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ABSTRACT 
 
Analysis of the electronic structures of nitrogen-doped, amorphous carbon samples 

and of nanodiamond films are carried out in order to determine their sp2 bonding 

concentration. The amorphous carbon samples under consideration are deposited 

onto polytetrafluoroethylene (PTFE) polymer substrates by hot wire plasma 

sputtering of graphite in varying nitrogen concentration atmospheres. The 

deposition or modification of the substrate’s surface may lend itself to increasing 

hardness and wear resistance. Eventually these polymer substrates may be used for 

applications in the field of biomaterials, focusing on cardiovascular surgery, where 

a low blood/surface interaction is important.  

 

The primary technique used in this study is x-ray absorption spectroscopy, 

measured at the Advanced Light Source synchrotron at the Lawrence Berkeley 

National Laboratory, Berkeley, USA. A method of analyzing these spectra was then 

developed to determine the sp2 bonding concentrations in carbon films. 

 

Through this newly developed analysis method, the sp2 bonding concentrations in 

these samples increases from 74 to 93% with growing nitrogen doping. The 

diamond films presented here are deposited on silicon wafer substrates in a methane 

atmosphere by microwave plasma deposition. Various deposition conditions, such 

as bias voltage and methane atmosphere concentration, affect the purity of the 

diamond film. This analysis reveals sp2 bonding concentrations in these samples 

from, typically, a few percent to 25%. 
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INTRODUCTION 
 

From a technological point of view, amorphous carbon (a-C) is an attractive 

material. It can be nearly as hard as diamond; it is chemically inert and has a very 

small roughness [1]. Films with high content of sp3 hybridized carbon atoms have 

been associated with mechanical applications because of these properties [2]. These 

properties make them attractive for a variety of other applications, such as increased 

wear lifetime, protective layers for magnetic recording disks, and as cathodes in flat 

panel field emission displays [3 – 6]. Plasma-assisted deposition of a-C films on 

polymer substrates is a technique for modifying the substrate surface, where layers 

of these a-C films may be a promising base coating to manage biological reactions 

or improve surface conductivity of the substrate [7]. Fluorocarbon polymers are 

used for applications in the field of biomaterials for cardiovascular surgery [8], 

where carbon deposition or modification of the polymer’s surface may increase 

hardness and wear resistance, and lower blood/surface interaction.  

 

The subject of this work is to develop a new model for determining the sp2 bonding 

concentration in carbon samples, which will serve to link their electronic structure 

with their physical properties. Plasma-assisted deposition of carbon films for the 

purposes of field emission displays, protective coating layers on magnetic recording 

devices, mechanical applications and cardiovascular surgery will be greatly aided 

by a consistent and reliable method of determining the sp2 concentration of the film. 

Prior to deposition, deposition parameters will be customized to yield a desired sp2 

bonding concentration of a film. Deficiencies in earlier models are addressed and 

this new model is applied to a-C and nanodiamond films, with the opportunity to 

evaluate other carbon allotropes, such as nanotubes, nanofibres and nanocones. 
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In the first section of this thesis we present the experimental setup of beamline 8.0.1 

of the ALS and the measurement techniques used for this study. The second section 

includes discussion on theory, including hybridization and bonding in carbon 

allotropes, specifically fullerenes, graphite, diamond and amorphous carbons. The 

third section details the newly developed analysis technique, presents spectroscopic 

data on amorphous carbon and diamond films, and the results of analysis. 
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1 EXPERIMENTAL 
 

1.1 Synchrotron Radiation 

 
High brilliance x-rays are produced at synchrotron light sources, which operate on 

the principle that accelerated charges emit photons. In practice, electrons are 

accelerated to relativistic speeds then confined by bending magnets to travel within 

a storage ring. While traveling in a circular path in the storage ring they emit a 

narrow cone of tangential radiation. This radiation is neither highly focused nor 

monochromatic. 

 

Insertion devices are placed in straight sections of the storage ring, which increase 

the brilliance of radiation, defined as the photon flux impinging on the sample per 

unit area per unit solid angle in a 0.1% energy bandwidth (units of 

photons/sec/mm2/mrad2 in a 0.1% energy bandwidth), beyond bending magnet 

radiation. An undulator insertion device (Fig. 1.1) is an array of magnets designed 

to generate quasi-monochromatic electromagnetic radiation. Because of the 

alternating magnetic field of the magnets, electrons traveling through the undulator 

experience periodic transverse forces. The electron beam radiates in the forward 

direction at each peak of the sinusoidal trajectory. To the electron, the radiation 

wavelength is the undulator period divided by γ due to relativistic Lorentz 

contraction. In the laboratory frame of reference this wavelength appears to the 

observer (workstation) further reduced by another factor of γ due to the Doppler 

effect. The undulator period length, defined as the distance between like magnetic 

poles of the undulator, 5.0 cm in the case of beamline 8.0.1 of the ALS, is thus 
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reduced by a factor of γ2 to yield radiation in the soft x-ray regime. Due to the 

relatively weak magnetic fields in the undulator, the amplitude of oscillation is 

small. Thus, the radiation cone is narrow, and the brilliance is typically a few orders 

of magnitude higher than in wigglers and bending magnets. Tuning the undulator 

gap width to different harmonics enables for maximum flux at the expense of 

resolving power (E/ΔE), where E is the energy of the exciting radiation and ΔE is 

the energy resolution. 

 

 

Fig. 1.1. Path of an electron through an undulator [9]. 

 

1.1.1 Beamline 8.0.1 Setup 

 

Radiation from the undulator (Fig. 1.2) is focused onto the water-cooled, movable 

entrance slit by a vertical condensing mirror. Light then reaches one of the inter-

changeable spherical gratings of the monochromator at a grazing incidence angle, 

which is then passed through an exit slit towards the sample. The optimal focusing 

condition is met when the entrance slit, grating, and exit slit satisfy Rowland 

Geometry [10]. A more detailed description of the setup at beamline 8.0.1 can be 

found in [10, 11]. At the maximum resolving power (E/ΔE) of 104 for absorption 

spectra (Fig. 1.3), the flux on the sample may reach 1012
 photons/second. Flux can 

be increased a few orders of magnitude, at the expense of resolving power, for 

shorter spectral acquisition time. High resolution absorption spectra with high 

signal to noise ratios require more time to acquire than lower resolution spectra of 

the same signal to noise ratio.  
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Fig. 1.2. Beamline 8.0.1 setup at the ALS [12]. 
 

 

Fig. 1.3. The monochromator operates in both the first and second orders with three gratings 

(LEG, MEG, HEG) with line densities of 150, 380, 925 lines/mm. The flux was measured for an 

entrance-slit width of 50 µm, an exit-slit width of 60 µm, and an optimized exit-slit position. 

The curves give the results of measurements made at various harmonics of the U5 undulator 

with the ALS operating at 1.9 GeV, normalized to a 400 mA beam current. The flux with slits 

narrowed to give a calculated resolving power of 10,000 is about 1012 photons/sec. [12]. 
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1.2 X-Ray Absorption Spectroscopy 
 

X-ray absorption spectroscopy (XAS) is a technique used to probe the local partial 

unoccupied electronic density of states in an atom and thusly their chemical 

bonding state. XAS is most sensitive to the short-range order of atoms, or an atom’s 

nearest neighbors. An absorbed photon of sufficient energy will promote a core 

level electron to a higher energy unoccupied state (Fig. 1.4) according to dipole 

transition rules (Δl = ±1, Δm = ±1 or 0).  

 

 

Fig. 1.4. Excitation of an electron from the core level to unoccupied CB states. 
 

In XAS, instrumental, core hole lifetime, and final state lifetime broadening widen 

spectral features. Instrumental broadening is due to the optics and environment of 

the measurements, generally quantified by the resolving power (E/ΔE). 

Instrumental broadening is modeled by a Gaussian function with a standard 

deviation, or full width at half maximum (FWHM), derived from the resolving 

power. The short lifetime of a core hole causes a broadening (Γ, FWHM) in the 

energy of the state based on the Heisenberg uncertainty principle  

 

h
!

h
=" ,    (1.1) 

 

where τh is the core hole lifetime. Similarly, final state lifetime (τf) broadening is 

due to the limited lifetime of the system after absorption or emission. There is an 
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electron (core hole) left in the conduction (valence) band after absorption 

(emission), which has a limited lifetime before decay. The lifetime causes an 

uncertainty in that state’s energy value, broadening its spectrum. Both core hole and 

final state broadenings are modeled with Lorentzian functions [13]. 

 

At BL 8.0.1 of the ALS three methods are used to conduct XAS experiments: total 

electron yield (TEY), total fluorescence yield (TFY), and partial fluorescence yield 

(PFY), which are described in the following. 

 

1.2.1 Total Electron Yield 

 

In total electron yield mode the number of electrons escaping the sample is counted. 

Photoionization and Auger decay, depicted in Fig. 1.5, are two processes that leave 

a net positive charge on the sample. Photoionization is photon absorption by the 

atom with the emission of a photoelectron of kinetic energy equal to the photon 

energy minus the binding energy and work function of the material. A core hole is 

predominantly refilled through Auger decay [14]. In this process, the electronic 

transition energy is transferred to another electron, which is emitted. The current 

needed to neutralize the sample as a function of energy represents the absorption 

spectrum and is a direct measure of the partial density of states. An absorption 

spectrum depends, to some extent, on the conductivity of the sample. If it is highly 

conductive then current can easily flow into the sample to quickly refill the core 

holes and thus correctly represents the absorption spectrum. If it is insulating then 

current will not easily flow through the sample, thus underestimating the actual 

absorption. The detection depth of TEY measurements, governed by the escape 

depth of electrons, in this energy range is about 12 Å [15, 16], as shown in Fig. 1.6. 
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Fig. 1.5. (a) An incident photon of sufficient energy ħω is absorbed by the atom with the 

emission of a photoelectron of kinetic energy equal to the photon energy minus the binding 

energy minus the sample’s work function. A vacancy is created, eventually to be filled by an 

outer electron. (b) The atom adjusts to the core vacancy through the non-radiative Auger 

process in which one electron makes a transition to the core vacancy, while a second electron 

of characteristic energy is emitted. (c) An atom with a core hole vacancy readjusts as a higher-

lying electron makes a transition to the vacancy, with the emission of a photon of characteristic 

energy [17]. 

 

 

Fig. 1.6. Inelastic mean free path for energies up to 2000 eV in carbon [18]. 
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1.2.2 Total Fluorescence Yield 

 

An electron can make a dipole transition from a higher lying level to a core hole 

emitting a photon with energy equal to the energy difference in those levels. The 

number of fluorescence photons is directly related to the number of absorbed 

photons. Total fluorescence yield (TFY) measures all the fluorescence photons, 

within its sensitivity range, emitted from the sample impinging on the channeltron 

detector. A channeltron is a cascade multiplier that produces a signal proportional to 

the number of photons striking it. The number of fluorescence photons detected 

from the sample as a function of excitation energy represents TFY absorption.  

 

1.2.3 Partial Fluorescence Yield 

 

Finally, partial fluorescence yield (PFY) measures the fluorescence photons within 

a certain energy range and therefore associated with a particular electronic 

transition. The fluorescence spectrometer detects all photons within that energy 

range as a function of excitation energy. Again, since the number of fluorescence 

photons is directly related to the number of absorbed photons, PFY similarly 

represents the absorption.  

 

Fluorescence yield measurements are relatively bulk-sensitive, since the attenuation 

length of photons in carbon in this energy range is about 100 nm [11, 19], 

approximately 80 times that of electrons. Incident radiation will excite carbon 

atoms anywhere from the sample’s surface to approximately a 100 nm depth. A 

fluorescence photon created from up to a 100 nm depth has an equal chance of 

escaping the sample as the likelihood of incident radiation reaching that depth. In 

electron yield measurements, emitted electrons have a much lower escape depth 

than photons. 
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1.3 X-Ray Emission Spectroscopy 
 

X-ray emission spectroscopy (XES) is a technique used to probe the occupied 

electronic states in a material. X-ray emission is produced when a core electron is 

excited by an absorbed photon and this excited state decays by emitting a photon 

when the core hole is filled, as shown in Fig. 1.7. The energy of the emitted photon 

equals the energy difference between the core hole level and the state from which 

the electron came. Generally, valence electrons fall to the core level providing a 

picture of the occupancy of valence states [20]. The XES spectrum displays 

intensity, or count rate, versus emission energy.  

 

 

Fig. 1.7. Decay of a core hole with the VB emission of a photon. 

 

Fluorescence is not the dominant relaxation process for low atomic number atoms 

[17]. Below Z = 30, K-shell Auger dominates over fluorescence, and below Z = 90, 

L3-subshell Auger dominates over fluorescence. As many as 104 core holes are 

needed in order to create one fluorescence photon in our energy range in carbon due 

to the dominance of competing non-radiative Auger transitions [21, 22]. Effective 

K-shell fluorescence yields for carbon based on theoretical and experimental data 

are listed in Table 1.1. The fluorescence yield represents the number of 

fluorescence photons emitted per K-shell vacancy during the relaxation process. 

Discrepancies in these fluorescence yield values arise from the various methods of 

estimation and empirical data collection. 
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Table 1.1. K-shell fluorescence yields for carbon. 

ωk (*10-4) Ref. 

8.8 23 

35 24 

51 25 

876 26 

 

1.3.1 Beamline 8.0.1 Spectrometer 

 

The soft x-ray fluorescence endstation at beamline 8.0.1 of the ALS is comprised of 

a Rowland-circle type grating emission spectrometer with a photon counting area 

detector and an ultrahigh vacuum sample chamber. The sample chamber is held 

under ultra-high vacuum by turbomolecular, ion, and sublimation pumps. The 

sample can be manipulated in the x, y, z, and θ directions. The emission 

spectrometer has an entrance slit, with a variable width between 0 – 100 µm, 

allowing for higher resolution emission spectra at narrower slit widths. There are 

four interchangeable constant groove density spherical Rowland-circle diffraction 

gratings housed within in a chamber separated from the sample chamber by a valve. 

The four diffraction gratings have different groove densities in order to diffract 

different energy ranges. Different emission energy ranges are selected by manually 

rotating the carousel to the grating with the correct radius and groove density. The 

energy range covered by these four gratings is 40 – 1000 eV. Mounted behind the 

grating carousel is an area sensitive Multi-channel plate detector to record the 

emitted radiation. The detector is 40 mm in diameter with a 512x512 pixel matrix 

[10]. This combination provides an instrumental resolution of about 0.4 eV at C Kα 

emission energies. All absorption and emission spectra are normalized to the 

incident beam current, monitored by a high transmission gold mesh located in front 

of the sample.  

 

 



12 

1.4 Spectral Features in XAS 
 

1.4.1 π* and σ* Absorption Features 

 

When discussing electronic structures, it is often useful to speak in terms of atomic 

or molecular orbitals. Atomic orbitals are states of an electron in an atom, where the 

orbital can be represented by a wavefunction, similar to an electron density cloud. 

The square of the wavefunction is proportional to the spatial electron distribution. π, 

σ, π*, and σ* occupied and unoccupied (*) orbitals are particularly common terms 

when discussing molecular systems, but are often used for crystal or solid state 

structures.  

 

In order to explain crystal structure in this fashion, π and σ orbitals in a molecular 

system must first be discussed. In molecular diatomics, σ orbitals are symmetric 

with respect to reflection through a plane containing the symmetry axis of the 

molecule and π orbitals are antisymmetric. In polyatomic molecules, the molecular 

orbitals involve overlap of the wavefunctions, which is generally more extended, 

but the resulting orbitals can still be labeled either σ, symmetric, or π, 

antisymmetric, with respect to the local symmetry plane. Carbon 1s  2p (CB) 

transitions are into conduction band states with π and σ symmetry, among others. 

For K-shell absorption spectra, it is the unfilled orbitals which are of importance, 

since the observed features correspond to dipole allowed transitions of a core 1s 

electron to π and σ unoccupied orbitals [27]. Transitions to unoccupied π and σ 

orbitals are labeled π* and σ*, respectively. 

 

Valence and conduction orbitals significantly overlap with those of neighbouring 

atoms in crystals generating bands of spatially delocalized energy levels. In 

diatomic molecules, σ orbitals are in plane and π orbitals are out of plane. Similarly 

in graphite, for example, σ-like bonding occurs in the plane of the graphite sheets 

and π-like bonding occurs out of plane. More on the discussion of graphite can be 
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found in Section 2.3. It is common to refer to bands with π-symmetry and σ-

symmetry in crystal structures as π and σ bands, respectively.  

 

Energetically, electrons occupying conduction band states are more loosely bound 

than those in the valence band. Absorption spectra probe the unoccupied states, so, 

as shown in Fig. 1.8, π* orbitals, if present, are the energetically lowest features 

seen [27]. In emission spectra, π orbitals, when present, are the energetically highest 

structures seen (Fig. 1.8). A π* feature is only seen in absorption spectra of a 

molecule or crystal with π bonding.  

 

 

Fig. 1.8. Typical orbital energy levels in a crystal or molecule, with approximate energies for 

promoting carbon electrons from the 1s shell into the conduction and valence bands. 

 

The link between π, π*, σ, σ* orbitals and sp, sp2, and sp3 hybrid orbitals is 

discussed in detail in Section 2.1. 

 

1.4.2 Excitons 

 

Absorption spectra may show structure below the lowest unoccupied state among 

others. This structure can be caused by the absorption of a photon with the creation 

of an electron-hole pair, which is called an exciton. This electron-hole pair is bound 

by their Coulomb attraction [28 – 31]. An exciton is inherently unstable, since the 

electron may recombine and refill the hole. Similarly, a core exciton is an electron 
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bound to a core hole. Excitons are characterized by their binding energy, which is 

related to their electron hole distance, or radius. Weakly bound excitons with a 

radius large in comparison to the lattice constant are known as Mott-Wannier [32, 

33] excitons, shown in Fig. 1.9. More tightly bound excitons are known as Frenkel 

excitons [28] (not shown), which have a much smaller radius, comparable to the 

atomic lattice constant. 

 

 

Fig. 1.9. An exciton is a bound electron-hole pair, which is free to move together through the 

crystal. Shown is a weakly bound, Mott-Wannier exciton, with an average electron hole 

distance large in comparison with a lattice constant [31].  

 

1.4.3 Ionization Potential 

 

The 1s ionization potential (IP) is the minimum energy required to excite a 1s 

electron to the continuum of states above the vacuum level. It is most conveniently 

measured by photoelectron spectroscopy (PES) as the difference between the 

exciting photon energy ħω and the kinetic energy of the photoelectron and work 

function of the material [27],  

 

workkinexcB
EhEIP !""== #  (1.2) 

 

where EB is the electron binding energy, hνexc is the energy of the exciting photon, 

Ekin is the kinetic energy of the photoelectron, and Фwork is the work function of the 

material. 
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In carbon 1s  2p absorption spectra, the 1s IP is characterized by a step-like 

increase in absorption intensity. Modeling the IP requires its energetic location, 

spectral shape and height to be considered, which are discussed in detail in Section 

3.1.2 and Appendix A.1. 
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2 THEORY AND BACKGROUND 
 

2.1 Bonding and Hybridization in Carbon 
 

Understanding the hybridization (or overlap of orbital wavefunctions) of orbitals is 

important when discussing carbon systems. A neutral carbon atom has six electrons, 

which distribute themselves to fill the 1s and 2s subshells and the remaining two 

electrons occupy the 2p level, 1s22s22px
12py

1. The basis of the hybrid orbitals is the 

excited configuration, 1s22s12px
12py

12pz
1, with four unpaired electrons. Four L-shell 

orbitals can then hybridize to form four new sp3 orbitals, which are directed in 

tetrahedral directions at 109.5° angles (shown in Fig. 2.1, right). The K-shell 

remains unchanged. The primary bonding configuration in diamond is tetrahedral. 

Alternatively, the 2s and two of the 2p orbitals can hybridize to form three sp2 

orbitals, which are directed in trigonal directions at 120° angles from each other in a 

plane, as shown in Fig. 2.1, left. This is the primary bonding configuration in 

graphite or HOPG and C60. The unused 2p orbital in sp2 bonding lies perpendicular 

to the plane containing the three hybrid orbitals. In sp1 (or sp) hybridization only 

one 2p orbital is used, resulting in digonal bonds 180° apart (Fig. 2.1, bottom). The 

two unused 2p orbitals in sp bonding lie perpendicular to the hybrid orbitals and 

each other. The unused 2p orbitals in sp2 and sp1 hybridization are free to form π 

bonds [27, 34]. Thus a measure of the amount of π bonding in a sample will 

measure the amount of sp2 hybridization in it. 

 



17 

 

Fig. 2.1. Left: Three sp2 hybrid orbitals formed by the combination of the 2s and two 2p 

orbitals; the unused 2p orbital lies perpendicular to the plane containing the hybrid orbitals. 

Right: Four sp3 hybrid orbitals formed by the combination of the 2s and all three 2p orbitals. 

Bottom: Two sp1 hybrid orbitals formed by the combination of the 2s and one 2p orbital; the 

two unused 2p orbitals lie perpendicular to the hybrid orbitals and to each other [35]. 

 

2.2 C60 
 

2.2.1 Structure and Bonding of C60 

 

 

Fig. 2.2. Representation of the buckminsterfullerene (C60) molecule [36]. 

 

Buckminsterfullerene, or C60, consists of sixty carbon atoms on a sphere, whose 

surface has twenty hexagonal and twelve pentagonal faces (Fig. 2.2). Each atom in 

this configuration is the common corner to two hexagons and one pentagon so that, 
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of the three edges directed toward the neighbors, one is common to two hexagon 

edges and two are common to a pentagon and a hexagon [37, 38]. The angle 

between the σ and π orbitals is found to be 101.6°, and hence a σ bond may be 

considered to be inclined at an angle of 11.6° below a tangential plane to the 

surface. Nevertheless, C60 is found to have perfect π orbital overlap alignment, 

unlike most non-planar systems [39]. It is considered to be a fully sp2 bonded 3-D π 

system [40]. 

 

2.2.2 Absorption of C60 

 

The XAS spectrum measured in TEY mode, as shown in Fig. 2.3, has four distinct 

features below 290 eV, which correspond to excitations into unoccupied π* bands. 

After the step-like increase in intensity at 290 eV, the features correspond to 

electronic transitions to unoccupied σ* bands and to the vacuum level. The XAS 

spectrum of C60 has been reproduced and reported by many people at various 

beamlines [38, 41 – 46]. Density of states (DOS) calculations confirm these 

assignments of features in the C60 absorption spectrum [47 – 52]. 
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Fig. 2.3. C 1s absorption spectrum of C60. The four features below 290 eV are due to electronic 

transitions to unoccupied π* bands; the features above are to unoccupied σ* bands and to the 

vacuum level. 
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Since the C60 molecules interact only weakly (via van der Waals interaction) with 

one another, the spectroscopic data are expected to predominately reflect the 

electronic and geometric structure of the individual molecules [38]. This is 

important since the calculational models consider only the structure of a single 

molecule, but are used here to accurately reflect measured spectra of C60 in powder 

form. 

 

2.2.3 Oxygen-C60 

 

It is also important to consider possible sample contamination, such as an oxygen-

C60 compound. T. Kaambre et al. [53] investigated UV light-induced oxidation of 

C60, in which oxygen has been shown to adsorb to the surface and intercalate 

readily into the interstitial sites in the C60 lattice after many hours of UV light 

exposure [54, 55], resulting in an approximately C60O1 stoichiometry in the bulk of 

the sample. Absorption spectra of an oxygen-C60 compound and of pristine C60 

(Fig. 2.4) show subtle differences in absorption intensity, but relative to the C60 

spectrum, the C60Ox spectrum is broadened. Convolving the C60 spectrum in Fig. 

2.4 with a 0.35 eV FWHM Gaussian gives a close fit to the C60Ox spectrum [53]. 

One would then expect differences in the weighting of π* to total integrated area of 

these spectra would be relatively small. Taylor et al. [56] conclude that C60 may be 

ultraviolet sensitive in the absence of oxygen, and may partly decompose under 

exposure. Further, samples of C60 should be stored in the dark under vacuum or 

nitrogen. However, the C60 samples used in our experiment are kept in a dark 

container, but not under vacuum, until a small amount is removed for measurement. 

The UV exposure time of our C60 samples is much lower than those in Kaambre’s 

experiments, so it is expected that the oxygenation is much less, and thus the 

spectral differences will be negligible. Our samples are not stored under vacuum 

and have not been compared to pristine C60. 
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Fig. 2.4. XAS spectra of C60 and C60Ox, measured in TFY mode [53]. 

 

2.3 Highly Oriented Pyrolytic Graphite (HOPG) 
 

2.3.1 Structure and Bonding of Highly Oriented Pyrolytic Graphite 

 

The principal structure of highly oriented pyrolytic graphite (HOPG), shown in Fig. 

2.5, consists of layers of carbon atoms in an sp2 bonding configuration. Each layer 

is considered a basal plane. Carbon atoms within a single plane interact much 

stronger than with those from adjacent planes [57]. All the atoms are sp2 

hybridized; each atom is covalently bonded to three other atoms. The remaining 

unhybridized 2pz orbital is free to form a π bond. Because of their similar shape and 

orientation, each 2pz orbital overlaps two others, one on each adjacent carbon atom, 

to form delocalized molecular orbitals, which are not confined between two 

adjacent bonding atoms. Therefore, electrons are free to move around this 

extensively delocalized molecular orbital making HOPG a good conductor of 

electricity in directions along the planes of carbon atoms [58]. 

 

Each carbon atom within a plane of HOPG has three nearest neighbors, resulting in 

a honeycomb structure. The adjacent layers are offset as shown in Fig. 2.5, so that 

even-numbered layers lie directly below each other, and odd-numbered layers lie 
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directly below each other in an alternating pattern. Adjacent planes are weakly 

attached, thus small sheer stresses can easily separate them. HOPG atoms are fully 

sp2 hybridized, similar to C60. The σ orbitals lie in the basal plane, and π orbitals lie 

perpendicular to it [59, 60].  

 

 

Fig. 2.5. Two layers of HOPG’s honeycomb structure [57]. Each layer is considered a basal 

plane. 

 

2.3.2 Absorption of HOPG  

 

X-ray absorption spectra of HOPG are characteristic in their features. The strong 

low energy structure at 285.5 eV is due to electronic transitions from the 1s level to 

unoccupied π* bands, as shown in Fig. 2.6. This corresponds to a physically out of 

plane bond. Features above 292 eV are due to transitions from the 1s level to 

unoccupied σ* bands and to the continuum [43, 60 – 64]. The sharp feature at 

292 eV is not due to the conduction band structure, but to a core excitonic state 

(Frenkel) [43, 60].  
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Fig. 2.6. Soft x-ray absorption spectrum of HOPG. Features below 290 eV are due to electronic 

transitions to unoccupied π* bands; above is to unoccupied σ* bands and to the continuum. 

 

2.3.3 Angular Dependence of HOPG Absorption Spectra 

 

Incident rays normal to the basal plane of graphite do not efficiently excite 1s 

electrons to the π* band. Similarly, grazing rays do not efficiently excite the σ* 

bands [59 – 61]. Normal incident radiation couples with in plane σ* orbitals, and 

grazing radiation couples with out of plane π* orbitals (Fig. 2.7). Coupling occurs 

when the electric field vector, which is perpendicular to the incoming rays, is 

parallel to the orbital’s orientation. Since the absorption spectrum exhibits both π* 

and σ* features, relative intensities also have a dependence on incidence angle. The 

low energy π* features are greatly diminished at normal incidence, and the high 

energy σ* features are enhanced. The reverse is true at grazing incidence. This does 

not, however, affect the energetic locations of the features, only their intensities. 
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Fig. 2.7. Angular dependence of HOPG absorption spectrum [65]. 

 

2.3.4 Excitation Energy Scale Calibration 

 

During a series of measurements, the monochromator grating is physically rotated 

to select different excitation energies. After repeated movements of the 

monochromator it will not return exactly to its original position due to backlash in 

the grating rotational motion. The main purpose of HOPG in this study is to provide 

an energy scale calibration for all carbon spectra. Carbon 1s  2p absorption 

spectra are always accompanied by a measurement of HOPG. Afterwards, all 

energy scales are shifted the same amount so that the π* resonance of HOPG is 

located at 285.5 eV. Table 2.1 shows general agreement among researchers of the 

energetic location of the π* feature in HOPG, within 1 eV. 

 

Table 2.1. Locations of the π* feature in HOPG in various papers. 

π* (eV) 285.5 285.4 285.3 285 285.2 286 285 285 285.5 

Ref. 64 61 22 43 66 59 67 68 69 
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2.4 Diamond 
 

2.4.1 Structure and Bonding of Diamond 

 

Diamond, an allotrope of carbon, is the hardest natural material. Each carbon atom 

is sp3 hybridized, and bonded to four other atoms in a tetrahedral formation, as 

shown in Fig. 2.8. This covalent network of bonding in three dimensions 

contributes to diamond’s hardness [58].  

 

 

Fig. 2.8. Covalent bonding structure of diamond [70]. 

 

2.4.2 Absorption of Diamond  

 

Since all of the 2p orbitals in fully sp3 hybridized materials are used, there are no 

unoccupied π* orbitals. Thus, pure diamond will not exhibit any π* features in 

absorption spectroscopy (Fig. 2.9). This absorption spectrum is typical, and has 

been reproduced by many other groups [60, 71 – 76]. The sharp feature at 289.5 eV 

is excitonic in nature [66, 71, 72, 76 – 78], and features higher in energy than that 

are due to electronic transitions from the 1s core level to σ* bands and to the 

continuum. In impure diamond or nanodiamond, π* features located at 285.5 eV 

will begin to appear [79 – 83]. These are unused 2p orbitals resulting from sp2 

hybridization, which are free to form π bonds. Some π bonding is even expected in 

pure diamond due to structural differences between its surface and bulk; the 

tetrahedral network of bonds must be discontinued at the surface [84]. The intensity 
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of that feature increases with impurity. Other than the low energy π* feature of 

nanodiamond, pure diamond and nanodiamond are spectroscopically nearly the 

same. 
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Fig. 2.9. C 1s absorption spectrum of diamond. The sharp excitonic feature at 289.5 eV 

separates π* (lower energy) and σ* (higher energy) resonances. 
 

2.4.3  Nanodiamond 

 

Nanodiamond films are clusters of diamond-structured carbon grown on treated 

silicon substrates by hot filament chemical vapour deposition in a CH4/H2 gas 

mixture [85]. Depending on conditions of the substrate and atmosphere, diamond 

grows in small clusters. Cluster sizes are typically 2 nm in diameter. As mentioned 

in Section 2.4.2, nanodiamond films are expected to exhibit a π* resonance at 

285.5 eV due to the discontinuity at the boundary of each cluster. The intensity of 

the π* resonance, thus sp2 concentration, varies with nanodiamond grain size [81]. 

 

 

 

 



26 

2.5 Amorphous Carbon  
 

2.5.1 Structure and Bonding of Amorphous Carbon 

 

An amorphous solid is one that exhibits no crystalline structure or long-range order. 

It only possesses a short-range order in the sense that the nearest neighbours of an 

atom are well defined by virtue of chemical bonding requirements [34]. Amorphous 

carbon (a-C) holds true to this nature; it lacks the crystalline order of diamond or 

HOPG. In a sense, one could think of amorphous carbon as having a mixture of 

diamond (sp3) and HOPG (sp2) bonding characteristics. a-C should not be thought 

of as one specific sample, but as a category of samples, unlike diamond, HOPG and 

C60 because of various mixtures of sp2 and sp3 bonding. 

 

Carbon atoms in a-C films are sp2 and sp3 hybridized, with no sp1 hybridization. 

Significant sp1 bonding would give rise to a σ* feature at 310 eV, which is not seen 

in any a-C film, [67] including the spectra presented in this study. Therefore, the 

concentration of sp1-bonded atoms is considered negligible in a-C films. 

 

2.5.2 Absorption of Amorphous Carbon 

 

Several computer simulations of a-C have been carried out [86 – 90] in order to 

gain insight into its structure and absorption spectrum. These studies report various 

amounts of sp2 hybridization, but suggest that π* resonances are expected up to 

approximately 4.5 eV above the initial onset of C 1s  2p absorption. For the a-C 

samples in this study, features below and including 288.5 eV will be labeled π* 

resonances, which is in accordance with several papers studying carbon films [75, 

91 – 93]. Shown in Fig. 2.10 is the absorption spectrum of an amorphous carbon 

tape. Spectra of other a-C films may vary in fine structure, but all will have the 

characteristic π* resonance at 285.5 eV. 
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Fig. 2.10. C 1s absorption spectrum of amorphous carbon tape. 

 

2.6 Spectroscopic Analysis of Carbon Films 
 

A chemical characterization of a-C that serves to associate its electronic structure 

with its physical properties is important to the development of customizable a-C 

films. Several measurement techniques with varying success have been used to 

determine the sp2 bonding concentration of a-C films, such as Auger electron 

spectroscopy (AES), Raman spectroscopy, x-ray photoemission spectroscopy 

(XPS), electron energy loss spectroscopy (EELS), and x-ray absorption 

spectroscopy (XAS). These techniques probe the electronic structure of carbon to 

reveal differences in their sp2 and sp3 characteristic. Analyses vary by technique, 

and are discussed in the following sections. 

 

2.6.1 Raman Spectroscopy 

 

Raman spectroscopy measures the wavelength and intensity of inelastically 

scattered light from atoms or molecules. The scattered light occurs at wavelengths 

that are shifted from the incident light by inelastic losses due to the molecular 

vibrations. The energy difference between the incident photon and the Raman 

scattered photon is equal to the energy of the vibration. Using a monochromatic and 
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high-intensity light source, such as a laser, the energy shifts can be easily detected. 

Materials with characteristic vibrations can be identified using this technique. 

Studies using Raman spectroscopy [94, 95] deconvolve the spectra by 

superimposing peaks positioned at wavenumbers associated with diamond (sp3) and 

graphite (sp2) features. A trend in sp2 concentrations of a-C films can be shown 

using the relative integral intensities of their fitted diamond and graphite peaks. 

Absolute values of sp2 are unavailable because no reference is used. There is also 

significant peak overlap in these spectra, which leads to ambiguity in selecting 

fitted peak widths and locations. 

 

2.6.2 Auger Electron Spectroscopy 

 

When a sample is bombarded with x-rays or electrons and a core hole is produced, 

the atom will relax via Auger emission of an electron or fluorescence emission 

(Section 1.3). The energy given off by an electron refilling the core hole in the 

Auger process is transferred to another electron, which is ejected from the sample. 

This leaves two new holes in the sample. For example, if a K-shell hole is created, 

an L1-shell electron may annihilate the core hole, transferring its energy to an L2,3-

shell electron, which is then ejected from the sample. The transition is labeled KLL. 

Auger electron spectroscopy (AES) is a technique that detects the characteristic 

kinetic energies of these emitted electrons. Auger electron kinetic energies are not 

dependant on incoming photon energy. Each material will exhibit a characteristic 

spectrum with features of various intensities at different kinetic energies. In order to 

determine the sp2 bonding concentration of a-C films, researchers evaluate peak 

shapes of the KVV transitions involving π electrons [96 – 98]. This allows only 

estimations of the sp2 bonding concentrations of samples due to the lower resolution 

spectra.  

 

2.6.3 X-Ray Photoemission Spectroscopy 
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X-ray photoemission spectroscopy (XPS) is based on the photoelectric effect, and 

probes the occupancy of core and valence electrons in a material. When incoming 

x-rays of sufficient energy excite a sample, a core or valence electron may be 

ejected. The kinetic energy of this photoelectron is given in Equation 1.2. Measured 

spectra are typically displayed on the binding energy scale, where EB = 0 at EF, the 

Fermi level. Intensities of core level peaks are directly proportional to the density of 

atoms. Since XPS is an electron detecting technique, it is surface sensitive, similar 

to TEY absorption (Section 1.2.1). Photoelectron line energies are dependant on the 

incoming photon energy. Great detail on XPS can be found in Ref. [99].  

 

Since the C 1s core level binding energies of sp2 and sp3 hybridized orbitals are 

different, the C 1s photoemission spectra are decomposed into two lines. Separation 

of the fitted sp2 and sp3 peaks remains constant and is equal to the separation of the 

core level binding energies of graphite and diamond [100]. The relative integrated 

intensity of the sp3 peak is used as the measure of the amount of sp3 bonding in the 

material. Other research [96, 101 – 103] follows a similar method. This technique 

relies on the assumption that sp2 and sp3 peaks in a-C XPS spectra will appear at the 

same binding energy as for graphite and diamond, respectively. The C 1s XPS 

spectra also appear as essentially one wide feature, such that unambiguously fitting 

the sp2 and sp3 peaks becomes difficult. This introduces large error into the sp3 

concentration determinations, where only a rough estimation is possible. 

 

2.6.4 Electron Energy Loss Spectroscopy 

 

Electron energy loss spectroscopy (EELS) involves bombarding a sample with a 

beam of mono-energetic electrons and detecting the inelastically scattered 

electrons’ kinetic energies. In the low-loss region (<100 eV), electrons induce 

plasmon oscillations. In the high-loss region (>100 eV), energy from the incident 

electron is transferred to inner-shell electrons, which are then ejected from the 

sample. These losses of energy are characteristic of the binding energies of different 
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elements, and so EELS spectra closely resemble XAS (1.2) spectra, but with 

typically lower resolving power. 

 

Berger et al. [104] devised a method of analyzing EELS spectra to determine an a-C 

film’s sp3 concentration, which is linked to its hardness. The intensity of the π* 

resonance in EELS spectra of a-C is used to ascertain the concentration of π bonded 

atoms in the films, because the absorption intensity of the electronic transitions 

from the C 1s core level to the π* antibonding states should be proportional to the 

concentration of sp2 bonded atoms [1]. The integral area of the C 1s  π* 

transitions in the carbon K-edge of a film, Iuπ*, normalized to the total integral area, 

Iu(ΔE), gives a number which is proportional to the number to π bonded electrons in 

that material. This number, Irefπ*/Iref(ΔE), in a sample of known 100% sp2 bonding 

thus represents 100% sp2 bonding. Therefore, the concentration of sp2 bonded 

atoms in a carbon film can be determined from the ratio of the π* peak integral in 

the film to that of the reference given by 
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where Iu(ΔE) and Iref(ΔE) are the integrated counts over some energy window ΔE 

[104]. This leads to several variations and applications of the method using EELS 

[68, 105 – 109]. 

 

2.6.5 X-Ray Absorption Spectroscopy 

 

Many researchers [1, 60, 67, 75, 92] have applied the technique described in the 

previous sections instead to XAS spectra of a-C films. The added benefit of 

employing XAS over EELS is the opportunity of increased spectral resolution. The 

XAS spectra used in this study show much more detail and have much higher 

resolution than EELS spectra. Information can be lost in the lower resolution EELS 

spectra, where XAS spectra do not suffer. In addition, XAS spectra of a-C have 
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better separation of π* and σ* features, where in EELS spectra there is significant 

overlap of the features. Significant overlap increases the error involved due to 

increased ambiguity when fitting both π* and σ* features. 

 

Careful examination and labeling of the π* features in both the reference and 

unknown samples in XAS spectra are crucial in order to accurately represent the sp2 

concentrations of the unknown samples. 
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3 ANALYSIS 
 

3.1 Revised Method 
 

Considering all previous methods of determining the sp2 concentration of a film, a 

revised model has been developed. This new method addresses many of the 

problems and differences in past methods that have arisen, and relies on the 

superior XAS measurement technique. The following subsections outline the steps 

involved in the revised method for determining the sp2 concentrations in carbon 

films. 

 

3.1.1 Reference Sample 

 

Past studies have used HOPG and C60, among others, as reference standard samples. 

Both of these materials have a well defined and studied structure with 100% sp2 

bonding. Díaz et al. [1], Papworth et al. [68], and Gago et al. [69] recommend 

against using HOPG as a reference sample in a-C film sp2 characterization due to 

the orientation effects of HOPG absorption spectra (2.3.3) and crystal structure. C60, 

however, makes an excellent reference sample because it is fully sp2 hybridized, has 

a well-identified π* structure [1], and lacks orientation-dependant absorption. 

 

3.1.2 Ionization Potential Considerations 

 

Some of the methods discussed previously dismiss the ionization potential when 

fitting spectra, or, if it is considered, implement it differently than here. The 

location of the edge jump of the 1s ionization potential is chosen to be where the 

energy of incoming photons is first able to promote 1s electrons to the continuum 
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states. Depending on the carbon allotrope, this occurs around 289 – 290 eV [1, 110, 

111]. 

 

The onset is modeled with a Heaviside-step convoluted with a Lorentzian function 

of 1 eV width [112] to give a smooth increase. After the initial increase, an 

exponential decay is applied to accurately model the absorption cross section of 

carbon. The decay matches that of the absorption cross-section of bulk carbon [19]. 

The ionization potential’s height is chosen such that it matches the spectral height 

between the 320 – 340 eV extended region, but does not exceed it at any point [1]. 

This is the first method to implement an exponential decay, where others have 

assumed constant height above the step. Fig. 3.1 demonstrates the differences 

between fitting to an XAS spectrum ionization potentials with a constant height 

above the onset and with an exponential decay applied above the onset. 
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Fig. 3.1. C 1s absorption of an a-C film fitted with constant height above onset and 

exponentially decaying ionization potentials. Total area integration for all carbon XAS spectra 

is over 280 – 320 eV. 

 

In most previous models, absorption is measured at most from 280 – 320 eV and 

total area integration is over that same range. It is apparent from Fig. 3.1 that if 
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absorption is only measured up to 320 eV, then the decrease of IP can not be 

properly determined. Using a constant height IP and having measured up to only 

320 eV, one would chose the ionization potential’s height to match the absorption 

intensity of a-C at 320 eV, which would then exceed the actual absorption over 

320 eV. Decay of the absorption cross section from Henke et al. [19] applied to the 

step function IP results in a fit that closely follows the gradual decline of the a-C 

film absorption. The decaying IP is essential to correctly model the high energy 

region in a-C. It is expected that there are no σ* features above 320 eV in a-C, only 

a multielectron transition at 330 eV [67]. As seen in Fig. 3.1, the decaying IP 

coincides with absorption intensity and eliminates the necessity of fitting unrealistic 

high-energy σ* peaks, but the constant height IP does not. Further discussion on the 

ionization potential fitting function is found in Appendix A.1. 

 

3.1.3 π* Identification 

 

Correct characterization of π* features in XAS spectra allows accurate 

determinations of the sp2 concentrations in a-C and nanodiamond films. π* features 

in the XAS spectra of C60, HOPG, diamond, and a-C (Fig. 3.2) are designated 

according the discussions in sections 2.2.2, 2.3.2, 2.4.2, and 2.5.2, respectively.  

 

There has not been complete agreement among previous researchers on the labeling 

of π* features in a-C films, possibly due to the wide variety of a-C structures 

possible. Based on several model calculations [86 – 90] and previous π* 

assignments [75, 91 – 93], the π* to σ* cut-off boundary in a-C occurs around 

288.5 eV. Features centered below that cut-off point are then π*; above are σ*. This 

fitting model can then be applied to all carbon allotropes, provided the π* features 

in the absorption spectra are correctly identified. 
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Fig. 3.2. C 1s absorption spectra of, from top to bottom, diamond, HOPG, C60, and a-C. 

 

3.1.4 Gaussian Fitting of π* and σ* Features 

 

Before any analysis of the XAS spectrum is made, the background is subtracted in 

order to recover the primary spectrum. Each spectrum is matched at the pre-edge 

(below the 1s  2p onset) to a constant height background, which is then 

subtracted. More specifically, the minimum height of the spectrum is set to zero by 

subtracting equally the background from the whole spectrum. This instrumental 

background does not contribute useful information for analysis. An ionization 

potential is then fitted to the background-subtracted XAS spectrum and it too is 

subtracted, leaving a difference spectrum representing only the contributions of π* 

and σ* features to the primary spectrum. It is this portion of the spectrum that is 

analyzed, and is called the subtracted spectrum. 
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Symmetrical Gaussian functions are used to fit the π* and σ* features in the 

subtracted spectra. The heights, widths and energetic positions of the Gaussians 

(Appendix A.2) are controlled with OriginLab™ Origin® scientific graphing and 

analysis software. The minimum number of Gaussian functions is used to fit each 

spectrum, determined by attempting to create complete agreement between the 

subtracted spectrum and the sum of the fitted Gaussians with progressively fewer 

peaks. When complete agreement is not met, one too few peaks is selected. 

Energetic positions of π* Gaussians are chosen to lie below the π* to σ* cut-off 

boundary, and coincide with peak features in the subtracted spectrum. Positions of 

σ* Gaussians, on the other hand, lie above the cut-off boundary.  

 

Each fitted Gaussian peak corresponds to a C 1s  π* or σ* transition in the 

sample, depending on energy position. Heights and widths resemble spectral 

heights and broadening, respectively. 

 

3.1.5 Integration Energy Window 

 

The 280 – 320 eV total intensity integration window is selected for a variety of 

reasons. Berger et al. [104] calculated the sp2 concentration of amorphous carbon 

while varying the energy window size from 20 – 120 eV, starting from 280 eV. The 

sp2 concentration steadily increased by only 4%. A 40 eV (280 – 320 eV) window 

is used in here in accordance with [1], which avoids having to model the multi-

electron transition at 330 eV in a-C [67]. The intensity of this feature [113] requires 

further calculation, which can be avoided with its exclusion from the total area 

integration. 
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3.2 a-C films Deposited on PTFE Substrates 
 

3.2.1 a-C Film Preparation 

 

The amorphous carbon films are deposited onto a 100 µm thick 

polytetrafluoroethylene (PTFE) substrate in a DC glow discharge plasma in which a 

graphite target is sputtered. The concentration of nitrogen in the atmosphere is 

varied from 0 – 20%. The deposition results in a 220 nm thick carbon film. Details 

of the film deposition can be found in [7].  

 

3.2.2 C 1s Absorption of a-C Films on PTFE Substrates 

 

Total electron yield (TEY) absorption measurements of the PTFE substrate a-C 

films were taken at the C 1s  2p (CB) edge (Fig. 3.3) at beamline 8.0.1 of the 

ALS. Spectral fits, shown in Fig. 3.4 – Fig. 3.8 are then performed according to the 

method previously outlined in Section 3.1, and the Gaussian fitting parameters of 

the π* features are listed in Table D.2.  
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Fig. 3.3. C 1s absorption spectra of a-C films deposited on PTFE substrates in increasing N2 

atmospheres (top to bottom). 

 

A change in the electronic structure of a-C occurs when nitrogen is introduced in 

the atmosphere during deposition. The films deposited in non-zero nitrogen 

atmospheres have very similar structure, with features at the same energetic 

locations; only their relative intensities change. The lowest energy π* feature in the 

C 1s absorption spectrum of 0% N2 film appears at a lower energy than spectra of 

the rest of the films.  
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Fig. 3.4. Fitted C 1s absorption spectrum of a-C film deposited on a PTFE substrate in a 0% 

N2 atmosphere resulting in a 74% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 
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Fig. 3.5. Fitted C 1s absorption spectrum of a-C film deposited on a PTFE substrate in a 3% 

N2 atmosphere resulting in a 79% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 
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Fig. 3.6. Fitted C 1s absorption spectrum of a-C film deposited on a PTFE substrate in a 6% 

N2 atmosphere resulting in a 83% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 
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Fig. 3.7. Fitted C 1s absorption spectrum of a-C film deposited on a PTFE substrate in a 10% 

N2 atmosphere resulting in a 92% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 
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Fig. 3.8. Fitted C 1s absorption spectrum of a-C film deposited on a PTFE substrate in a 20% 

N2 atmosphere resulting in a 93% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 

 

As the N2 atmosphere is increased, sp2 bonding concentrations in these films 

increases from 74 – 93% ± 5% (Fig. 3.9). Please refer to Appendix B for discussion 

on error determination. This rise in sp2 concentration is in accordance with other 

studies on nitrogenated a-C films [68, 92, 108, 114, 115]. There is a detectable 

change in electronic structure of the carbon atoms when nitrogen is introduced. It 

appears that increasing the nitrogen atmosphere above 10% during deposition does 

not further increase the sp2 concentration in the films; a saturation of sp2 bonding is 

reached. The limit of sp2 bonding is 92% ± 5%, achieved during deposition in a 

10% N2 atmosphere. 
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Fig. 3.9. Concentration of sp2 bonding experimentally determined for a-C films deposited on 

PTFE substrates. 

 

An adjustment of the π* peak positions occurs when increasing the N2 atmosphere 

during deposition from 0% to 3%, where they remain stable upon higher N2 doping 

(see Table D.2). Interestingly, the onset π* peak lies 0.5 eV lower in the 0% N2 film 

than in the others. That π* orbital is then more heavily influenced by the core level 

without nitrogen doping. Between the films, the two higher energy fitted π* features 

exhibit little correlation in terms of their spectral heights and widths. 

 

3.2.3 Kα XES of a-C Films on PTFE Substrates 

 

Carbon Kα (2p  1s) x-ray emission spectroscopy (XES) spectra of a-C films 

deposited on PTFE substrates (Fig. 3.10) show that there is essentially no difference 

between XES spectra in the films deposited in 3 – 20% N2 atmosphere. There is a 

small difference, however, in intensity at 277.5 eV between the films deposited in a 

nitrogen atmosphere and the film without. We conclude that nitrogen incorporation 

into the carbon film slightly changes the occupied 2p carbon states. Increasing the 

nitrogen atmosphere above 3% does not have any further effect on this. 
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Fig. 3.10. Kα XES spectra of a-C films deposited on PTFE substrates in increasing N2 

atmospheres (top to bottom). 

 
3.3 a-C Films Deposited on Silicon Substrates 
 

3.3.1 a-C Film Preparation 

 

Films are deposited simultaneously onto PTFE (Section 3.2.1) and silicon substrates 

under the same conditions to minimize variation between these films on different 

substrates.  

 

3.3.2 C 1s Absorption of a-C Films on Silicon Substrate 

 

The same measurement technique and analysis were applied to these samples as the 

PTFE substrate a-C films (Section 3.2.2). Measured XAS spectra of the silicon 
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substrate a-C films are shown in Fig. 3.11, and fits in Fig. 3.12 – Fig. 3.16. sp2 

bonding concentrations in these films vary from 82 to 89% ± 5% (Fig. 3.17). 
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Fig. 3.11. C 1s absorption spectra of a-C films deposited on silicon wafer substrates in 

increasing N2 atmospheres (from top to bottom). 
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Fig. 3.12. Fitted C 1s absorption spectrum of a-C film deposited on a silicon substrate in a 0% 

N2 atmosphere resulting in a 88% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 

 

285 290 295 300 305 310 315 320

0.00

0.01

0.02

0.03

0.04

In
te

n
si

ty
 [

ar
b
. 

u
n
it

s]

 Si: 3% N
2
 (82% sp

2
)

 Ionization Potential
 !*
 "*

Excitation Energy  [eV]  

Fig. 3.13. Fitted C 1s absorption spectrum of a-C film deposited on a silicon substrate in a 3% 

N2 atmosphere resulting in a 82% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 
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Fig. 3.14. Fitted C 1s absorption spectrum of a-C film deposited on a silicon substrate in a 6% 

N2 atmosphere resulting in a 84% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 
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Fig. 3.15. Fitted C 1s absorption spectrum of a-C film deposited on a silicon substrate in a 10% 

N2 atmosphere resulting in a 89% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 
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Fig. 3.16. Fitted C 1s absorption spectrum of a-C film deposited on a silicon substrate in a 20% 

N2 atmosphere resulting in a 88% ± 5% sp2 concentration. Line underneath is difference 

between experimental data and fitting curve. 

 

 

Fig. 3.17. Concentration of sp2 bonding experimentally determined for a-C films deposited on 

silicon wafer substrates. 
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The general trend of growing sp2 bonding concentration in silicon substrate a-C 

films with increasing N2 deposition atmosphere is no different than that seen in the 

PTFE substrate films. However, simultaneous deposition onto silicon and PTFE 

substrates yields distinguishable a-C films. Structure of the a-C film does depend on 

the substrate onto which it is deposited. Bonding concentrations have the same 

general trend between the two substrates, but the absolute values do differ. It 

appears that the substrate influences the structure of the 220 nm thick films at 

around 12 Å from the film’s surface. The silicon substrate more tightly constrains 

the sp2 bonding concentrations of the films; the range of sp2 concentrations of 

silicon wafer substrate films is 7%, where in PTFE substrate films the range is 19%. 

 

3.3.3 Kα XES of a-C Films on Silicon Substrates 

 

Carbon Kα (2p  1s) XES spectra of a-C films deposited on silicon substrates (Fig. 

3.18) show that there is essentially no difference in XES between the films 

deposited in 3 to 20% N2 atmosphere. The XES spectra discussed in Section 3.2.3 

are essentially identical to the spectra here, thus it can be further concluded that 

depositing a-C films on PTFE or silicon under similar conditions does not have an 

effect on the 2p occupied carbon states. 
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Fig. 3.18. Kα XES spectra of a-C films deposited on silicon substrates in varying N2 

atmospheres. 

 

3.3.4 Nitrogen Absorption of Silicon Substrate a-C Films 

 

Absorption measurements of the a-C films deposited on silicon substrates were 

taken at the N 1s  2p (CB) edge (Fig. 3.19). The N 1s absorption spectrum of the 

film deposited in 0% N2 atmosphere was disregarded since the film contains no 

nitrogen atoms and TEY measurements produced a constant absorption spectrum 

overlapped with noise, as expected. Spectral differences cannot be seen in the films 

deposited in N2 atmospheres of 6 to 20%. A measurable difference between the 3% 

and 6 to 20% films is the ratio of the intensity of the two low energy π* features. 

That ratio changes from the 3% film to the 6% film, and then remains closely the 

same above and including the 6% film. There is also a small shoulder in the 3% 

film at 403.5 eV, which is absent in the other films. It is thus concluded that the 

nitrogen atoms interact with carbon and have the same bonding configuration in the 
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films deposited in 6% and higher N2 atmospheres. Also, nitrogen atoms do not 

appear to interact with each other in the a-C films, since spectral differences would 

arise between all N 1s  2p (CB) absorption spectra of different nitrogen 

concentrations. 
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Fig. 3.19. N 1s absorption spectra of a-C films deposited on silicon substrates in various N2 

concentration atmospheres. 

 

3.4 Nanodiamond 
 

3.4.1 Varying Bias Voltage Deposition 

 

C 1s absorption measurements of nanodiamond films deposited in a 1% CH4 

atmosphere while varying bias voltage were taken (Fig. 3.20). All the sp2 

concentrations of these films are between 2 %5

%2

+

!  and 6% ± 5%. The spectra exhibit 
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the characteristic excitonic feature of diamond at 289.5 eV. Varying the bias 

voltage at the time of deposition in 1% CH4 atmosphere appears to have little effect 

on the nanodiamond structure. 
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Fig. 3.20. C 1s absorption of nanodiamond samples deposited in a 1% CH4 atmosphere with 

varying bias voltage. All sp2 concentrations are calculated to be between 2 %5

%2

+

!  and 6% ± 5%. 

 

3.4.2 0 Bias Voltage Deposition 

 

When bias voltage was held constant at 0 V, CH4 atmosphere was increased from 

1 to 100%. Absorption measurements (Fig. 3.21) show how the intensities of the 

C 1s  π* resonances change with CH4 atmosphere. The absorption intensity at 

285.5 eV increases with rising CH4 atmosphere, but then falls down below 

maximum as methane is increased to 100%. The excitonic feature is diminished 

with additional CH4 atmosphere. Calculated sp2 concentrations change as shown in 

Fig. 3.22, with a steady increase up to 50% CH4 atmosphere, followed by a decline 
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to 100% CH4. The maximum sp2 concentration achieved with a 0 V bias is 

25% ± 5% at 50% CH4, with a minimum of 3% %5

%3

+

!  at 1% CH4. 
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Fig. 3.21. C 1s absorption of nanodiamond samples deposited in varying CH4 atmospheres with 

0 V bias. 
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Fig. 3.22. Concentration of sp2 bonding experimentally determined for nanodiamond samples 

deposited in varying CH4 atmospheres with 0 V bias. 

 

3.4.3 –300 V Bias Deposition 

 

Bias voltage was then held constant at –300 V, while the CH4 atmospheric 

concentration was increased from 2 to 50%. Absorption measurements (Fig. 3.23) 

show a similar trend to the ones in Fig. 3.21, with an increase in intensity at 

285.5 eV, followed by a decrease. Calculated sp2 concentrations change as shown in 

Fig. 3.24. A maximum of 13% ± 5% sp2 concentration is achieved with a 20% CH4 

atmosphere, and minima of 6% ± 5% sp2 are at 2% and 50% CH4. 
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Fig. 3.23. C 1s absorption of nanodiamond samples deposited in varying CH4 atmospheres with 

a –300 V bias. 

 

 

Fig. 3.24. Concentration of sp2 bonding experimentally determined for nanodiamond samples 

deposited in varying CH4 atmospheres with –300 V bias. 
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SUMMARY 
 

A method is presented to analyze the structure of π* bands in the NEXAFS spectra 

of a-C and nanodiamond films to determine their sp2 bonding concentration, which 

will serve to associate their electronic structure with their physical properties, such 

as hardness, thermal conductivity, chemical stability and wear resistance. This 

method can be further expanded to include all carbon nanostructures and other 

carbon systems, provided a detailed picture of its electronic structure is available. 

This method also addresses and overcomes many of the problems in previous 

methods in determining the sp2 concentration of a carbon sample. Improvements 

over previous methods include modeling the ionization potential with an 

exponentially decaying post-edge step, extending the absorption measurement to 

340 eV for proper ionization potential fitting, and correctly identifying the π* 

features in a-C spectra. 

 

The principal chemical changes occurring when a-C films were deposited in 

increasing nitrogen atmosphere concentrations onto PTFE and silicon substrates 

consisted of an increase of sp2 bonded atoms. The sp2 concentrations of films 

deposited on PTFE substrates increased from 74 to 93% ± 5% as the nitrogen 

atmosphere during deposition increased from 0 to 20%. Films deposited on silicon 

substrates followed the same general trend. In both sets of films, the sp2 bonding 

concentration reaches a maximum level when deposited in 10% nitrogen 

atmosphere, where no further increase in sp2 bonding can be achieved with 

increased N2 atmosphere. However, the finer near-surface structure of the film is 

influenced by the substrate onto which it is deposited; the silicon substrate more 

tightly constrains the range of sp2 bonding concentrations of the films. Emission 

measurements show that there is little dependence on the substrate of the valence 
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band structure of the carbon films. However, nitrogen doping of the carbon film 

changes the occupied 2p carbon states.  The 2p states remain the same for non-zero 

amounts of doping. 

 

Nanodiamond films deposited onto treated silicon wafer substrates by hot filament 

chemical vapour deposition, with their exceptional hardness, introduce great 

potential applications. Spectroscopically, diamond and nanodiamond films are 

nearly the same. The basic difference arises in the low energy π* feature, where 

higher spectral height implies greater sp2 bonding in the film. Varying bias voltage 

during deposition of nanodiamond films in 1% CH4 atmosphere has little effect on 

their sp2 concentrations, which remained between 2 %5

%2

+

!  and 6% ± 5%. The 

atmospheric concentration of CH4 does, however, have an effect on sp2 

concentration. With bias voltage held constant at 0 V, sp2 concentrations increased 

from 3% ± 5% to a maximum of 25% ± 5% sp2 in 1 – 50% CH4, followed by a drop 

to 13% ± 5% at 100% CH4. Bias voltage was then changed to –300 V and held 

constant for a series of depositions. Calculated sp2 concentrations ranged from 6 –

 13% ± 5%, with the maximum at 20% CH4 atmosphere and minima at 1% and 50% 

CH4. 

 

We conclude that fitting and analyzing XAS spectra allows accurate and routine 

determinations of the sp2 bonding concentrations in amorphous carbon and 

nanodiamond films. 

 



57 

APPENDIX 
 

A Fitting Functions  
 

A.1 Ionization Potential Fitting Function 

 

In absorption spectra, the ionization potential (IP) appears as a step-like increase in 

absorption intensity followed by decay. It is best modeled by convolving a step 

function with a Gaussian, and, slightly above the step, applying an exponential 

decay. Here it is assumed that the intrinsic lineshape of the continuum step is quite 

narrow compared to the instrumental broadening. The natural width of the 1s core 

hole in carbon is 0.09 eV [116, 117], which is less than the instrumental resolution 

during XAS measurements. Broadening the step function with a Gaussian 

(instrumental broadening) is preferred over a Lorentzian (lifetime broadening) in 

this case. If instrumental resolution were much greater than the lifetime broadening, 

a Lorentzian would instead be convoluted with the step function. However, the 

formula used is 
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where P is the position of the inflection point of the step, H is the height of the 

function immediately above the step, ΓG is the width step (FWHM of the step, 1 eV 

is used), d is the exponential decay coefficient, and E is energy [27]. The decay 
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(d = 0.00676/eV), which matches that of the absorption cross section of solid 

carbon [19], is applied above the step to avoid distorting the shape of the step 

region. The height, H, is chosen to match the absorption intensity of the carbon 

spectrum between 320 – 340 eV, but not exceed it at any point. The inflection point, 

or IP onset, is set at approximately 289 eV for the samples measured. 

 

A.2 Gaussian Fitting Function 

 

The Gaussian fitting function is given by the formula 
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where A is the peak area, w is the FWHM of the peak and Ec is the center position. 
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B Principal Errors in Fitting Procedure 
 

B.1 Statistical Error 

 

B.1.1 Variations Due to Fitting Method 

 

Spectral fits are done according to the method outlined in this paper, but it is 

expected that an exact reproduction of a fit cannot be made every time. Nearly 

perfect overlap of the fitted function and the spectrum can be obtained even with 

small variations of the Gaussian functions from one fit to the next. Since it is 

essentially the integrated area of the Gaussians deemed π* that contribute to the sp2 

concentration of the film, the resulting sp2 concentration varies slightly from one fit 

to the next. Repeated fits of the same spectrum yield sp2 concentrations with a 3% 

standard deviation.  

 

B.1.2 Reproducibility of Spectra 

 

As discussed in Appendix B.2.3, spectra of C60 are remarkably similar when 

measured at three different beamlines at the ALS, even more so when measured at 

the same beamline. Differences may arise from instrumental broadening, which, to 

varying degrees, will widen features in the spectrum. Intensities or widths of the 

features in these different spectra do vary by small amounts, but the ratios of 

π*/total integrated intensity do not change much. Since the a-C films in this study 

have only been measured at beamline 8.0.1 of the ALS, it can be assumed that 

reproducibility will be as great as with C60. 

 

Sufficient data to quantify the error involved with spectral reproducibility are not 

available. It would be necessary to measure the same sample with the same 

experimental settings and beamline many times to be able to gauge the true 

magnitude of this effect.  
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B.2 Systematic Error 

 

B.2.1 Varying Integration Area 

 

For the method outlined in this paper, the total area integration is done from 280 –

 320 eV (40 eV window). Berger et al. [104] increased the total area integration 

window from 20 – 110 eV on their samples and found that the calculated fraction of 

sp2 bonded carbon atoms increased by 4%. In this study the energy window was 

similarly increased for a sample, and it was also found that the sp2 fraction varied 

by only a few percent. Since a 40 eV integration area window has been determined 

to exclude problems associated with a small (20 eV) area and a large (>50 eV) area, 

the associated error is negligible. 

 

B.2.2 Gold Mesh 

 

As discussed in Section 1.3.1, a transparent gold mesh is situated in front of the 

sample chamber to detect the flux of photons incident on the sample. It serves to 

negate the effects of changes in photon flux due to the storage ring and absorption 

of photons in the monochromator or other optics in the beamline. Due to carbon 

contamination, the mesh will absorb at the carbon 1s  2p edge. When measuring 

at that same edge, the absorption spectrum of the sample will be artificially high. At 

beamline 8.0.1 of the ALS, the gold mesh is frequently cleaned so that carbon 

contamination is at a minimum. But, including a measurement of C60 in the sample 

set can minimize this already small error. The effect of carbon absorption in the 

gold mesh appears in the numerator and denominator of Eqn. 3.2 and is essentially 

cancelled out. A systematic error in the incident flux is equally applied to both the 

carbon sample and reference (C60) sample, normalizing itself out. 
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B.2.3 Calibration Sample 

 

Any errors in fitting the calibration sample, C60, will affect the calculated sp2 values 

of the carbon sample in question. Since the effect of all C60 fitting errors are applied 

in the same way to all of the samples in a set, the calculated sp2 values will be 

affected by the same amount. For example, if the true, or error free, value of the 

π*/total intensity ratio of C60 is 0.09, but 0.10 was determined, then all sp2 values 

for a-C films will be 1/10th lower than their true value (excluding each of their own 

statistical errors). This error will, of course, shift all calculated sp2 values in the 

same direction by the same proportion. It will not affect the trend of a data set.  

 

To minimize this systematic error, a set of samples must be measured at the same 

time as the reference sample, C60. For example, if all the carbon absorption spectra 

taken during the same run are enhanced in the π* region, the effect will be cancelled 

out in the sp2 calculation by the same enhancement of the C60 spectrum (double 

normalization). It is easy to see that if the same C60 spectrum is used to calculate the 

sp2 concentration of films from one run of measurements to another, this error will 

not be minimized. However, calculating the π*/total intensity ratios of several C60 

spectra from three different beamlines at the ALS yield values that are very close to 

each other (0.12), which indicates that this error, even when not taken into account, 

is minimal. 

 

The same statistical error discussed in Appendix B.1.1 applies to fitting C60 as well.  

 

B.3 Total Error Derivation 

 

Table B.1 shows the determined and estimated maximum errors involved in 

determining the sp2 concentrations of carbon films. Total errors are determined by 

their quadrature sum of errors 
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where σtotal is the total error derived from the contribution of the individual errors,  

σi.  

 

Table B.1. Determined and estimated maximum errors in determining the sp2 concentrations 

of carbon films. Individual error contributions are combined in quadrature. 

Statistical Error Determined Maximum 

B.1.1 variations of fitting method 3% 3% 

B.1.2 spectral reproducibility N/A 3% 

B.2.3 calibration sample 3% 3% 

Systematic Error   

B.2.1 integration area ~0 4% 

B.2.2 gold mesh ~0 ~0 

B.2.3 calibration sample ~0 4% 

Total 4.2% 7.7% 

 

The determined total error of 4.2% (5% is used to be conservative) is based mostly 

on the variations of the fitting method, which affect both the carbon film sample 

and the reference sample, C60. Systematic errors are minimized, and estimated to be 

approximately zero. The maximum individual errors are reasonable estimates of 

their maximum error contribution. Assuming systematic errors are not minimized, 

total error in the determination of sp2 concentration is 7.7%, which can be reduced 

to 5.7% statistical and 5.2% systematic errors. Each of those systematic errors will 

affect the resulting sp2 concentrations in the same direction, such that the trends in 

those data are unaffected. 
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C Radiation Damage 
 

Studying radiation damage of samples is a research field in itself, but is worth 

mentioning here without going into great detail. Radiation damage from soft x-rays 

[118, 119] has not been studied in as much detail as from hard x-rays, high energy 

electrons and gamma radiation. Radiation damage of polymers can take several 

forms, such as loss of crystallinity, loss of mass, or chemical modification [120, 

121]. The intense synchrotron radiation appears to have caused damage to these a-C 

films (Fig. C.1 and Fig. C.2). During emission (XES) measurements, the sample is 

exposed to high flux radiation to achieve high count rates. After only minutes the 

exposed area attains visible damage. The nature of this damage has not been 

investigated. For absorption measurements the flux is lowered significantly and the 

sample is shifted to the right so that the exposed area is now to the left of the 

damaged portion (Fig. C.1 and Fig. C.2). There is no visible damage to this section 

of the film. Chemical differences between damaged and undamaged regions have 

not been investigated, but it is preferred that all absorption spectra are measured on 

regions that are undamaged before and after measurement.  

 

 

Fig. C.1. Light microscopy picture of a-C deposited on a PTFE substrate in 3% N2 atmosphere 

after exposure to synchrotron radiation (2.5x and 20x magnification). Emission measurements 

lead to the darkened vertical line; absorption measurements were made to the far left of that 

and the sample remained visibly undamaged. 
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Fig. C.2. Light microscopy picture of a-C film deposited on silicon substrate in 20% N2 

atmosphere after exposure to synchrotron radiation (2.5x magnification). Emission 

measurements lead to the discoloured (darkened) vertical section; absorption measurements 

were made to the far left of that. Handling the sample after measurements caused the two 

horizontal scratch lines. 
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D Fitted π* Peak Parameters 
 

Table D.2 includes the necessary Gaussian parameters to replicate fits of the π* 

regions in a-C films deposited on PTFE and silicon substrates. 

 

Table D.2. Fitted π* peak parameters for a-C films deposited on PTFE and silicon substrates. 

All values have an uncertainty of ±1 in their last decimal place. 

Nitrogen π* Peaks of PTFE Substrate Films π* Peaks of Si Substrate Films 

Atmosphere π* Position Height FWHM π* Position Height FWHM 

285.41 0.0175 1.993 285.42 0.0220 1.931 

287.34 0.0170 2.038 287.13 0.0194 1.834 0% 

288.57 0.0107 1.328 288.48 0.0152 1.399 

285.90 0.0174 1.943 286.64 0.022 3.026 

286.88 0.0118 0.966 286.85 0.007 0.634 3% 

288.08 0.0235 1.874 288.25 0.014 1.641 

285.92 0.0148 1.817 286.66 0.0166 3.083 

286.85 0.0104 0.840 286.83 0.0115 0.817 6% 

288.03 0.0285 2.034 288.18 0.0199 1.675 

285.98 0.0159 1.908 286.18 0.0171 1.996 

286.83 0.0108 0.828 286.86 0.0106 0.679 10% 

288.16 0.0313 2.047 288.04 0.0291 2.015 

285.91 0.0160 1.877 286.09 0.0169 1.911 

286.82 0.0094 0.671 286.86 0.0121 0.763 20% 

287.97 0.0301 2.293 288.05 0.0290 1.976 
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