan. Dock kommer abstraktionsreaktioner att ge 
upphov till fria ytradikalplatser. Adsorption av NHx (x = 0, 1, 2) på B-
radikalplatser, samt BFx (x = 0, 1, 2) på N-radikalplatser, kommer därefter att 
ge upphov till en kontinuerlig tillväxt av c-BN.  

 
Figur 2. Kemisk gasfasdeponering av c-BN från BFx och NHx specier (x = 0, 1, 2, 3) 
i en H/F-mättad atmosfär. 
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