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Abstract

This thesis concerns the materials science of carbon-based fullerene-like structures
as a basis for the improvement of the applicability of FL-CNx protective thin films.
In particular, structural origins of mechanical properties of FL-CNx coatings and
water adsorption on their surface were investigated, both of which are critical
parameters for their application as, e.g., computer hard disk protective coatings.
Also, prospective FL-CPx structures were investigated by first-principles model-
ing. I present an introduction to theoretical methods used to study the effects of
nitrogen and phosphorus as dopant elements. The modeling results include pure
phosphorus clusters, mixed carbon-phosphorus clusters, and growth of fullerene-
like phospho-carbide structures. Finally, I present some implications for the syn-
thesis of FL-CPx thin films and the extension of the research to other dopant
elements including sulphur, arsenic, and germanium.
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CHAPTER 1

Introduction

– Le secret d’ennuyer est celui de tout dire.
– Voltaire

This chapter is a general summary of the work presented in this thesis, the
main objectives of my research, and the motivations on which I based the whole
planning of my work.

1.1 Carbon-based Fullerene-like Thin Films

When the phase β − C3N4 was theoretically predicted in 1990, it was expected
that the corresponding solid material would exhibit a hardness surpassing even
that of diamond [1]. Such an attribute could indeed be useful for instance in
protective coatings. However, β − C3N4 has remained largely elusive, in spite of
a multitude of studies in the field. One of the major obstacles in the synthesis
of β − C3N4 is the nitrogen content that should be 57% in the phase. Research
shows a maximum nitrogen content of 30 at.%. For vapor phase deposition, the
dissociation of CxNy, (x, y ≤ 2) precursor species is the decisive factor to further
increase the N content [2].

A result of the many attempts to synthesize a crystalline C3N4 was the syn-
thesis of noncrystallinic carbonitride CNx, (0 ≤ x ≤ 0.3) [3]. CNx appears in an
amorphous [4] and so called fullerene-like (FL) form [5]. The later was discovered at
Linköping University some ten years ago. While the CNx in its amorphous form is
of limited interest in mechanical and tribological applications [6], its fullerene-like
form showed high compliancy, low plasticity, and mechanical resiliency [3, 6, 7].
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2 Introduction

This property envelope in combination with the observed good wear resistance
[6, 8] attracted interest in this material as a protective coating. Consequently, ex-
tensive research concerning both synthesis and characterization of FL − CNx has
been undertaken. During the past years the FL − CNx thin solid films have also
found their way to applications in the electronic industry as protective coatings for
computer hard disks. The relatively low friction coefficient [8] of FL − CNx coat-
ings also suggests that the material can be applied as a solid lubricant. A wider
application for industrial purposes has, however, been limited by an apparent in-
adequate adhesion of the coating material when deposited directly onto ferrous
substrates. These apparent shortcomings can be compensated for by applying Ti
or other transition metal-based interlayers. However, there are remaining issues
with respect to anisotropic thermo-mechanical characteristics [9], rapid absorption
of humidity (Paper I), and the narrow deposition window found in the growth of
FL structure [6, 10].

The remarkable mechanical properties of FL − CNx are to a large extent a
result of N-substitution into the graphene sheets [11]. In that context alternative
dopants may prove interesting. Carbon, phosphorus, and nitrogen exhibit similar-
ities in valency, but have different electronegativities. These features together with
a preference to tetrahedral coordination make phosphorus a premiere substitutive
of nitrogen. The results of the ab-initio calculations performed as a part of my
thesis work, about presumed FL − CPx structures and the role of CxPy(x, y ≤ 3)
clusters and precursors in deposition flux are suggestive for the prospects of syn-
thesizing FL − CPx as solid films. The modeled structures suggest energetical
conceivability of inter-linkings of the graphene planes and cross-linkings, conceiv-
ability of phosphorus-phosphorus bonds, and stability of tetragon rings within the
graphene planes. These properties show structures with more deformed and inter-
locked graphene planes than encountered for FL − CNx, suggesting better mechan-
ical properties for FL − CPx structures. These theoretical investigations provide
support for synthesis of FL − CPx coatings by magnetron sputtering, planned as
a next step in my work. We choose the magnetron sputtering as a deposition
method since it has the advantage that bondings in P4 molecules can be broken
to atomic phosphorus. These growth species can be incorporated in the graphene
sheet, and promote the formation of a FL structure.

1.2 Research Objectives

My thesis work have two main directions:

i) characterization of FL − CNx thin films;

ii) modeling of FL − CPx structures.

For the FL − CNx topic, my objective is to expand the knowledge of its thermo-
mechanical properties, as well as to increase the understanding of water absorption
on FL − CNx film surfaces for application on, e.g., computer hard disks. The stud-
ies on thermo-mechanical properties of FL − CNx coatings are motivated from a
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present shortcoming in their adhesion to different substrates, which remains a rel-
atively unexplored subject. The application of FL − CNx as hard disk coatings
requires information on the amount of water that can be absorbed on those coat-
ings lubricated by a lubricant acting as a head-disk interface. Except playing an
important role in corrosion, humidity affects the lubricant mobility, changing thus
the tribological behavior of head-disk interface and affecting disk lifetime. See
Paper I for further details.

There is a large interest in continued improvement of the properties of the
FL − CNx coatings. This is due to their application as top coats on computer
hard disks, but also on potential future application. Here it is important to con-
sider aspects on tribology and surface adsorption related subjects as emphasized in
Paper I. The FL − CNx must also start to be regarded as the basis for extending
the research to carbon based FL structures with dopand elements other than ni-
trogen. The numerical modelings on hypothetical FL − CPx structures, presented
in Papers II and III, confirm the correctness of such approach. The theoretical
results obtained will serve as a basis for a future synthesis of CPx coatings as well
as other carbon based, potentially FL structures.

1.3 Thesis Outline

This thesis is divided into three parts. The first part, consisting of Chapters 2 and
3, treats the work performed on FL − CNx thin films. The second part (Chapter 4)
is directed towards CPx structures, and gives a description of structural models and
theoretical methods used to model clusters, structures, and structure evolution.
The third part consists of Chapters 5 and 6. It gives short summary of the most
important results presented in the papers appended to this thesis, and proposes
some future research for CNx and CPx compounds, as well as extension of the
research to dopands other than nitrogen and phosphorus in graphene systems.

In Chapter 2 an introduction to FL − CNx is given followed by the structure
implications to the thermo-mechanical properties of FL − CNx thin films. Chapter
3 gives details about FL − CNx thin film deposition, growth and characterization.
Chapter 4 gives the introduction to Density Functional Theory and the description
of the premises taken into account for modeling of CPx clusters and structures,
and gives a description of some implications my theoretical results for FL − CPx

will have on the eventual synthesis of such coatings.
Results are presented in the published papers appended to this thesis. Paper

I is focused on the results of the experimental investigations of the problem of
water absorption on FL − CNx films in their application as computer hard disk
protective coatings. In Papers II and III results are presented on the numerical
modeling of precursors, defect energetics, and structure evolution of FL − CPx

clusters and structural elements.
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CHAPTER 2

Properties of FL–CNx

– Have no fear of perfection, you’ll never reach it.
– Salvador Daĺı

Here the explanation is given for the differences between “real” fullerenes and
fullerene-like structure and how the atomic structure influences the mechanical
properties of FL–CNx. The chemical background of the nitrogen incorporation
into graphene sheets and growth mechanism of FL–CNx is also discussed.

2.1 Difference between Fullerenes and Fullerene-

like Structures

The most known representative of compounds called “Fullerenes” is the C60 molecule,
also known under the name “Buckyball”. This is the molecule with the highest
degree of symmetry known in nature. The ball-like, closed-cage [12], carbon struc-
ture, ranges from 28 carbon atoms as in the smallest stable carbon fullerene C28

[13], over s.c. higher fullerenes C76 to C84, to 540 carbon atoms as in the icosa-
hedral C540. Since the discovery of fullerenes in 1985 [14], compounds with some
similar structural properties, most notably bent graphene planes, have been syn-
thesized and described. Although the name Fullerene-like (FL) describes well the
unusual structure of those compounds, it can be also misleading. Namely, there is
a significant difference between “real” fullerenes and the so-called “fullerene-like”
structures. Fullerenes are synthesized at high temperatures and in a gas-phase,
where carbon is the dominant element. Except pure carbon fullerenes there exist
also hetero-fullerenes - fullerene molecules in which one or more carbon atoms are
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6 Properties of FL–CNx

substituted by atoms of other elements, such as boron or nitrogen [15, 16, 17].
Different kinds of fullerene adducts - fullerene derivatives are also known. Seifert
et al. [18] also investigated different phosphorus fullerenes, compared them to
carbon fullerenes, and found some pure phosphorus cage structures metastable.

The FL structures on the other hand are solid graphene structures with some
fullerene-like structural features like bent graphene planes, but also cross-linked
and inter-linked basal planes, in bulk solids. In those structures carbon is usually
not the only element, and their graphene planes are deformed in three dimen-
sions, but never closed into ball-like structure. Representative example of a “real”
fullerene and FL structure is shown in Fig. 2.1.

Figure 2.1. a) C540 icosahedral fullerene; b) representative example of a CPx

cage-containing FL structure.

2.2 Structural Origins of the Mechanical Proper-

ties of FL–CNx

Attempting to understand the unusual mechanical properties of FL − CNx [3, 6,
7, 19, 20], it is essential to look for the origins of the macroscopic behavior of the
material in its structure and chemical bonds between atoms in and between the
basal planes. The structure of FL − CNx has a graphene structure for its basis, but
the introduction of nitrogen at substitutional carbon sites leads to some important
structural changes compared to graphite. Nitrogen atoms make it energetically fa-
vorable to introduce pentagon defects inside the graphene planes [5, 3, 19, 21]. The
pentagons induce bending and deformation of the graphene planes. This will cause
the nitrogen containing graphene sheets to intersect frequently. Hence, a strong
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three-dimensional network will result. The other consequence of nitrogen incorpo-
ration in graphene is the extension of strong bonds originated by sp2 hybridization
between carbon and nitrogen atoms inside the basal planes to three dimensions
due to the supposed sp3 hybridization [11, 21]. However, the sp3 hybridized bonds
remain relatively few in number compared to the sp2 bonds because of the low pro-
portion of nitrogen (usually around 15 at.%). The strong sp2 hybridized bonding
makes the CNx material to retain the in-plane strength of graphite. The physical
interlocking of the graphene planes, on the other hand, as well as their mutual
interconnections by strong, but scarce sp3 hybridized bonds, significantly reduces
their mobility parallel to the graphene planes. As a result the CNx material shows
very pronounced resiliency, compared to graphite.

For the CNx coatings to form the FL structure, a substrate temperature of
at least 300 oC is required during deposition. This poses limits to the number
of application areas. Furthermore, the deposition temperature higher than room
temperature implies also the permanent extrinsic stress of the coatings for most
application due to the differences between coefficient of thermal expansion (CTE)
of film and substrate. This thermally induced stress compromises even more the
adhesion of CNx coatings to the substrate.

2.3 Formation Mechanisms of FL–CNx Structures

2.3.1 Chemistry of Carbon and Nitrogen

Carbon and nitrogen are p-block elements located in group 14 and 15 in the
periodic chart, respectively. They posses similar distribution of valence electrons,
with their partially filled 2p orbitals, and they can form dimers bounded with
single, double, or triple bonds.

In the absence of reactions with atoms of other elements, the carbon atom
prefers to create large molecular structures with single bonds between individual
atoms. Such structures can be ordered planar hexagonal graphene structures, but
also lubricostratic or turbostratic graphite, Fig. 2.2, diamond structure, amor-
phous carbon, or various fullerenes and structures exhibiting fullerene-like charac-
teristics. The distribution of valence electrons and the relatively high electronega-
tivity enables the hybridization of s and p valence electrons, Fig. 2.3, which leads
to formation of strong sp, sp2 and sp3 bonding configurations. Due to the tetra-
hedral coordination of hybridized orbitals and the driving force to form bonds to
each other or to other atoms in many different ways, makes it possible for car-
bon to form a wide variety of chemical compounds. This forms the fundament of
organic chemistry.

Nitrogen, on the other hand, forms dimer molecules with triple bonds. Because
of the high bond energy of this triple nitrogen bond (941.7 kJ/mol [22], com-
pared to the 167.0 kJ/mol [23] for a single nitrogen-nitrogen bond ), the nitrogen
molecule, N2, is a very stable diatomic molecule. Except strong nitrogen-nitrogen
bonds, nitrogen also forms strong bonds with carbon (bond enthalpy (De): 754.3
kJ/mol), oxygen (De=630.6 kJ/mol), phosphorus (De=617.1 kJ/mol) and sulphur
(De=464.0 kJ/mol) [24]. Consequently, it is not surprising that the most common
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b)a)

Figure 2.2. a) Lubricostratic graphite. Graphene sheets are shifted one with
respect to the other in the sheet plane; b) turbostratic graphite. Graphene
sheets are rotated (and shifted) with respect to the other around the sheet
normal.

dopants in heterocyclic compounds (carbocyclic compounds in which at least one
carbon atom is substituted by an atom of another element) are oxygen, nitrogen
and sulphur.

Both, carbon and nitrogen, are characterized by a strong nuclei, which yields
atoms of small radii. Consequently both carbon and nitrogen are difficult to po-
larize. The radius of nitrogen atom is smaller than that of carbon atom with
calculated values of 56 pm and 67 pm respectively [24]. This gives structural im-
plications in the case of substitutional introduction of nitrogen atoms in graphene
plane. Both elements readily accept electrons in chemical reactions but with a
higher electronegativity seen for nitrogen.

Due to the very high bond enthalpy between carbon and nitrogen atoms, the
additional p-valence electron in the nitrogen 2p-shell, and the higher electroneg-
ativity of nitrogen with respect to carbon, the substitutional incorporation of a
nitrogen atom in a graphene sheet has several implications. In the first place
there is the possibility of the extension of strong bonding configuration inside the
graphene sheets to three dimensions due to the formation of sp3 hybridizations
induced by the additional valence electron. Nitrogen also prefers a non-planar
structure in such graphene networks, thus inducing bond rotations at its sites. The
energy cost for pentagon formation in graphene structure is significantly reduced
compared to the pure carbon structure, thus causing bending and deformation of
the graphene layers.

In the graphene sheet three of the four valence electrons lie in the trigonally
directed sp2 hybrid orbitals lying in the plane and forming σ bonds. The fourth
valence electron lies in a pπ orbital, normal to the σ bonds plane, and forms
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weak Van der Waals bondings with π orbitals in the neighboring graphene planes.
Nitrogen, on the other hand, has two surplus electrons in the case of the three fold
sp2 configuration, as for the carbon in graphite. When a nitrogen atom replaces
substitutionally a carbon atom in the graphene sheet, those two electrons will
either couple together in a single orbital, or settle in the two separate π orbitals,
thus being able to form bonds with other atoms [25].

2.3.2 Precursor Formation

The chemical interaction of N2 with the carbon target during magnetron sputter-
ing, results in the formation of mixed CxNy species on the surface of the target
[26, 27, 20, 28]. The formed species are ejected from the target in the deposi-
tion flux. The consequence is that the majority of species arriving to the growing
film are not single atoms, but preformed pure carbon and CN species which serve
as precursors in the CNx film formation. Such precursor species act as build-
ing blocks for the evolution of the FL structure. The cyanogen molecule C2N2

appears in two stable isomers, cis N-C-C-N and trans C-N-N-C. The isomer con-
taining a carbon-carbon bond exhibits a higher stability than the isomer containing
nitrogen-nitrogen bond as shown by theoretical calculations [28]. Although N2 is
widely present in the deposition flux, the molecule does not play a significant role
in the film formation. This is due to the high energy barrier for the incorporation
of nitrogen-nitrogen bonds in carbon nitride, as well as the low desorption energy
barrier for the molecule.

The presence of precursors makes the growth of the film structure not only more
complicated, but it also affects structure of the final deposit. The appearance of the
FL structure features, like pentagon incorporation and graphene plane curvature,
cannot be explained only by the substitutional incorporation of nitrogen atoms in
graphene. Except incorporating nitrogen into the structure, precursors can also act
as templates for structure growth. Their type and orientation when approaching
the dangling bonds of the growing graphene plane determine the characteristics of
the FL features which are built into structure.

2.3.3 Nitrogen Incorporation Into Graphene

Since the exceptional mechanical properties of FL − CNx are conditioned mainly
by the graphene curvature, its evolution represents one of the main issues regard-
ing the formation mechanisms of FL − CNx. It was shown earlier [21] that the
closely packed patches of pentagon defects, and to a lower degree also the Stone-
Wales (SW) defects, are among the most probable causes for graphene planes de-
formation in FL − CNx structures. Although the introduction of nitrogen atoms
substitutionally into graphene significantly lowers the energy cost of pentagon
formation, the purely hexagonal graphene layer remains the most energetically fa-
vorable structure for the nitrogen concentrations of below 20 at.%, but structures
incorporating defects being also energetically plausible, Fig. 2.4. This implies that
for the low nitrogen concentrations only isolated pentagons are to be expected in
the structure, leading to the limited graphene curvature. However, for nitrogen
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concentrations that exceed 17.5 at.%, the double pentagon defects become more
energetically favorable than single pentagons, as determined from the theoretically
modeled cohesive energy per atom. Since the closely packed pentagon patches for
high nitrogen concentrations are more stable than single pentagon defects, the
graphene deformation and interlocking became more pronounced. This leads to a

Figure 2.4. Three most common types of defects in FL− CNx structure: a)
pentagon defect; b) SW defect; and c) double pentagon defect.

more resilient structure. The theoretical calculations also showed the plausibility
of SW defect for nitrogen concentrations of above 20 at.%, indicating that the
mechanical properties of the FL − CNx coatings are due to the coexistence of sev-
eral defects in the graphene plane. Since the structurally incorporated nitrogen
concentration in FL − CNx deposited by reactive magnetron sputtering can reach
a maximum of around 30 at.% [27, 20], any more extreme defects with respect
to hexagonal structure, that would cause more pronounced graphene deformation,
are energetically not likely to appear.

2.3.4 Nitrogen Induced Bond Rotation and Graphene Cross-

likage

The electronic structure of a nitrogen atom substituting for carbon atom in the
graphene sheet, features σ-orbitals making bonds with neighboring carbon atoms.
These orbitals can be pushed away from the planar configuration due to the elec-
trostatic repulsion of either paired electron orbital, or single electron π-bond or-
bitals. This can happen because σ-bonds, contrary to π-bond, can rotate. It
implies that nitrogen atoms on substitutional positions in graphene will, contrary
to carbon atoms, have no preference to planar configuration. A consequence is
the out-of-plane bond rotation on the substitutional nitrogen atom sites which in
turn can result in the formation of cross-linkages between graphene planes, as well
as pentagons inside the graphene planes [21], Fig. 2.5, inducing the deformation
of the graphene planes. The theoretical modelings show that the bond rotation is
favorable at the substitutional nitrogen sites, or at the site where nitrogen atom
attaches to the pure carbon graphene matrix. The nitrogen-induced rotation of
the carbon-carbon bonds are, however, significantly less energetically favorable
that nitrogen-carbon bond rotations.
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a)

b)

N

Figure 2.5. a) Schematic representation of nitrogen induced bond rotation
and cross-linkage and b) the definition of the cross-linking bond rotation angle
θ.



CHAPTER 3

Thin Film Deposition and Characterization

– ”Mistakes are almost always of a sacred nature. Never try to
correct them. On the contrary: rationalize them, understand them
thoroughly. After that, it will be possible for you to sublimate them.”

– Salvador Daĺı

This chapter provides a short description of the synthesis of FL − CNx thin
films by magnetron sputtering, general characterization methods used for their
testing, as well as mechanism of water adsorption on their surfaces.

3.1 Deposition and Growth

3.1.1 Magnetron Sputtering

The deposition of FL − CNx thin films was achieved by DC reactive magnetron
sputtering in a N2/Ar plasma. The deposition system was a dual magnetron ultra
high vacuum system with a base pressure of approximately 1 × 10−9mbar. As
a source of carbon a single, circular of 72 mm in diameter, isostaticaly pressed
graphite target with a density of 1.83 g/cm3 was used. The magnetron output
was current regulated for the discharge current of 400 mA, resulting in a target
potential of around -400 V.

In order to promote the ion bombardment of the growing film we used for
the sputtering a coupled type II unbalanced magnetron, see Fig. 3.1 for schematic
representation of magnetron, [29]. In this configuration the magnetic field near the
edges of the target is selectively strengthened by making outer magnets stronger
with respect to the magnets in the middle of the cathode. In this configuration

13
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N
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Magnet in the middle of the cathode

Outer ring−shaped magnet
S

N

Closed force field lines densify
plasma near the target

Opened force field lines allow electrons
to come closer to  the substrate

Figure 3.1. The Type II magnetron. Stronger outer magnet with respect to
the magnets in the middle of the cathode enable electrons to come closer to
the substrate, thus increasing ion bombardment of the growing film. I used
such type of magnetron for FL − CNx thin films deposition, and will use it for
FL − CPx thin films deposition.

more electrons are allowed to escape their confinement near the target and come
close to the substrate. In the coupled geometry we used the plasma was addition-
ally confined in front of the substrate by mirror magnetic field from the second
magnetron. To increase further the energy of the impinging ions to the growing
film we applied the bias voltage of 25 V or 40 V.

For all films included in this work a sputtering gas pressure of 3 mTorr have
been used. The sputtering gas consisted of a mixture of argon and nitrogen. Higher
sputtering gas pressure would favor the formation of a higher number of ions, and
thus higher sputtering rate, but it also decreases the mean free path of ejected
carbon atoms, thus resulting in a more thermalized growth flux.

In order to assist the growth of FL structures the substrate was heated to 450
oC from the reverse side with a BN-coated graphite heater. It has been shown
in the previous works [2, 6] that a substrate temperature of at least 300 oC is
needed in order to get FL structure for any concentration above 10% of nitrogen
in sputtering gas.
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3.1.2 FL-CNx Thin Film Growth

Precursor clusters formed on the target are adsorbed on the surface of the growing
film. Here they will act as growth templates and also enhance the chemical desorp-
tion process and saturate any dangling bonds. The desorption process decreases
significantly with the decreasing substrate temperature [2, 30]. The desorption
limit for the film growth is situated at around 800 K [31]. After being sputtered
from the target no additional aggregation of precursor species have been detected
in the deposition flux [20].

Critical parameters for the structure of the growing FL − CNx film are: ni-
trogen concentration in the working gas during sputtering, substrate temperature
during sputtering, and the substrate, determining surface and interfacial energies
and bonding configurations of the film and substrate. All those parameters are
critical to determine texture of FL − CNx thin films. Although they do not posses
any periodic structure, the FL − CNx thin films show a textured microstructure
with standing basal planes. Such textured structure lies in the basis of anisotrop-
icity in Young’s modulus measured in different directions [9].

3.2 Film Characterization

3.2.1 Nanoindentation

The mechanical characterization of the coatings was carried out by nano-indentation
experiments. Here load is applied to a tip of known shape, and measuring the
depth of penetration of the tip into sample. The result of such measurement is the
load-unload vs. displacement curve which shows the relation between the indenter
load and depth of penetration of indenter into the sample. From the curves it is
possible to determine parameters such as; plastic and elastic work of indentation,
and stiffness which can be used to calculate reduced modulus of the sample.

A cube-corner indenter was used rather than a Berkovich indenter in order to
reduce potential substrate effects on the determination of hardness and modulus
of thin film. Because of its smaller tip angle (90◦) compared to Berkovich indenter
(tip angle 143.2◦) cube corner indenter induces more plastic deformation into the
film dissipating in this way energy that would otherwise produce stress field in
the elastically deformed coating, making this stress field more prone to extend
into the substrate. By spreading into the substrate the indenter induced stress
field induces the counter reaction of the substrate which influences on the shape
of the load-unload indenting curve which is used to determine reduced modulus
and hardness according to the Oliver and Pharr method [32].

According to the model presented by Korsunsky et al. [33] the hardness deter-
mined from the slope of the unload part of the indentation curve is a composite
hardness consisting of film and substrate hardness, the later becoming more pro-
nounced with the increasing normalized indentation depth which is defined as the
ratio between the maximum indenter penetration depth (hmax) and film thickness.
The other potential problem arises due to the fact that Oliver and Pharr method is
based on the assumption that it responds to the indentation in the same manner as
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reference material used for area function calibration. In the case of films deposited
on harder substrates, as is the case with the FL − CNx thin films deposited on Si
substrate, the film material piles up against the indenter causing larger effective
contact area than predicted by calibration, causing the method to overestimate
hardness and the effective increase of hardness with the increasing hmax [34].

3.2.2 Water adsorption on FL–CNx coatings

The surface of sputtered FL − CNx films is composed of carbon atoms with sp, sp2,
and sp3 hybridizations. Dependent on hybridization, carbon atoms contain differ-
ent number of dangling bonds. When exposed to air dangling bonds react with
oxygen and form oxygen containing polar groups such as C-O-C, C-OH, C-H, and
C=O. (See paper I). It was found that on amorphous CNx films the oxidized car-
bon atoms provide polarized surface regions susceptible to adsorb water molecules.
In contrast the sp3 bonds in the FL − CNx films reduce the number of dangling
bonds compared to amorphous CNx films or pure graphite, thus making them less
prone to absorb water.

The surface roughness of the coatings in another factor that plays an important
role in water adsorption on film surfaces. Increased surface roughness causes an
increased surface area and creates valleys in which capillary condensation can
occur. It was shown [35] that FL − CNx have the lowest roughness compared to
amorphous CNx and pure graphite films.

For the water adsoption measurements FL − CNx coatings were deposited on
both sides of quartz crystals (Paper I). The mass of the water adsorbed was
determined by quartz crystal microbalance (QCM), exposing the samples to water
vapor in vacuum chamber. The change of the QCM frequency was monitored and
the mass of the water adsorbed on the surface of the coatings was calculated using
the Sauerberey equation:

∆f = −C∆m (3.1)

where ∆f and ∆m are the change in frequency and the adsorbed mass of water
respectively. C is a constant that depends on the quartz crystal used as substrate.



CHAPTER 4

Phospho-carbide Structures

– It is human to make mistakes,
but in order to completely f...-up the things, you need a computer.

– Slovenian IT proverb.

The theoretical research on the FL − CPx structures is planned to be a basis
for the synthesis of CPx thin films. Here I give a description of the theoretical
methods on which we based our modelings, description of our approach to the
problem, and the short summary of the results.

4.1 Theoretical Background

4.1.1 The many-body problem

The ab-initio modeling of an atomic system is based on that the forces defining
interactions between the atoms are calculated directly from the atomic electronic
structure. That approach relies on a quantum mechanical consideration of the sys-
tem. A basis for describing a quantum system is the Schrödinger’s wave equation:

i~
∂

∂t
|ψ(t)〉 = Ĥ|ψ(t)〉 , (4.1)

where ψ(t) is a wave function representing state of the system, Ĥ is Hamiltonian
operator, and ~ is reduced Planck’s constant. The wave equation describes matter
by means of wave functions, but can be analytically solved only for few simple
systems, like hydrogen atom. For more complex systems, the so called “many-body
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problem” is posed. The many-body problem implies solving the wave equation in a
phase space spanned by the total number of particles we are dealing with. The non-
relativistic wave equation for the wave function depending upon the coordinates
of M nuclei (Ri) and N electrons (ri) for the 3n-dimensional (n=M+N ) phase
space of particles with time-independent interaction reads:

ĤΨ(R1,R2, ...,RM , r1, r2, ..., rN ) = EΨ(R1,R2, ...,RM , r1, r2, ..., rN ) , (4.2)

where Ĥ is the Hamiltonian operator, and E is constant eigenvalue for this op-
erator. The equation of such complexity is impossible to solve analytically1, and
it is necessary to simplify it by introducing approximations. Since the electrons
move much faster than the nuclei, in the first approximation it is convenient to
consider the two movements separately. This approximation is called the Born-
Oppenheimer approximation [36]. Because of the electrons high mobility, their
wave functions adapt themselves practically instantaneously to any change of the
distances between nuclei, situation equivalent to a static field. The Hamiltonian,
describing the motion of N electrons in the static field of N nuclei is [37]:

Ĥ =
N

∑

i=1

−
1

2
∇2

i +
N

∑

i=1

M
∑

A=1

ZA

riA
+

N
∑

i=1

N
∑

j>i

1

rij
. (4.3)

Here, ZA is the atomic number of atom A, riA is the distance between electron i
and nucleus A, and rij is the distance between electrons i and j. The total energy
can be obtained by adding the electrostatic potential energy of all nuclei to the
electron energy. Since only valence electrons participate in chemical reactions a
further approximation can be introduced, where electrons on lower orbitals are
frozen in their atomic configurations, and together with nuclei form ions. Valence
electrons are considered in such case to move in the static electric field created
by ions. The Hamiltonian for N’=N-wM (w is the ionic charge) valence electrons
reads:

Ĥel =

N ′

∑

i=1

−
1

2
∇2

i + Vext(ri) +

N ′

∑

i=1

N ′

∑

j( 6=i)=1

1

|ri − rj |
(4.4)

where the ion (usually called “external”) potential Vext(ri) reads:

Vext(ri) =
M
∑

A=1

Vps(|ri − RA|) (4.5)

Vps denotes the functional dependence which defines the external potential. Since
the strong Coulomb potential of the nucleus is replaced by the “external” potential
of ions, that new potential is not any longer the real potential of the nuclei, so it
is referred to as “pseudopotential” [38]. The pseudopotential is not unique for a
certain configuration, but can be described in the form that suits best and simplify
the calculation and interpretation of the electronic structure.

1In fact, solving analytically this equation even for diatomic molecules is in general too com-

plex for the present computational resources.
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4.1.2 Density Functional Theory

Regardless of the simplifications introduced in the wave function methods which
made them applicable to more complex many body systems, a common issue for
all such methods remains - they treat the electrons separately. In order to improve
performance of models used as a basis for calculations, a completely new formalism
was needed. Instead of considering wave functions of single electrons, the system
can be described by the electron density:

n(r) =

∫

· · ·

∫

|φ|2 dr1, dr1, . . . drN , (4.6)

where n(r) is electron probability density distribution, φ is electron wavefunction,
and r1 r2, . . . rN are electron position vectors. The immediate advantage of such
approach is that the phase space is reduced to three (four if spin is included)
dimensions, while solving wave function for N non-interacting electrons would
lead to solving the Schrödinger equation in a 3N space. The first attempt to
develop such approach was Thomas-Fermi theory from 1927 [38, 39]. It proposed
the electronic charge density as a fundamental variable instead of wavefunction,
but it took into consideration only electrostatic interactions between electrons
missing completely shell structures of atoms. This was good enough to describe
atoms but it could not describe chemical bonds, and thus was not able to give
binding energy for molecules.

A major breakthrough in this field was the paper by Hohenberg and Kohn
published in 1964 [40]. Hohenberg and Kohn formulated Density Functional The-
ory (DFT) as an exact theory for many-body system of interacting particles in
an external potential Vext(r). The basis for the DFT are the two theorems first
time proved by Hohenberg and Kohn. The first one states that there is a one-
to-one mapping between the ground state electron density n0(r) and the external
potential Vext(r), for any system of interacting particles in an external potential
Vext(r). This means that all properties of the system, included in the many-body
wave functions for all states, are determined only by the ground state density
n0(r). The second theorem defines an energy functional E[n] in terms of the den-
sity n(r) for a system with external potential Vext(r). The global minimum value
of this functional defines the ground state energy of the system, and the density
n(r) that minimizes that functional is the ground state density n0(r). Hohenberg
and Kohn also showed that the ground state energy can be written in terms of
density functionals [39]:

E = min
n

(F [n] +

∫

d3rVext(r)n(r)) (4.7)

where the second term is energy due to the external potential, and the first term
is the universal functional containing the kinetic energy of electrons and potential
energy due to electron-electron interaction [41]:

F [n] = T [n(r)] + Vee[n(r)] . (4.8)

The term Vee[n(r)] contains both the classical repulsion and the non-classical term
which cannot be a priori determined. The main problem of the Hohenberg-Kohn
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approach consists in that the exact form of the functional F[n] is not defined.
This problem was further addressed by Kohn and Sham in 1965 [42]. The Kohn-
Sham ansatz introduces the assumption that the exact ground state density can be
represented by the ground state density of an auxiliary system of non-interacting
particles. It also introduces a kinetic energy functional Ts[n] for a reference non-
interacting electron gas. Based on these assumptions, it is possible to rewrite the
Hohenberg-Kohn energy functional as:

EKS = Ts[n] +

∫

drVext(r)n(r) + EHartree[n] + EII + Exc[n] , (4.9)

where Vext(r) is the external potential, EII is the interaction energy between the
nuclei, and EHartree is the classical Coulomb interaction energy defined as

EHartree[n] =
1

2

∫

d3rd3r′
n(r)n(r′)

|r − r′|
. (4.10)

Now Ts is independent particle kinetic energy given by

Ts =
1

2

Nσ

∑

i=1

∑

σ

|∇ψσ
i |

2, (4.11)

and the density of the noninteracting reference system is given by

n(r) =

Nσ

∑

i=1

∑

σ

|∇ψσ
i (r)|2 . (4.12)

(σ is the electron spin). The functional Exc defines the exchange-correlation en-
ergy and contains all many-body effects. In fact, Exc is both a DFT key issue
and represents the most difficult task of the DFT. Its accuracy determines the
feasibility of the DFT calculation result, but on the other hand finding its suffi-
ciently accurate and reasonably universal approximations represents the greatest
challenge in DFT.

4.1.3 Local Density Approximation

The first approximation for the exchange-correlation functional was the Local Den-
sity Approximation (LDA):

ELDA
xc [n] =

∫

d3rn(r)ǫxc(n(r)) (4.13)

where ǫxc(n(r)) indicates the exchange and correlation energy per particle of a
uniform electron gas, written as a function of the density n(r). The exchange-
correlation potential is given by the formula

vLDA
xv (r) =

δELDA
xc

δn(r)
= ǫxc(n(r)) + n(r)

∂ǫxc(n(r))

∂(n(r))
. (4.14)
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Typically, the exchange-correlation energy and density are divided into exchange
and correlation contributions,

ǫxc(n) = ǫx(n) + ǫc(n), vxc(n) = vx(n) + vc(n). (4.15)

The LDA work well for systems in which the electron density changes slowly, as
in well-ordered systems like most of the metals. For many cases, however, where
the gradient of the density is relatively larger, the LDA proves less adequate. For
such cases, the Generalized Gradient Approximation (GGA) method which takes
into account the density gradients has been developed.

4.1.4 Generalized Gradient Approximation

The generalized form of GGA is given by the relation,

EGGA
xc [n] =

∫

d3rn(r)ǫhom
x (n)Fxc(n, |∇n|), (4.16)

where ǫhom
x (n) is the exchange energy of the unpolarized homogenous electron

gas, and Fxc is a dimensionless functional. The gradients are changed to reduced
dimensionless gradients defined as

sm =
|∇mn|

(2kF )mn
, (4.17)

where kF = 3(2π/3)1/3r−1
s and rs is the average distance between electrons. If

Fx is written in the form of Fourier expansion [38], the lowest order terms in the
expansion can be calculated analytically [43, 44]:

Fx = 1 +
10

81
s21 +

146

2025
s22 + · · · , (4.18)

where s1 and s2 are the lowest order gradients defined by the Eq. 4.17. In this
work we only use GGA. There are two main reasons for this choice:

i) GGA works better than LDA for the first row of elements of the Periodic
Table;

ii) the introduction of phosphorus into graphene network disrupts the period-
icity of the structure leading to faster electron density variations.

In order to be sure that the results are independent of the level of theory, we used
two forms for Fx(n, s), namely Lee-Yang-Parr (B3LYP) [45] and Perdew-Wang
(PW91) [46]. While most of the results have been obtained by making use of
B3LYP, the PW91 was reserved for comparative purposes.

The B3LYP exchange-correlation function was presented in 1988 as a develop-
ment of the Colle-Salvetti (CS) formula for correlation energy [45]. In CS formula
the correlation energy density is expressed in terms of the electron density and a
Laplacian of the second-order Hartree-Fock (HF) density matrix. Lee et al. re-
stated the formula as involving the density and local kinetic energy density. In
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the expression for the local HF kinetic energy density were inserted gradient ex-
pansions. The expression for the second order local HF kinetic energy density tHF

being:

tHF (r) = tTF (r) +

[

1

9
tW (r) +

1

18
∇2n

]

, (4.19)

where tTF is the Thomas-Fermi kinetic energy density given by:

tTF (r) = CFn(r)5/3, CF =
3

10
(3π2)2/3 . (4.20)

The tW (r) is the local “Weiszacker” kinetic energy density given by:

tW (r) =
1

8

|∇n(r)|2

n(r)
−

1

8
∇2n . (4.21)

In this way the correlation energy was expressed as a functional also of the electron
density gradients, expressing it with acceptable accuracy even in areas of fast
electron density variations.

4.2 Phosphorus - Alternative Dopant Element to

Nitrogen

The mechanical and tribological properties of FL − CNx [6] can be explained by
the incorporation of nitrogen atoms at carbon sites which promotes stability of
pentagon rings and bending of the graphene planes [5]. The additional electron
in the nitrogen valence shell, compared to carbon, promotes cross-linking between
basal planes by means of sp3-hybridization [10, 28]. In order to improve the me-
chanical properties of a FL material a possible option is to extend the strength of
a planar sp2-coordinated network in three dimensions even more than in the case
for FL − CNx. This can be done by incorporation into graphene of an alterna-
tive element instead of N. Compared to the FL − CNx structure, such alternative
dopant element should be capable to induce better interlocking of the graphene
planes due to their stronger bending, i.e., to incorporate higher density of cross-
and inter-linking sites between the graphene planes.

As alternative dopant element to nitrogen I have chosen phosphorus. Phospho-
rus, being next period neighbor to nitrogen shows similarities in the distribution
of valence electrons to both nitrogen and carbon, as well as similarly low degree
of polarizability. On the other hand, while still comparatively high, its electroneg-
ativity is lower than that of both nitrogen and carbon, which promises modified
bonding characteristics to carbon with respect to nitrogen. The phosphorus’ pref-
erence for tetrahedral coordination, as well as its d-orbital hybridization (sp3)
favors greater number of bonding configurations with respect to nitrogen, and
offers good prospects for synthesizing CPx structures with possible fullerene-like
characteristics. The significantly larger covalent radius of phosphorus (110.5 pm)
compared to that of nitrogen (54.9 pm), is also a factor for inducing more pro-
nounced deformation of graphene sheets than in the case of incorporated nitrogen,
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thus favoring stronger interlocking of basal planes. However, these considerations
are qualitative only. Only detailed simulations at first-principles level of theory
can give quantitative insights on the relation structure-properties for the eventual
FL − CPx.

Motivated by the larger diversity of bonding configurations that phosphorus
can form, Seifert et al. investigated theoretically the possibilities for different
stable phosphorus fullerenes, compared them to carbon fullerenes, and found some
pure phosphorus cages metastable [18]. Phosphorus carbide on the other hand, has
been synthesized earlier in the form of amorphous thin film material over a range
of P:C composition ratios up to 3 [47], and as P-DLC thin films [48]. However, no
theoretical investigations of the structure and the properties of eventual FL − CPx

structures, nor attempts to synthesize FL − CPx thin films have been reported.

Our work regarding FL − CPx consists in two main parts: i) a first-principles
study of small phosphorus-containing clusters (both pure Pn, n ≤ 4, and mixed
CnPm, 1 ≤ n,m ≤ 4, representing the precursor species that may be generated in
deposition flux. ii) a first-principles study of growth and structural evolution of
various configurations of FL − CPx structures. The stability of graphene sheets
with substitutionally incorporated phosphorus atoms and the correspondingly in-
troduced defects were also investigated.

The study included both geometry optimizations and cohesive energy calcula-
tions performed within the framework of Density Functional Theory in its Gen-
eralized Gradient Approximation using the B3LYP hybrid functional [49], and
mostly 6-31G* [50] basis set. Perdew-Wang 91 [46, 51] exchange-correlation func-
tional and 6-311G(d) basis set were also used to obtain comparative data in order
to insure the independence of the results obtained on the applied level of theory.
The energy cost for different structures was obtained by the comparison of cohe-
sive energies |∆Ecoh| normalized by the total number of carbon and phosphorus
atoms.

4.2.1 Phosphorus Clusters and Precursors

As a starting point for the theoretical research on FL − CPx growth I carried out
a systematic study of small phosphorus (Pn, n ≤ 9) and mixed phosphorus-carbon
clusters (CnPm, n,m ≤ 4). Although earlier publications on phosphorus clusters
are available [52, 53, 54], to the best of my knowledge no systematic investigation
on mixed CnPm have been reported. The existing publications of pure phosphorus
clusters are mainly focused on the investigations of the relative stability of various
geometries and evolution of the binding energy as a function of size, without
considering the clusters as potential building blocks for bulk growth.

By studying the relative stability of small phosphorus clusters we examined the
geometries preferred by phosphorus atoms. The most stable clusters contain com-
binations of hexagons, pentagons, and tetragons for sizes of up to ten phosphorus
atoms. Cohesive energies per atom for several representative structures are shown
in Fig. 4.1. While pentagon and hexagon rings proved to be stable, tetragon ring
dissociate in two dimers, unless stabilized by adding one more phosphorus atom.

The modeling showed that in the deposition flux containing carbon and phos-
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Figure 4.1. Typical structures of phosphorus clusters Pm, (m ≤ 10) with their
cohesive energies per atom.

phorus atoms, a greater diversity of stable precursor species is to be expected than
in the case of the CNx deposition flux. The most stable mixed CnPm precursor
species, as well as the P2 dimer and the P4 tetramer are listed in Table 4.1 together
with their respective cohesive energies per atom. The structures of the four most
representative species are shown in Fig. 4.2.

Figure 4.2. Four representative structures of the most stable CnPm and Pm

precursor species.

Although some pure phosphorus clusters show larger cohesive energy per atom
than mixed clusters, the probability that pure phosphorus clusters containing more
than four phosphorus atoms will actually form in any more significant number in
carbon dominated deposition flux is small. In the process of being built into
the growing film, the pure Pn as well as those containing more P atoms like
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Table 4.1. B3LYP cohesive energies per atom, corresponding to different
volatile species of interest as incorporation units during synthetic growth of
FL − CPx.

Species CP C2P C3P CP2 C2P2 C3P2 CP3 C2P3 P2 P4

Ecoh/at (eV) 4.40 5.50 5.85 4.67 5.07 5.77 4.71 5.16 4.09 4.73

CnPm species are expected to act as defect-inducing (cross-linkages, P-segregation)
agents.

4.2.2 CPX Compounds

My results show that substitutional incorporation of phosphorus atoms into a
graphene network is by 0.2-0.3 eV (depending on the position of substitution site
in the model system) energetically more expensive than the substitutional incor-
poration of nitrogen. This is due to the considerably larger covalent radius of
phosphorus atom and its lower electronegativity compared to nitrogen. Accord-
ingly, phosphorus substitutional incorporation in a graphene sheet also enhances
site reactivity.

Compared to FL − CNx structures, the most significant difference of substitu-
tional incorporation of phosphorus atoms into graphene is the reduction of energy
cost for formation of tetragon defects, Fig. 4.3. This reduction in energy cost
makes the formation of tetragon defects in FL − CPx structures much more favor-
able than in FL − CNx. The formation of pentagon defects, however, is somewhat
less favorable in FL − CPx than in FL − CNx. The same is valid for the SW de-
fect (Fig. 4.3d). Our calculations showed that the formation of a double pentagon
defect (Fig. 4.3b) has in both cases a slight energetic advantage over the single
pentagon defect.

The feasibility of tetragon defects in FL − CNx can be explained by the low-
energy d-orbitals of the phosphorus atom with an expandable octet to form four-
membered ring transition states and intermediate structures.

In the FL − CNx structures the bond rotation induced by substitutional incor-
poration of nitrogen atoms in graphene sheets give rise to curved and cross-linked
graphene bundles [21]. In FL − CPx bond rotating is also expected to be induced
by an incorporated phosphorus atom. For modeling of the energy cost for rotated
bond in the vicinity of an incorporated phosphorus atom, we placed phosphorus
or carbon atom in the vicinity of C15PH9 model template thus obtaining an C-C
or C-P bond. In order to find the most favorable orientation the absolute value of
the cohesive energy of the model was then maximized with respect to bond align-
ment angles ϕ and θ to the plane xy and axis x respectively, Fig. 4.4. The results
showed that the stability of structures with a bond rotation is less pronounced than
in FL − CNx. That has the following implications: the cross-linking mechanism
initiated by a bond rotation should be less frequent in CPx than in FL − CNx, and
during synthetic growth a significant rearrangement of the local geometry in the
vicinity of a bond rotation can take place. In order to simulate structure growth,
relevant precursors C, P, C3P, C2P, CP, and P2 were attached to the template
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Figure 4.3. Optimized FL − CPx model systems representing substitutional
P (or N) at C sites and the energy cost for the corresponding defect relative
to the hexagonal structures C23P1H12 and C23N1H12: a) hexagonal network,
b) structure containing double pentagon defects, c) structures containing a
four-membered ring, and d) a model system containing a Stone-Wales (SW)
defect.

in subsequent steps each followed by geometry optimizations. The results showed
that in addition to structures without cross-links and cross-linked structures, phos-
phorus incorporation in graphene sheets favorizes also the formation of inter-links
between graphene sheets. Fig. 4.5 shows cross-linked and inter-linked systems.
In an inter-linked systems two graphene sheets are connected by multiple bonds
originating from the same site in one of the sheets. In cross-linked system only
single bonds between two individual sites connecting two sheets are possible.

We investigated also the possibility for phosphorus atoms being intercalated
between two hexagonal or curved graphene layers. However, we find that the
phosphorus atom migrates towards one of the graphene planes and subsequently
becomes incorporated in the sheet by network rearrangement. This process leads
to a total gain in cohesive energy by 1.2 - 1.8 eV, which makes the intercalation
defects not likely to prevail.
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Figure 4.4. Model template illustrating bond rotation due to an incorporated
P atom.

4.2.3 Implications for the Deposition of CP
x

Thin Solid

Films

Up to date only amorphous phosphorus carbide and phosphorus doped DLC thin
films have been synthesized [47, 55, 56]. This is reported to be achieved by ca-
pacitively coupled radio frequency plasma deposition from PH3/CH4 gas mixtures
[47, 56]. Such films, however, exhibited up to 10% hydrogen content originating
from the hydrogen present in the gas mixture. Furthermore, they were prone to
oxidation [55].

An alternative way to produce hydrogen free C-P compounds would be the laser
ablation method [48]. However, for synthesis of FL − CPx potential problems can
cause disruption of the growth of FL structure. The super hot plume expansion and
cooling is an adiabatic process which implies heat transfer from the gas. For this
to happen, atoms must collide frequently with each other what leads to gas-phase
condensation. This directly implies that in cooling plume phosphorus atoms have
tendency to be polymerized, i.e. aggregate in relatively large phosphorus clusters
(Pn, n ≥ 9) and phosphorus tetramers which do not tend to dissociate when being
inbuilt in the growing film, compromising thus growth of the FL structure [57, 58].
Moreover, target surface can melt explosively what can cause direct transfer of
crystallites from target surface into the film [55].
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For the synthesis of FL − CPx thins films a method which can impede aggrega-
tion of phosphorus and carbon atoms must be considered. A possible such method
is magnetron sputtering, the same method we used for the synthesis of FL − CNx

coatings. It has been proved earlier [20] that the low gas pressure in the chamber
(a few mTorr) hinders the aggregation of atoms in the clusters in the deposition
flux. This deposition process is also more easy to control than the two before
mentioned methods, because of the possibility of precise adjustment of power on
the target and working gas pressure.
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Figure 4.5. a) Cross-linked system and b) inter-linked FL-CPx system.
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CHAPTER 5

Summary of Appended Papers

– ”Croire ou ne pas croire, cela n’a aucune importance. Seul compte
le fait de se poser de plus en plus de questions.”

– Bernard Werber, L’Encyclopédie du savoir relatif et absolu.

In Paper I we present the results on the measurements of water adsorbtion on
amorphous and FL − CNx thin films deposited on quartz crystals. The measure-
ments were performed on both nonlubricated films and lubricated with Z-tetraol,
a lubricant used in hard disk devices. The water adsorbed on both lubricated and
unlubricated surfaces reaches equilibrium with the ambient humidity in a mat-
ter of seconds. Unlubricated amorphous carbon and CNx coatings adsorb more
water than FL − CNx thin films indicating that the microstructure of coatings
influences the adsorption level. Increased surface roughness also favors water ad-
sorption. The presence of lubricant influences only slightly the water adsorption
on FL − CNx films, but adsorption also depends on the presence of hydrogen in
the film.

Paper II contains the results of the first principles study of the precursors in
an hypothetic FL − CPx deposition flux, and defect energetics during the syn-
thetic growth of FL − CNx structure. The results show a much larger diversity
of potential precursors in C-P system compared to the C-N system. The wider
diversity of P-containing species implies energetically more demanding mechanism
with respect to precursor incorporation in C-N system and higher concentration of
defects. In FL − CPx tetragon defects are expected to coexist with pentagon and
SW defects. This is fundamentally different to the FL − CNx structures. Tetragon
defects cause stronger curvature of graphene sheets and energetically favor higher
density of cross-linkages between them, as well as appearance of inter-linkages.
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The most stable of dodeca-phospho-fullerenes - C48P12, shown in Fig. 5.1,
which is the structural analogue to dodeca-aza-[60-S6]-fullerene (a prototypical
structure for FL − CNx), was found not stable enough to be considered as a direct
bonding example for FL − CPx.

Figure 5.1. a) dodeca-phospho-fullerene C48P12 and its emblematic prototype
- the dodeca-aza-fullerene C48N12; and b) dissociation of dodeca-phospho-
fullerene C48P12.

P atoms intercalated between the graphene sheets proved to be energetically
unfavorable and structurally unstable.

In Paper III we present first-principles modeling of FL − CPx structure evolu-
tion. In this work we show that tetragon defects play an important role in graphene
sheet deformation and also serve as nucleation centers for cage-like and onion-like
structures. Tetragons may also induce the formation of additional tetragons in
their vicinity. Although less energetically favorable than in FL − CNx, pentagon
defects can also form in FL − CPx mostly when smaller precursors such as sin-
gle atoms and C2, CP dimers prevail among the species added to the structure.
Rotation of a carbon-phosphorus bond is promoted near the site where phospho-
rus atom is incorporated in the graphene sheet. This results in a buckling of the
graphene sheet, as well as formation of cross- and inter-linking between sheets.

Well structured FL − CPx thin films are expected for phosphorus content of
≤ 10 at.%. For higher concentrations CPx becomes increasingly amorphous, while
for phosphorus concentrations of above 20-25 at.% clustering and segregation of
pure phosphorus begin to play an important role.



CHAPTER 6

Plans for Future Research

– ”La doute n’est pas une condition agréable, mais la certitude est
absurde.”

– Voltaire

With respect to future research on FL − CNx thin films, I intend to study their
thermo-mechanical properties. Nuclear magnetic resonance (NMR) experiments
are planned to give an accurate information about hybridized sp3 bondings.

My priority for exploring CPx compounds lies in the vapor deposition of CPx

thin films, and their structural, mechanical and tribological characterization. On
the theoretical part of the work a molecular dynamics modeling on considerably
larger model systems is planned, followed by the extension of ab-initio model-
ing done till now. Eventually, the studies will be extended to sulphur, arsenic
and germanium as dopant element into FL-C-based films. All three elements are
as carbon, nitrogen, and phosphorus p-elements with four, five, and six valence
electrons in p orbitals respectively. This implies similarities in their chemical prop-
erties with carbon, nitrogen, and phosphorus, making plausible the possibility to
build FL structures.
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