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Abstract:

The effects of ion irradiation on the chemical and structural properties of ion irradiated thin films
were studied. Ion irradiation was performed using 200 keV H*, 400 keV N2*, 1 MeV Cut,
4 MeV Cu?t, and 9 MeV Cu’t ions. The irradiation targets were sol-gel derived silica-based
thin films based on TEOS/MTES ingredients coated on a (100) silicon substrate. The structure
of the films was studied by a combination of Raman spectroscopy, photoluminescence spectroscopy,
Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), elastic recoil detection
(ERD), Rutherford backscattering spectrometry (RBS), atomic force microscopy, scanning electron
microscopy, and X-ray photoelectron spectroscopy (XPS). The results indicate that irradiation with
200 keV H* and 400 keV N2 ions only causes hydrogen loss, whereas irradiation with 1 MeV Cu™,
4 MeV Cu?t, and 9 MeV Cu?* ions leads to hydrogen, oxygen, and carbon loss. A systematic
investigation of the structure of amorphous silica and free carbon clusters formed during ion irra-
diation was performed. The results indicate that there is a decrease in the Si-O-Si bond angle of
the silica phase with increasing ion energy. In addition, evidence of a transformation from tetra-
hedrally coordinated silica to octahedrally coordinated silica is observed after ion irradiation with
9 MeV Cu®t ions. It was also found that, compared to heat-treated films, the free carbon clusters
formed during ion irradiation have more defective graphitic six-fold structure. After ion irradiation
with 4 MeV Cu?t and 9 MeV Cu3? ions, the Raman spectroscopy results indicates a complete
destruction of the graphitic six-fold structure. It is also confirmed that with increasing irradiation
fluence and ion energy, there is an increase in carbon incorporation within the silica structure. The
microstructure of the films is determined as an amorphous silica matrix with isolated clusters of
amorphous carbon. The structural changes after ion irradiation, specifically, changes in the Si-O-Si
bond angle and concentration of carbon-rich tetrahedra were then used to explain the enhancement
in the elastic modulus and hardness of the ion irradiated films. The results indicate that the changes
in the Si-O-Si bond angle was the dominant mechanism for the enhancement of the elastic modulus

of the films after ion irradiation.
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Chapter 1

INTRODUCTION

1.1 Motivation for the present study

High volume and low cost production of complex optics (aspheric lenses, free-form lenses, and lens
arrays) requires the creation of wear resistant molds. These optics are manufactured by injection
molding of plastic or the hot pressing of glass. Traditionally, injection-molding molds were made
through multi-stage precision machining and grinding of steel alloys [1,2]. Diamond machining of the
molds is more efficient and economical than a multi-stage process. However, steel acts as a catalyst
for conversion of diamond to graphite and thus severe tool wear occurs during diamond machining
of steel. Other metallic materials lack the hardness and wear resistance required for optical molds
or are difficult to process.

Sol-gel derived organic-inorganic coatings are a suitable alternative for fabrication of the molds.
The incorporation of organic materials into an inorganic system allows for workability in the green
state followed by hardness and wear resistance after a conversion process. The main advantage of
the organic-inorganic films in comparison to pure inorganic films is in their high critical thickness.
Critical thickness is defined as the maximum crack-free film thickness that can be obtained after
solvent removal [3]. For pure inorganic films (e.g., sol-gel derived ZrO, films), the critical thickness
was found to be a few hundred nanometers [4], whereas a critical thickness of up to 5 pm can be
achieved in organic-inorganic films [5]. Also, multi-layer coatings were found to create crack-free
coatings of 18 pum [6]. Figure 1.1 shows the macroscopic and scanning electron microscopy (SEM)
images of successful diamond machining of sol-gel derived organic-inorganic coatings.

Both ion irradiation and heat treatment have been used to convert the organic-inorganic coatings

into their final inorganic phase. The conversion process is necessary to increase the hardness of the



Figure 1.1: a) Diamond turning of a sol-gel coated steel mold b) steel mold with a micro-

machined sol-gel derived coating ¢) SEM image of the micro-machined coated surface [2].

coating. Ion irradiation has many advantages over heat treatment. During heat treatment both
carbon and hydrogen loss are observed, while ion irradiation leads to selective release of hydrogen
and maintains the carbon within the films. The presence of carbon opens the door for the creation
of many novel secondary phases in the films. Also, the hardness of the thin films is enhanced if ion
irradiation is used instead of heat treatment [7]. In addition, tailoring the mechanical properties of
the films using ion irradiation is possible. These advantages make ion irradiation more favorable

than heat treatment in the conversion of sol-gel derived films.

1.2 Objectives

In 2001, the Transregional Collaborative Research Center SFB/TR4 entitled ”‘Process Chains for

9

the Replication of Complex Optical Components”’” was started as a collaborative project between
Oklahoma State University, University of Bremen and RWTH Aachen University. The goal of
this project was to improve the accuracy of replicated complex optics. The goal of the current
project is to further investigate the fundamental chemical and microstructural nature and evolution
of ion irradiated sol-gel derived thin films. The results will be useful for investigating possible
new applications for the films and enhance performance for the current application. While the
microstructure and mechanical properties of heat treated films have been studied extensively, there
is little insight into ion irradiated sol-gel derived thin films. One major shortcoming in previous

studies on sol-gel derived ion irradiated films is the assumption that the phases formed during ion

irradiation and heat treatment are identical and the effects of ion irradiation is limited to changes



in the chemical composition of the films; whereas there exists empirical evidence that the nature of
the phases formed during ion irradiation and heat treatment are different. This study aims to study
the effects of ion irradiation on both the chemical composition of the films, as well as changes in the
structure of individual phases formed during ion irradiation.

In order to achieve these goals, a variety of analytical techniques including scanning electron
microscopy (SEM), atomic force microscopy (AFM), Raman spectroscopy, Fourier transform in-
frared (FT-IR) spectroscopy, Photoluminescence (PL) spectroscopy, X-ray diffraction (XRD), elastic
recoil detection (ERD), Rutherford backscattering spectrometry (RBS), and X-Ray Photoelectron
Spectroscopy (XPS) were utilized to study the chemical, microstructural, and mechanical proper-
ties of the films. It is expected that the combination of these techniques helps to understand the
microstructure of the films after ion irradiation which is necessary for further improvement of the
mechanical properties of the films. It is also essential for identifying other potential applications of

the ion irradiated films.



Chapter 2

BACKGROUND

2.1 Silica-based sol-gel thin films

The main focus of the present study is to investigate the microstructure and chemical properties of
ion irradiated sol-gel derived silica-based thin films and the effect of microstructure on the mechanical
properties of the films. One example of the application of these films, mold coating, requires wear
resistance. Even though steel possesses the necessary hardness, diamond turning of steel is not
economical because of tool wear. Other metallic compounds do not have the hardness required for
this application. The hardness of ceramic coatings, including sol-gel derived ZrOs is suitable for this
application [8]. However, the critical film thickness of ceramic materials, the maximum achievable
crack-free thickness after solvent removal, is only a few hundred nanometers [4]. The proposed
solution to this problem is utilization of a hybrid organic-inorganic thin film that is machinable in
the green state, and can later be converted to a hard ceramic coating by either heat-treatment or
ion irradiation.

Sol-gel derived silica-based thin films obtained from tetraethylorthosilicate (TEOS) and methyl-
triethoxysilane (MTES) have the required properties to be used for this application and successful
diamond-machining of these films has been reported [3]. These films have a critical thickness of
5 um and, using multiple layers, a critical thickness of 18 um is also achievable [6].

TEOS/MTES sol-gel films convert to an amorphous silicon oxycarbide (SiOC) thin film after a
conversion process. SiOC materials have been extensively investigated before due to their mechani-

cal, electrical [9], optical [10], and chemical [11] properties.



2.2 Polymer-derived SiOC ceramic materials

Polymer-derived ceramics (PDCs) were first developed for the synthesis of non-oxide ceramics from
polymeric materials [12], and since have been largely developed for applications such as synthesis of
silicon carbide fibers, ceramic-matrix composites, porous components, coatings, MEMS devices, and
optoelectronic devices [13]. PDC films and components provide many unique properties. Tailoring
chemical, mechanical, and optical properties of the final ceramic state is possible by introducing
various organic components [14]. It is also possible to synthesize a range of secondary nanoscale
phases in the ceramic matrix to improve the functionality of the system [15]. Currently, the synthesis
of many ternary composites like SiC-SiO2-C and SiC-SizN4-C can only be achieved in PDCs [13].

The successful synthesis of various PDCs depends on the starting materials. If films are converted
by heat-treatment, strong bonding of carbon and silicon is necessary to maintain carbon within the
films during pyrolysis by preventing carbon release as hydrocarbon molecules. As mentioned in
Chapter 1, the current study requires films with improved critical thickness and so the selection of
the starting materials was based upon achieving thicker crack-free films. A mixture of TEOS and
MTES has been shown to achieve a critical thickness of 18 pym. The molecular structures of TEOS
and MTES are presented in Fig 2.1. During heat-treatment of pure TEOS, ethyl groups (C2Hs)
are released at about 250 °C, leaving behind an Si-O-Si network in the form of an amorphous silica
phase [16]. In MTES, a methyl group (CHgs) replaces one of the oxygen-ethyl groups of the TEOS
structure. However, the Si-C bonds do not break until 500 °C [17]. So the decomposition of a mixture
of TEOS/MTES occurs over a range of temperatures. The gradual decomposition of TEOS/MTES
is the key factor in increasing the critical thickness of the prepared films. Since the decomposition
is gradual, the induced stress from volumetric shrinkage is also applied gradually, and thus thicker
crack-free films are achievable. Even though this leads to a film with high critical thickness, most
of the carbon is lost during the conversion of TEOS/MTES into the final ceramic form.

The films are usually produced using a sol-gel method which is based on hydrolysis and con-
densation of a metallic alkoxide. Alkoxides are metalorganic components with the general formula
of Met(OR),,, where Met is the metal (e.g., silicon) and OR is the alkoxy group (e.g., R= CHg,
CH,CHs, etc.). Initially, pyrolysis occurs and silanol (Si-OH) replaces the OR group. The next step
is gelation during which silicon and oxygen form a network. During thin film deposition, gelation
and solvent removal occur simultaneously. The resulting wet gel is then dried to form a porous
xerogel, which can in turn be converted to a ceramic using heat-treatment or ion irradiation.

After decomposition through heat-treatment or ion irradiation, assuming that some carbon is
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Figure 2.1: The molecular structure of a) TEOS and b) MTES.

left within the films, the thin films consist of silicon oxycarbide (SiOC). The silicon oxycarbide, or
black glass, is defined as a chemical structure where silicon is simultaneously bonded to oxygen and

carbon [18].

2.3 Ion irradiation of polymers

Ton irradiation is used for many processes including synthesis, surface modification, doping, and
conversion. Ion beam modification of polymers has found many applications including cross-linking,
polymerization of monomers, synthesis of inorganic compounds, and modification of electronic
states [19]. Conversion of organic films to a final ceramic state using ion irradiation has been
previously studied. Many authors have used ion irradiation to convert different kinds of polymers
into their ceramic state. Specifically, the conversion of polymers into silicon oxycarbide materials
using ion irradiation has been shown to increase the hardness and thermal stability of the final
films [20]. Heat-treatment of MTES and TEOS causes the release of both hydrogen and carbon,
leading to limited carbon content after heat-treatment [21]. One of the main advantages of ion beam
conversion of polymers into ceramics is the selective release of hydrogen from the films [22,23] and
therefore, ion irradiation preserves the carbon in the films. The presence of excess carbon in the final

material is crucial for the formation of silicon carbide and carbon nanoparticles. Kurmaev et al. [24]



converted phenyltriethoxysilane (PTES) into SiOC films by irradiating the films with gold or car-
bon ions, followed by a heat-treatment at 1000 °C. It was shown that although ion irradiation fully
converted the films into a ceramic state, heat-treatment was necessary for the formation of sp? hy-
bridized carbon clusters in the films. However, others [22,23] have provided results on the formation
of carbon clusters in polymer derived films using only ion irradiation. The formation of diamond-
like carbon clusters by ion irradiation of a combination of polysiloxanes and polycarbosilanes has
also been claimed before [22]. Ion irradiation followed by heat-treatment has also been investigated
and it was found that subsequent heat-treatment at 1000°C reduced the amount of sp? bonded
carbon [25]. The nature of the formed carbon during ion irradiation varies depending on irradiation

conditions and the starting polymeric materials.

2.4 Microstructure of SiOC ceramics

The final microstructure of polymer-derived ceramics after the decomposition of the starting organic
materials depends on a variety of parameters including decomposition method (e.g., heat-treatment
or ion irradiation), starting organic materials, and any subsequent treatment. However, the main
phases that might be present after conversion are free carbon, amorphous silica, silicon carbide, and
silicon. The presence of other phases like silicon nitride has also been observed for SiICN polymer
derived ceramics [26].

The difficulty in studying the microstructure of this class of materials is the small size (<10 nm) of
constituent phases, known as nanodomains. The green films usually have a random, glassy structure,
as confirmed by TEM, Raman spectroscopy, and XRD [27]. Subsequent heat-treatment of the green
films leads to phase separation and formation of nanodomains. The presence of nanodomains has
been confirmed by TEM [28], small-angle x-ray scattering (SAXS) [29], and neutron scattering [30].
The microstructure of ion irradiated films was found to be heterogeneous, as evidence of free carbon
domains was observed by Raman spectroscopy of the irradiated films [25]. The small size of the
nanodomains and their amorphous nature renders many conventional characterization techniques
unsuitable for studying the microstructure of SiOC films.

The effect of composition on the final phases present in the microstructure of heat-treated spec-
imens has been extensively investigated [12,13,15,29,31] and a summary of the results is presented
in Fig. 2.2. It should be noted that this figure does not present an actual ternary phase diagram,
as it does not show the changes in the phase composition in different temperatures, and is merely

designed for better understanding of the effect of composition on the microstructure. Since the



triangle relies upon limited concentration of broken bonds and vacancies in the constituent phases,
it is valid only for heat-treated specimens. Each of these phases will be further discussed in the
following sections. The predicted phases in Fig 2.2 indicate the phases formed after full thermal
decomposition and phase separation and does not take into account the possible effects of chemical
reactions. For example, a SiOC material with the chemical composition of SiOg 5Cs.5 (10% Si, 65%
0, 25% C) is located in the C-O-SiOs triangle and thus the final composition of such materials

system will only include amorphous silica and carbon.

0

C100

100
Si/ ’ 7 7 V4
0 33 66 99
SiO,
Atomic % Oxygen

Figure 2.2: Schematic of final phases in the microstructure of heat-treated SiOC mate-

rials [12,13,15,29, 31].



2.4.1 Carbon

It has been reported that if the chemical composition of the heat-treated SiIOC films has excess carbon
(more carbon than the amount required for the saturation of the silicon valences), the conversion
process leads to the formation of free carbon in the films [13]. Many studies have confirmed the
formation of free carbon, using either Raman spectroscopy or TEM [32]. It has been reported
that excess carbon is dispersed homogeneously at low temperatures (as a solid-solution), but as the
heat-treatment temperature increases, the carbon distribution becomes more inhomogeneous [33].
Figure 2.3 shows HRTEM images of homogeneous and inhomogenous carbon distribution in SiOC
ceramics [34]. Other than TEM, Raman spectroscopy is an important tool for characterization of
free carbon in the films [35]. It is possible to use Raman spectroscopy to analyze the nature of
carbon bonding and hybridization of sp? and sp® bonds. A model for quantitative Raman analysis

of free carbon concentration has also been developed for polymer-derived SiCN ceramics [36].

1450 °C

Figure 2.3: Homogeneous and inhomogeneous distribution of carbon in an SiOC matrix
after heat-treatment at different temperatures, as observed by HRTEM [34]. Carbon

clusters are indicated by a circle.

Formation of free carbon clusters in ion irradiated films is a result of a different synthesis mech-
anism. Ion irradiation breaks the C-H bonds. Then, hydrogen is released from the irradiated film
as Hy gas, leaving carbon behind [37]. Subsequently, carbon either bonds with other carbon atoms
to form free carbon or bonds with silicon and enters the silica network. As a result, there would be
no homogenous dispersion of carbon in the ion irradiated films after decomposition.

Raman spectroscopy is a powerful tool for studying carbon materials, especially disordered and



amorphous carbon [35,38-40]. The Raman spectra of graphite consists of two distinct D and G
modes. The G mode is the Ep; mode, originated from in-plane vibrations. The D mode is the
disorder-induced mode, resulting from selection rule relaxation and is related to A, symmetry. D
mode is forbidden in perfect graphite and its presence is an indication of defects in the six-fold
structure of graphite. However, D mode intensity is strictly connected to the presence of six-fold
graphitic structure, whereas the G mode is due to in-plane motions and can occur even in chains [35].
Crystalline diamond has a single Raman mode, Ta, at 1332 cm™!. However, the Raman spectra of
amorphous and disordered carbon, with a mixture of sp? and sp® bonded carbon, is dominated by
the D and G modes.

A widely accepted model based on the spectral center of the G mode and the intensity ratio of
the D and G modes has been used to identify the nature of amorphous carbon [35]. A schematic
of the model is presented in Fig. 2.4. Ordered graphite (e.g., an infinite sheet of stacked graphene)

has no D mode and its G mode is centered at 1582 cm™!.

However, the Raman spectra changes
depending on the clustering of the sp? phase, bond disorder, and sp?/sp® concentration ratio.

As graphene transforms to nanocrystalline graphite, there is an increase in the G mode spectral
center from 1582 cm ™! to 1600 cm ™! and the intensity of the D mode increases as well. The increase
in the G mode spectral center is related to the development of a new defect-induced mode, D’ at

" is not distinguishable from G mode and their

1620 cm ™! due to selection rules relaxation [41]. D
combined mode is located at a higher spectral center than G mode. The increase in G mode spectra
center and D mode intensity are observed by transitioning from graphene to nanocrystalline graphite
with cluster size of 20 A. If more damage is introduced into the nanocrystalline graphite, the G mode
shifts to lower wavenumbers and the intensity of the D mode also decreases. The decrease in the
spectral center is related to the softening of the vibrational density of states (VDOS) as a result of
bond-bending and a change in bond angle [42]. Also, the destruction of graphitic six-fold rings causes
a decrease in the D mode intensity. At this stage, there is a possibility that a limited concentration
of sp? bonded carbon is also present. Finally, if the sp® content of amorphous carbon is increased, an
increase in the spectral center of the G mode and disappearance of the D mode is expected. When
a limited concentration of sp? bonded carbon is embedded within a sp? matrix, it tends to form

olefinic groups instead of graphitic six-fold rings which explains both the increase in the G mode

center as well as the disappearance of the D mode.
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Figure 2.4: The variation of G mode spectral center and I(D)/I(G) intensity ratios with
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2.4.2 Amorphous silica

Amorphous silica is the major phase in an SiIOC system. It forms in the early stages of the sol-gel
process, as gelation begins. Unlike silicon carbide, silicon, or free carbon, amorphous silica is always
observed in an SiOC material system. Although amorphous silica crystallizes into a-cristobalite at
around 1200 °C, it has been reported that silica in SIOC specimens derived from heat-treatment
remains amorphous even at temperatures as high as 1800 °C [13]. Many authors have utilized the
resistance of silica to crystallization to propose microstructural models for SIOC ceramics, as will be
discussed in Section 2.4.5. Silicon oxycarbide glasses are defined as chemical compounds that silicon
is bonded to both carbon and oxygen. Thus, it is expected that a portion of carbon is incorporated
within the amorphous silica network.

At ambient pressures, amorphous silica, the noncrystalline polymorph of SiOs, consists of SiO4
tetrahedra units, similar to crystalline silica. Each silicon atom is bonded to four oxygen atoms
(thus building the SiO4 tetrahedra unit) and each oxygen atom is bound to two silicon atoms.
These tetrahedra are the result of four sp® orbitals of silicon and two 2p orbitals of oxygen atoms
making bonding [43]. The structure of silica is built from the arrangement of these tetrahedra. Each
two adjacent tetrahedra share only one corner (i.e., an oxygen atom). But all the corners of the
tetrahedra are shared. Figure 2.5 shows the structure of silica both in crystalline and amorphous
form. In both quartz and a-cristobalite, the tetrahedra are usually formed in six-member rings. A
variety of ring sizes might be present in amorphous silica, but the average ring of fused silica is made
of six tetrahedra. The tetrahedra in SiOC are in the form of SiO,C,, where one or more oxygen
atoms are replaced with carbon.

One major defining feature of amorphous silica is the bond angle of the Si-O-Si bond. This bond
angle is between the oxygen atom that bridges two adjacent tetrahedra and the silicon atoms from
the adjacent tetrahedra, and is shown schematically in Fig. 2.6 (a). It has been previously shown
that fused silica has a wide distribution of bond angles ranging from 120° to 180°, with an average
of 144° [44]. Figure 2.6 (b) and (c) show the measured and calculated distributions of the bond
angle of Si-O-Si bond in fused silica. A number of analytical techniques are capable of measuring the
bond angle of amorphous silica, including radial distribution function analysis of XRD pattern [45],
FT-IR spectroscopy [46,47], and nuclear magnetic resonance (NMR) spectroscopy [48]. In the case
of FT-IR spectroscopy, the spectral center of the Si-O-Si related transverse optical (TO) mode is
sensitive to the angle of the Si-O-Si bonds.

Figure 2.6 (d) shows the vibrational modes of the Si-O-Si bond. The TO mode originates from

12



Figure 2.5: a) Three-dimensional and b) two-dimensional schematic representation of
crystalline silica and c¢) three-dimensional and d) two-dimensional schematic representa-

tion of amorphous silica [43].

assymetrical stretching of the oxygen atom. Previous studies have shown the following relationship

between the bond angle (6) and the spectral center of the TO mode (w) [46,47,51,52]:

w = a[2(asin?®0/2 + B cos? 0/2) /m]'/? (2.1)

where m is the mass of the central atom (i.e., oxygen) with the value of 16 amu (2.657x10726 kg), a is
a constant (5.305x10712), and a and 3 are the central and non-central force constants, respectively.
For small bond angles (< 150°), the values of o and § are reported as 582 and 264, respectively [51].

A more simplified relationship between the bond angle and TO spectral center is proposed as:
w = wosin(6/2) (2.2)

where wy is a constant with a value of 1134 cm™! [53].

The bond angle and the tetrahedra ring size are related, and a decrease in the bond angle of
Si-O-Si decreases the tetrahedra ring size in amorphous silica [51].

The Si-O-Si bond angle has an impact on the mechanical properties of amorphous silica. Under

loading, amorphous silica behaves as a perfectly elastic materials with little plastic deformation. It
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has been reported that amorphous silica exhibits nonlinear behavior in the elastic region, where an
increase in compaction (i.e., a decrease in bond angle) leads to an increase in the elastic modulus
of amorphous silica [50]. This nonlinear (non-Hookean) behavior has been explained previously
by Mallinder and Proctor [54] by describing the behavior of amorphous silica as a function of free
volume. The presence of free volume in the microstructure of amorphous silica leads to an alternative
method of deformation, presented in Fig. 2.6 (e), similar to a pantograph. In this process, elastic
deformation is achieved by a small distortion of bond angle, rather than by a change in bond
length. This alternative deformation mechanism requires smaller forces than changing the bond
length [50,54]. With a decrease in bond angle, the alternative deformation mechanism becomes
more difficult and a larger portion of stress is applied to deformation through changing the bond
length. This leads to an increase in elastic modulus. Many authors have confirmed the changes in
elastic modulus of amorphous silica by changing the bond angle [44,55]. The increase in the elastic
modulus of amorphous silica, as a result of a decrease in Si-O-Si bond angle, has been observed
previously in silica films exposed to ion irradiation [56] or pressure [57]. The effect of changes in the
bond angle on the mechanical properties of silica has also been observed in self-assembled nanoporous
silica as a function of assembly process as well [58]. This nonlinear behavior has also been observed

in other materials with high free volume including carbon fibers [59] and bulk metallic glasses [50].
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Figure 2.6: a) Schematic representation of the Si-O-Si bond angle (5p) [49], b) distribu-
tion of the Si-O-Si bond angle as measured by XRD [44], ¢) calculated distribution of the
Si-O-Si bond angle [44], d) vibrational modes of the Si-O-Si bond [47], and e) pantograph

mechanism of deformation in amorphous silica [50].
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Although at ambient pressure, the structure of silica is made from tetrahedrally bonded silicon
atoms to oxygen, at high pressure silica undergoes a phase transformation from tetrahedral to
octahedral coordination [60]. The high pressure phase of silica is called stishovite and has a rutile
structure. As a result of a higher coordination number, stishovite is more dense than fused silica
(4.3 versus 2.2 g/cm? [61]). In addition, stishovite is one of the stiffest known materials with an

elastic modulus of 400 GPa [62]. The crystal structure of stishovite is presented in Fig. 2.7.

Figure 2.7: Crystal structure of the stishovite polymorph of silica. The figure is redrawn

from [60]. White circles represent oxygen atoms and grey circles are silicon atoms.

2.4.3 Silicon carbide

Considering the presence of both silicon and carbon within SiOC systems, the synthesis of silicon
carbide within SiOC is possible. In fact, the successful synthesis of silicon carbide within a SiOC
matrix has been previously reported [28,31,63,64]. Many of the silicon-containing components,
including MTES, TEOS, or a combination of the two have been used for synthesis of both silicon
carbide and SiOC [65, 66].

The synthesis of silicon carbide in SiOC is achieved by heat-treatment at temperatures rang-
ing from 1000°C to 1550°C, depending on the starting materials. For a combination of TEOS
and MTES, along with additional starting materials acting as a carbon source, silicon carbide was
synthesized above 1300°C [65].

The synthesis of silicon carbide within an SiOC matrix is a result of the following reaction [31]:
Si02(amorphous) + 3C(graphite) — SiC(B) + 2CO(gas), T > 1400 °C. (2.3)

If SiOC has been prepared through heat-treatment, silicon carbide also forms in a process known

as phase separation. The microstructure of heat-treatment derived SiOC ceramics at low temper-
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atures consists of a random distribution of silicon, oxygen, and carbon atoms. Nevertheless, if
the concentration of carbon is large enough, heat-treatment at 1200 °C or above leads to a phase
separation of the amorphous network into silica, carbon, and silicon carbide. However, due to
the heterogeneous microstructure of the ion irradiated specimens, phase separation is not expected
within the irradiated films and chemical reaction would be the only path toward the synthesis of

silicon carbide.

2.4.4 Silicon

The synthesis of silicon within SiOC has been reported previously. For materials rich in silicon, i.e.,
those located within the SiO2-Si-SiC triangle in Fig 2.2, it is possible to synthesize silicon nanopar-
ticles. The formation of Si/SiOs composites has also been reported [67]. It has been shown that
compared to other techniques such as sputtering, sol-gel derived ceramics contain silicon nanocrys-
tals with a narrow distribution of particle size [15]. Considering the well-known size dependence of
the properties of silicon quantum dots, sol-gel synthesis of SiO2/Si composites has the advantage of

controlled particle size over other techniques.

2.4.5 Microstructural configuration of polymer-derived ceramics

There are two major competing structural models for heat-treated SiOC ceramics. As the hetero-
geneity of SIOC ceramics occurs at the nanometric and even molecular level, direct observation of the
structural configuration of SiIOC ceramics is challenging. However, based on indirect techniques and
the properties of the SIOC ceramics two models have been proposed for their microstructural con-
figuration. Both of the models are for SIOC materials containing amorphous silica and free carbon
nanodomains. One model involves carbon clusters within an amorphous silica matrix and the other
model is an interconnected carbon network with silica domains filling the empty spaces. The two
models are presented in Fig. 2.8. The first model is based upon the thermodynamic stability of SIOC
materials and their resistance to crystallization, creep resistance, and small-angle x-ray scattering
(SAXS) results [29,31]. The small angle x-ray scattering results suggested that the microstructure
of the SiOC specimens consisted of 1-5 nm nanodomains. Based on the small size of the domains
and the creep and crystallization behavior, it was suggested that the microstructure of the SiOC
materials is an interconnected network of carbon with silica filling the voids. This model is successful
in explaining the resistance to both crystallization and creep, because the carbon network acts as a

barrier for the diffusion of silicon and oxygen atoms and thus suppresses any creep or crystallization
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and leads to thermodynamic stability [29,31].
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Figure 2.8: Two proposed microstructural configurations for polymer-derived SiOC ma-

terials a) isolated carbon clusters within an amorphous silica matrix and b) an intercon-

nected carbon network with silica filling the voids [29].

The second model is based upon two-dimensional correlation NMR spectroscopy and NMR spin-
lattice relaxation results [68,69]. An example of two-dimensional correlation NMR spectroscopy
results for SiIOC ceramics is shown in Fig. 2.9. Four lines in the X and Y directions indicate the
NMR peaks from four different tetrahedra. The figure shows the concentration of different tetrahe-
dra along the diagonal. It also shows the prevalence of cross-peaks (number of connections between
different tetrahedra), indicated by a blue symbol at the intersection of their peak lines. A variety of
cross-peaks that correspond to connections between different SiO,C, tetrahedra were observed. The
cross peaks between SiO4-SiO3C and SiO4-SiO2C, indicate connectivity between these tetrahedra
units through Si-O-Si linkages. There is no cross-peak between SiC4 and SiO4. The cross-peak be-
tween S5iC4 and SiO3C indicates that free carbon is connected to the SiOy network through SiO,C,
tetraherdas. In addition, NMR spin-lattice relaxation studies of the spatial distribution of the tetra-
hedra units suggests an inhomogeneous distribution of these units and their porous nature. Based
on NMR spin-lattice relaxation results and two-dimensional correlation NMR spectroscopy results,
it appears that an interconnected network of graphene seems unlikely. Instead a porous structure
of amorphous silica with individual carbon islands filling the porosities, described as ”Swiss cheese”
structure, is more plausible [68,69]. According to this model, the carbon clusters are connected to

the silica matrix through SiO,C, tetrahedra.
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Figure 2.9: Contour plot of the 2°Si two-dimensional correlation NMR spectrum of a

polysiloxane-derived SiOC PDC of composition SiO; 5Cq s pyrolyzed at 1100 °C [69].

2.5 Possible effects of irradiation on polymer-derived ceram-
ics
2.5.1 Crystallization

As previously mentioned, SiOC ceramics are resistant to crystallization and depending on the chem-
ical composition and the processing method, crystallization may not occur even at temperatures
as high as 1800°C [70]. However, ion irradiation may alter this. The resistance to crystalliza-
tion has been attributed to either the microstructural configuration of SiOC ceramics [29] or mixed
bond tetrahedra (SiOy4, SiO5C, SiO2Cs, SiOCs, SiCy) at the interface of the amorphous carbon and
silica [69]. The possible effect of microstructural configuration on crystallization is related to the
difficulty of silicon and oxygen atoms to diffuse through a carbon network. On the other hand,
the presence of mixed bonds at the interfaces, as observed by NMR spectroscopy [68, 69, 71], also
explains the resistance to crystallization. These mixed bonds are present in every SiOC material.
Due to the difference in the length of Si-O and Si-C bonds, organizing the two bonds in a periodic

crystalline structure is thermodynamically and kinetically difficult [68,69,71]. However, ion irradia-
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tion might alter the resistance to crystallization. Generally, induced damage during ion irradiation
leads to amorphization, but it also aids in crystallization if it is accompanied by a subsequent heat-
treatment. The disorder caused by irradiation plays a vital role in recrystallization. Bond disorder
in amorphous materials leads to higher diffusion rates and it also increases the structural flexibility
(the level of broken bonds, vacancies and lattic disorder) [72]. Irradiation induced crystallization
has been reported for amorphous silicon [72] and silicon carbide [73]. In addition to temperature
activated crystallization, athermal crystallization, due to electronic excitation during ion irradia-
tion, is also possible [74]. Ion irradiated SiOC ceramics may have a structure that is different from
heat-treated ceramics and so may be prone to crystallization. Induced bond disorder during ion
irradiation may create thermodynamical drive for the crystallization process as well.

The resistance of sputtering derived SiOC ceramics to irradiation-induced crystallization was
studied and it was found that even after elevated temperature ion irradiation, no sign of crystalline
phases was observed by TEM or XRD [75-77]. It should be noted that these SiIOC films were derived

from sputtering and the behavior of sol-gel derived films might be different.

2.5.2 Synthesis of silicon carbide nanoparticles

Ton beam synthesis of silicon carbide nanoparticles is a common process. Many studies have focused
on the synthesis of silicon carbide in a SiO matrix by carbon ion implantation [78], silicon carbide in
silicon by carbon ion implantation [79], and silicon carbide in diamond by silicon ion implantation [80,
81]. But ion implantation may not be the best approach for the synthesis of nanoparticles in hybrid
films, because it leads to an incomplete decomposition of the starting films [21]. In addition, both
silicon and carbon are already present in the films and there is no need to implant additional atoms.

Ton irradiation has been performed on sol-gel derived thin films to synthesize silicon carbide
nanoparticles [25,82]. But the studies were performed on carbon rich polymers like hydridopoly-
carbosilane (HPCS) [25] and polycarbosilane (PCS) [82] that decompose to silicon carbide after
thermal decomposition. In addition, the presence of silicon carbide in carbon doped SiOs films after
irradiation with swift heavy ions has also been observed [83,84]. The synthesis of silicon carbide
in TEOS/MTES derived films tends to be more challenging, because TEOS/MTES derived films
usually contain lower levels of carbon and weaker silicon carbon bonds compared to HPCS and PCS,
as evident from complete carbon loss in TEOS/MTES derived ceramics after heat-treatment. The
final product of the thermal decomposition of TEOS and MTES is only silica with no residual car-

bon. Also, conventional ion irradiation, in contrast to swift heavy ion irradiation, deposits smaller
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amounts of energy and may not lead to synthesis of silicon carbide particles.

2.6 Possible substrate-film reactions during heat-treatment

It has been previously reported that elevated temperature (>1200°C) heat-treatment of sol-gel
derived SiOC thin films on silicon substrates leads to the formation of voids in the films and large
surface defects [85]. This has been attributed to the reaction of silicon with the films. An example
of such defects is shown in Fig. 2.10. As a result, elevated temperature heat-treatment should be
performed on films coated on substrates other than silicon. Fused silica substrates are an ideal
material, because their structure is similar to those of sol-gel derived thin films and no chemical

reaction between the silica substrate and the films is expected.
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Figure 2.10: Formation of large surface defects in sol-gel derived SiOC thin films on a

silicon substrate after heat-treatment at 1200°C [85].

2.7 Summary of previous studies on ion irradiation of sol-gel

derived thin films

This section summarizes the previous studies on the same subject that has been performed at
Oklahoma State University. The first study on ion irradiation of sol-gel derived thin films was
that by Ghisleni [21]. The work explored ion irradiation conditions where the ion range was both

larger and smaller than the film thickness. Results indicated that, as expected, hardness was not
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uniform throughout the film thickness in the partially converted films. The work on fully converted
films focused on irradiation with 125 keV HT and 200 keV N2+ ions. The hardness and elastic
modulus values obtained were noticeably higher than for heat-treated films. Possible explanations
for the increase in hardness, including the development of amorphous silica network and formation
of carbon clusters were proposed. The possible effect of the development of an amorphous silica
structure was investigated by performing an additional heat-treatment after ion irradiation which
led to further decomposition of the starting organic materials and a 30% decrease in film thickness.
However, the hardness of a film irradiated with 125 keV HT at a fluence of 5x10'6 decreased from 3.4
GPa to 0.8 GPa after heat-treatment at 800°C. This seems to indicate that the mere development
of silica network as the dominant hardening mechanism is unlikely.

In addition, the possible effect of free carbon clusters as the microstructural feature responsible
for the observed increase in the hardness, as suggested previously by others [82,86] was also examined.
In order to study the effect of free carbon clusters on the mechanical properties of the irradiated
films, ion irradiation was performed on films pre-heat-treated at 300°C and 800°C. The film that
was heat-treated at 800°C had minimal carbon content. However, both films exhibited the same
hardness values after ion irradiation, suggesting that the effect of free carbon clusters on the final
hardness of the films was negligible for the films irradiated with N2t ions. A summary of the
hardness results is presented in Fig. 2.11 The study was inconclusive on the origin of the hardness
increase after ion irradiation.

In another study performed at Oklahoma State University, Prenzel [87] focused on two sets
of sol-gel derived films, acid- and base-catalyzed films converted by both ion irradiation and heat-
treatment. The results indicated that even though the hardness values of heat-treated base-catalyzed
films were higher than heat-treated acid-catalyzed films, ion irradiation led to higher hardness in
acid-catalyzed films. The study mainly focused on base-catalyzed films and specifically, the sodium
containing phases that were formed. However, some preliminary studies on the ion irradiated acid-
catalyzed films were performed as well.

As a result of these studies, the current study focused on investigating ion irradiation of acid-
catalyzed films, which previously had resulted in higher hardness. The ion irradiation conditions
were designed such that the entire thickness of the films would be subjected to ion irradiation.
Ion irradiation experiments were performed using HY and N2t ions , but with higher energies.
Additional ion irradiation experiments with heavier and higher energy Cut, Cu?*, and Cu3* ions

were also performed on the films.
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Figure 2.11: Effect of 250 keV N27 ion irradiation on the hardness of sol-gel films pre-

heat-treated at 300°C and 800°C. The full symbols represent the specimens preheated

at 300°C and the empty symbols represent the specimens pre-heat-treated at 800°C [21].
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Chapter 3

EXPERIMENTAL APPROACH

3.1 Thin film synthesis, deposition, and heat-treatment

Sol-gel derived TEOS/MTES films were prepared using either sodium hydroxide or acetic acid as
a catalyst. The chemical composition of the prepared sols is presented in Table 3.1. The synthesis

was performed at the Stiftung Institut fiir Werkstofftechnik (IWT) in Bremen, Germany.

Table 3.1: The chemical composition of acid- and base-catalyzed sols.

TEOS MTES CH3COOH | NaOH | H,0 PVP CyH;0H
(mol) | (mol) | (mol) (mol) | (mol) | (mol) | (mol)
Acid- 0.4 0.6 1 — 1 0.25 7.5
Catalyzed
Base- 0.4 0.6 — 0.96 5.66 — 1
Catalyzed

For the synthesis of acid-catalyzed sols, ethanol, distilled water and acetic acid were stirred in
a beaker. While the solution was stirred, TEOS and MTES were added. In the next step, PVP
was added drop by drop to the solution and the beaker was covered to prevent the evaporation of
ethanol. The temperature of the mixture was raised to 50 °C and was kept constant for 30 min.
The sol was stored for one day at room temperature in an argon atmosphere before deposition. A
schematic of the process is presented in Fig 3.1(a) [87].
The base-catalyzed sols were prepared by dissolving NaOH in a mixture of TEOS and MTES. The

solution was kept for 24 h under an argon atmosphere in a three-neck round bottom flask. Then
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a mixture of water and ethanol was added drop by drop to the solution. The temperature of the
mixture was kept constant at 35°C. A schematic of the process is shown in Fig 3.1(b). Similar to the
acid-catalyzed sol, the base-catalyzed sol was stored in an argon atmosphere at room temperature

for one day before deposition.

il 3. Ethanol, H;O

1. Water, Acetic Acid, Ethanol
_ 1. MTES, TEOS

2.TEOS, MTES 2. NaOH

Figure 3.1: Preparation of a) acid-catalyzed sols and b) base-catalyzed sols. The numbers

indicate the sequence of addition [87].

The prepared sol was coated onto polished (100) silicon wafers using spin coating. After deposi-
tion, the wafers were dried at 80 °C for 10 min. The acid- and base-catalyzed films were heat-treated
in air at 300°C for 30 min. After the initial heat-treatment, the films were either heat-treated at
temperatures ranging from 500 °C to 800 °C in air for 30 min or were ion irradiated to decompose
the organic compounds.

The thickness of the films was measured by step height method using atomic force microscopy
(AFM). It was found that the thickness of the films before ion irradiation was about 1 gm (0.1 pm).
The thickness of the films after ion irradiation varied and is reported in the next chapter. The weight
gain after coating, the film thickness, and the film dimensions were used to estimate the density of
the green films. It was found to be approximately 1.0 g/cm? for both green acid- and base-catalyzed
films.

Previous studies on ion irradiated acid- and base-catalyzed films indicated the higher hardness
of the acid-catalyzed films [87]. Therefore, this study was focused on acid-catalyzed films. Unless

otherwise specified, all the films in this study are acid-catalyzed films.
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3.2 Ion irradiation

Ton irradiation is an alternative method of providing the required energy for decomposition of the
polymers. Ion irradiation involves an energetic ion traversing a solid and the subsequent collisions
of the ions with the atoms in the solid. The ion deflects from its initial trajectory after colliding
with stationary target atoms. In addition, it may excite the electrons in the solid which leads to
bond breaking and ionization. As a result of nuclear and electronic collisions, the energy of the
ions decreases until they come to rest. The energy loss per distance traveled (‘fl—f), known as the
stopping power, or linear energy transfer, is expressed as the summation of the nuclear stopping

power (%E| ) and electronic stopping power (42| ):

dE
dzx

dE _ dE

T de (3.1)

e n

Nuclear collisions usually involve larger energy transfer, causing lattice and bond disorder. Elec-
tronic stopping, on the other hand, transfers a smaller energy per collision and the resulting ion
deflection is negligible. The contribution of each of the two stopping powers varies with atomic
number (Z) and incident ion energy. In general, irradiation with ions with smaller atomic numbers
and lower energies involves a larger portion of electronic collisions and irradiation with heavier ions
and higher energies involves a larger portion of nuclear stopping.

It is also necessary to estimate the projected ion range, the distance traveled normal to the surface
of the target. For this study, the projected ion ranges were calculated using the computer code SRIM
(Stopping and Range of Tons in Matter) [88]. For all irradiation conditions, the projected ion range
was larger than the film thickness. Electronic and nuclear stopping powers were also calculated
using SRIM.

The ion irradiation experiments were carried out at Los Alamos National Laboratory. Individual
coated silicon substrates were cleaved into quadrants. Ion irradiation was performed using different
ion species, including H*, N2* Cu*, Cu?", and Cu®*. For the lower atomic number ions (HT
and N2%) the dominant energy loss mechanism was electronic stopping. The stopping power for
Cu™, Cu®*, and Cu3? irradiation was a combination of electronic and nuclear stopping. There is
an increase in nulcear stopping and a decrease in electronic stopping along the ion range for all ion
species. For heavy ions at the end of ion range, the nuclear stopping power becomes larger than
electronic stopping. The irradiation was performed using 200 KeV HT, 400 KeV N2+, 1 MeV Cu',
4 MeV Cu?t, and 9 MeV Cu?T. A summary of ion irradiation conditions, including electronic and

nuclear stopping powers at the surface, is presented in Table 3.2.
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Table 3.2: Ton irradiation conditions of films for the acid-catalyzed films.

H* N2+ Cu™ Cu?* Cu?t
Energy (keV) 200 400 1000 4000 9000
Fluence (x10'% ions/cm?) 0.01-200 | 0.01-5 0.01-10 0.01-10 0.01-10
Nuclear stopping (eV/A-Ton) 0 1.8 31 12.7 7
Electronic stopping (eV/A-Ton) | 7.5 43 50.3 133 250
Total stopping (eV/A-Ton) 7.5 44.8 81.3 145.7 257
Projected ion range (pm) 2.35 1.16 1.2 3.88 6.39

A secondary heat-treatment was also performed on the ion irradiated films.

The secondary

heat-treatments were performed on the base-catalyzed films. The heat-treatment experiments were

performed at 1100 °C and 1350 °C in an argon atmosphere. The list of conditions for the secondary

heat-treatment experiments are listed in Table 3.3. In addition to the base-catalyzed films, a green

acid-catalyzed film was also heat-treated at 1100 °C and 1350 °C.

Table 3.3: Ion irradiation and secondary heat-treatment conditions for the base-catalyzed

films.

Ton species Fluence Heat-treatment  condi-
(x10'5 ions/cm?) tion
125 keV HT 1 1100°C, 2 hours
125 keV HT 10 1100°C, 2 hours
125 keV HT 1 1350°C, 2 hours
125 keV Ht 10 1350°C, 2 hours
250 keV N2+ 1 1100°C, 2 hours
250 keV N2+ 10 1100°C, 2 hours
250 keV N2+ 1 1350°C, 2 hours
250 keV N2+ 10 1350°C, 2 hours
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3.3 Characterization techniques

3.3.1 Raman spectroscopy

Raman spectroscopy is based upon the interaction of light with the vibrational energy levels of the
material. When a material is exposed to ultraviolet or visible laser light, the inelastically scattered
light is used to study the vibrational energy levels of materials. When a molecule absorbs an
incident photon, it is excited to a virtual energy level higher than its ground state. Most of the light
is scattered elastically (Rayleigh scattering), however there are two inelastic scattering processes as
well. One is Stokes scattering in which the energy of the photon after scattering is less than its initial
energy, with the energy decrease resultant from the formation of a phonon (unit of vibrational energy
arising from the oscillation of atoms in a solid material). The other inelastic scattering process is
anti-Stokes scattering where the energy of the photon after scattering is more than its initial energy.
In anti-Stokes scattering, the energy increases as a result of the annihilation of a phonon. Figure 3.2
shows a schematic of the three different scattering mechanisms. In addition, Fig. 3.2 shows the
infrared absorption mechanism that will be discussed in Section 3.3.2. Generally, Stokes scattering
is the measured response in Raman spectroscopy. According to the Boltzmann distribution, lower
energy levels are more populated at lower temperatures, so Stokes scattering is much stronger than
anti-Stokes scattering. According to the Boltzmann distribution, the population of vibrational level

j (N;) can be calculated as:

(j+0.5)hv

N; = N x exp(— T )

(3.2)

where j represents the vibrational level, N is the total number of molecules, h is Planck’s constant, v
is the frequency, k; is the Boltzmann constant, and T is the temperature. It is obvious that higher
energy levels have lower populations.

Raman spectroscopy was performed using a confocal Raman microscope (WITec alpha300). A
532 nm (2.33 eV) frequency doubled Nd:YAG laser was used as the light source. Light was focused
on the surface using a 100X/0.9NA Nikon objective and was collected using the same objective.
The theoretical spot size of the set-up is 0.7 um. The collected light was focused onto a UV-
visible multimode optical fiber acting as the confocal pin-hole. The core diameter of the fiber
was 100 pm. Light passing through the pinhole was then directed to a 0.3 m Acton monochromator
which dispersed the light with either a 600 grating/mm or 1800 grating/mm diffraction grating. The
dispersed light was then detected by a 1024x128 pixel charge-coupled device (CCD) from Andor
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Technology. The photoluminescence spectroscopy experiments were performed using the same set-
up, but with a 150 grating/mm grating. The reported Raman spectra were are average of five

separate collections.

A Virtual Energy
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Rayleigh Raman Raman

Excitation Energy Scattering et Seafeiing
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Figure 3.2: Schematic of different scattering mechanisms during Raman and FT-IR

spectroscopy.

3.3.1.1 Curve fitting of the carbon D and G Raman modes

Raman spectroscopy was utilized in this study, in addition to other purposes, to evaluate the free
carbon clusters formed during ion irradiation. The Raman spectra of most carbon materials consists
of two main D and G Raman modes. In order to quantitatively compare different films, it is
necessary to perform curve fitting on the D and G modes. For disordered carbon with broad peaks,
a combination of two Gaussian peaks is suitable [35]. However, an alternative approach exits that
uses a Breot-Wigner-Fano (BWF) lineshape [35,89,90]. The BWF lineshape is asymmetric which is
suited for the theoretical shape of the G mode. The BWF lineshape is given by :

R
Io[1 + 2zl

I (w) = (3.3)

1 2ol
where Ij is the peak intensity, I' is the full width at half maximum (FWHM), w is relative wavenum-
ber, wp is the spectral center, and Q™! is the BWF coupling coefficient. The Lorentzian lineshape
is the same as the BWF with Q~!=0.

There are several reasons for using the BWF lineshape. Most importantly, the BWF' lineshape

accounts for residual Raman intensities at 1100 ecm~! and 1400 cm ™!, without adding extra peaks.
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However, it accounts for a smaller D mode. The BWF lineshape is more suitable for the Raman
response of larger, more ordered clusters and the Gaussian lineshape is better fitted for the Raman

response of amorphous and smaller carbon clusters [35].

3.3.2 Fourier-transform infrared spectroscopy (FT-IR)

Infrared spectroscopy is the measurement of the absorption of infrared light as a function of fre-
quency. The absorption is a result of the transition of the molecules from lower vibrational energy
levels to higher vibrational energy levels. A schematic of the energy transition in infrared spec-
troscopy is shown Fig. 3.2. The difference between Raman spectroscopy and infrared spectroscopy
can be summarized as that in Raman spectroscopy, the measured light has a different wavelength
than the incident light, whereas in infrared spectroscopy, the variation of intensity for a specific
wavelength is measured. The origin of the name is the utilization of the Fourier transformation to
convert raw data to a spectrum.

Infrared experiments were performed using an Agilent 680 IR spectrometer in both reflection

1 1

and transmission modes. The collection was performed in the 400-4000 cmm™ " range with 4 cm™

resolution. Sixteen individual collections were averaged to acquire each spectrum.

3.3.3 Rutherford backscattering spectrometry and elastic recoil detection

Rutherford backscattering spectrometry (RBS) is a quantitative analytical technique for analysis of
composition and thickness of solid surfaces. In RBS, a mono-energetic ion beam, usually H or He™,
is directed toward the surface and then the energies of the backscattered ions are detected. The
energy loss of the backscattered ion depends on nuclear collisions as well as small-angle scattering
from electronic collisions. The energy loss by nuclear collisions is a function of scattering cross-
section, which itself is a function of atomic mass and atomic number of the target nucleus. Thus,
two nuclei from two different elements scatter ions with different energies and angles, which is utilized
to measure the chemical composition of a target surface.

RBS was performed in the Ton Beam Materials Laboratory at Los Alamos National Laboratory
using a collimated beam of 3.8 MeV *He™ ions from a Pelletron tandem accelerator. The backscat-
tered ions were detected at a scattering angle of 167° in the Cornell geometry. In the Cornell
geometry, the incident beam, exit beam and sample rotation axis are in one plane.

Since in RBS, atoms with atomic numbers smaller than the projectile ions do not backscatter the

ions, RBS is not capable of profiling lighter ions (i.e., hydrogen). In order to profile the hydrogen
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concentration, it is necessary to perform elastic recoil detection (ERD). In ERD analysis, an energetic
ion is directed toward the surface. The electronic and nuclear collisions lead to the recoil of the lighter
ions which are then collected by a collector and analyzed. ERD experiments were performed in the
Ion Beam Materials Laboratory at Los Alamos National Laboratory using a 2 MeV “He* ion beam
with incident angle of 75° in the IBM geometry. In the IBM geometry, the incident beam, exit
beam, and surface normal are in one plane. The recoiled atoms were collected at a scattering angle
of 30°.

It is also possible to use the RBS/ERD results to estimate the density of the films. First, the film
thickness is measured by atomic force microscopy (AFM). Rutherford backscattering spectrometry
(RBS) and elastic recoil detection (ERD) data are then used to determine the density. In the
process of analyzing the chemical composition, the total number of specific atoms per unit area of
the films is calculated. Knowing the thickness measured by AFM, the density of the films can then

be calculated.

3.3.4 X-ray diffraction

X-Ray diffraction was utilized to study the formation of possible crystalline phases within the films.
In order to perform XRD on thin films, it is necessary to utilize glancing-angle X-ray diffraction
(GAXRD). This technique involves exposing the film to highly monochromatic X-ray beams at a
fixed, small angle and then moving the collector position to capture the XRD pattern of the films.
The small fixed angle helps to eliminate the contribution from the substrate. The XRD experiments
were performed using a Cu-Ka X-ray source (1.54 A) with a Bruker AXS D8 Discover diffractometer

in the 260 range of 10-60° with a glancing angle of 7.5°.

3.3.5 Scanning electron microscopy

Scanning Electron Microscopy (SEM) was utilized to investigate the surface structure of the thin

films. SEM was performed using a field emission scanning electron microscope.

3.3.6 X-ray photoelectron spectroscopy

The chemical composition of the films, as well as the distribution of the SiO,C, tetrahedra were
evaluated using XPS. The experiments were performed at Tascon GmbH in Germany using a PHI
Quantera SXM scanning XPS microprobe Model 40-800. During the XPS experiments, first the

whole spectra was collected, followed by measurement of single XPS lines for electrons coming
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from C 1s, O 1s and Si 2p. The experiments were performed using Al-ka (1486.6 €V) as the X-ray
source. No ion etching was performed prior to the experiments to avoid the modification of the films.
Charging correction was achieved automatically by controlled electron irradiation. The analysis of
the peaks were performed by Shirley background subtraction [91] and fitting the peaks using a 70%

Gaussian-30% Lorentzian lineshape.
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Chapter 4

RESULTS AND DISCUSSION

4.1 Surface condition of the ion irradiated and heat-treated

films

The surfaces of the films after synthesis exhibit minimum roughness and are crack-free, as deter-
mined by optical microscopy. AFM characterization reveals that in a 1 ymx1 pm area, the surface
roughness, Rq, is less than 3 nm ranging from 1.1 nm for the film heat-treated at 300 °C to 2.6 nm for
the film heat-treated at 800 °C. The surface roughness is unchanged by ion irradiation. Figure 4.1
shows SEM images from the green film, the film heat-treated at 800°C, and a N2t irradiated film
with a fluence of 10! ions/cm?. SEM imaging is performed close to the scratches that are inten-
tionally created to measure the film thickness. The surface of all films are free of any defects or any

topographical features, e.g., porosity or secondary phases, and possessed minimum roughness.

4.2 Conversion of films with light ions

4.2.1 Chemical evolution of the films after heat-treatment and ion irra-
diation with light ions

Figure 4.2 shows the atomic concentration ratios of hydrogen, carbon, and oxygen compared to

silicon for H* and N27 irradiated thin films, as obtained by RBS/ERD analysis. The chemical

composition of the film irradiated with H* ions with a fluence of 2x10'7 ions/cm? is not measured.

The films irradiated with H¥ ions exhibit a monotonic decrease in hydrogen content with increasing

fluence. N2* irradiated films also exhibit a decrease in hydrogen concentration with increasing
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Figure 4.1: SEM images from sol-gel thin films, a) green film b) heat-treated at 800°C
c) ion irradiated with N2* ions with a fluence of 10! ions/cm? and d) irradiated with

N2+ jons with a fluence of 10'® ions/cm? at 320,000X.

fluence. Hydrogen loss during the ion irradiation of polymers is expected and has been previously
studied [82,92]. It is reported that although most of the hydrogen is released as Hy during ion
irradiation, a small fraction of hydrogen may leave the irradiation target as CHy [93]. In addition,
some fluctuations in oxygen content is expected due to the absorption of oxygen from the air by
free radicals formed during ion irradiation [93,94]. As a result, variations in the oxygen and carbon
concentration of the films is expected. However, the changes in the oxygen and carbon concentration
of the films after irradiation with H* and N2?* ions do not follow any trend.

Figure 4.3 shows the atomic concentration ratios of carbon and oxygen compared to silicon for the
heat-treated films. There is a decrease in the carbon content of the films with increasing temperature,
while the oxygen concentration is relatively constant. This is in agreement with previous reports on
the thermal decomposition of TEOS/MTES sol-gels [17,95]. The final product of the heat-treated
TEOS/MTES derived film is amorphous silica.
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Figure 4.2: Atomic concentration ratios of hydrogen, carbon, and oxygen compared to

silicon for films irradiated with a) HT and b) N?* ions.

4.2.1.1 Changes in the density of the films after ion irradiation

Figure 4.4 shows the ERD/RBS estimated density of the films as a function of fluence for both sets
of ion irradiated films. The density of the film irradiated with H" with a fluence of 2x10'7 ions/cm?
is not measured. There is an increase in density with increasing ion irradiation fluence. The in-
crease in density follows the same general trend as the hydrogen loss (Fig. 4.2) for both H* and
N2tirradiated films and is more pronounced in the N2* irradiated films. The increase in density
after irradiation has also been observed in other sol-gel derived ceramic films [96,97] and is related to
ion-matter interactions (electronic and nuclear stopping). The increase in density is accomplished by
condensation/cross linking reactions, structural modification, and bond breaking [96]. The increase
in density is related both to film shrinkage as a result of decomposition of the starting materials, as

well as changes in the structure of constituent final phases, as will be discussed later in the text.

4.2.1.2 XRD characterization of possible crystalline phases within the ion irradiated

films

Figure 4.5 shows the XRD patterns of the HT and N?* irradiated thin films. The XRD pattern of
all films after ion irradiation exhibit no crystalline peaks. The only observable feature in the XRD
patterns is a broad peak centered around 25°, attributed to amorphous silica [98,99]. The small
peak at 47° may have originated from the (220) peak of the silicon substrate (JCPDS Number:

27-1402). The origin of the peak at 44.8° is not clear.
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Figure 4.3: Atomic concentration ratios of carbon, and oxygen compared to silicon for

heat-treated thin films [87]. The horizontal line is the theoretical composition of SiOs.

4.2.2 FT-IR spectroscopy characterization
4.2.2.1 Decomposition of the starting organic materials

In order to study the decomposition of the starting materials during ion irradiation, FT-IR spec-
troscopy was performed on the films in the transmission mode. For transmission experiments, the
background signal was first collected with a bare silicon substrate in place to remove the effect of
the substrate, as described previously [100]. The results are presented in Figs. 4.6, 4.7, and 4.8 for
the heat-treated, H' irradiated and N2* irradiated films, respectively.

The peaks observed around 750-800 cm ™! are either related to the Si-C stretching or SiC-CHj
rocking mode [101]. However, since no Si-C bond is present in the green film, yet this peak is still
present in its FT-IR spectra, it is concluded that these peaks are related to the SiC-CHj rocking
mode. Different peaks located between 900 to 1300 cm ™! are related to the amorphous silica network
and will be discussed further. The peak at 1275 cm ™" is related to C-H bond in Si-CHz and again
is an indication of the presence of the starting organic materials. The peak at 1450 cm™! originates
from the C-H in-plane bending mode [102] and is from the starting acetic acid. The peak around
1670 cm~! is due to OH vibrations [103] from adsorbed or entrapped water. The peaks between
2850-3000 cm ™! are from C-H,, (x=1, 2, 3) [100,104] and are again related to the starting materials.
The intensity of all these peaks, except for the silica related peaks, decreases with increasing heat-
treatment temperature or irradiation fluence. As expected, the decrease in the intensity of the

mentioned peaks is consistent with the hydrogen concentration in the irradiated films (Fig. 4.2).
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Figure 4.4: Variations in the density of H and N2 irradiated films as a function of

fluence.

The peaks around 2300 cm™! are related to C=0 bond from carbon dioxide in air and insufficient
background subtraction and are not related to the films.

The FT-IR results are consistent with both Figs. 4.2 and 4.4, where a gradual hydrogen loss and
increase in density is observed. The decrease in the intensity of the FT-IR peaks of the starting
materials follows the same trend as hydrogen loss and densification. The results indicates the success

of ion irradiation in the decomposition of the starting organic materials.

4.2.2.2 Development of an amorphous silica network

The FT-IR peaks located between 900 to 1300 cm ™! are related to Si-O-Si bonds. In order to study
the Si-O-Si peaks, reflection FT-IR spectroscopy was performed to eliminate any possible effect from
the substrate or film/substrate interaction (e.g., possible oxidation of the silicon substrate before or
during ion irradiation or heat-treatment). The results for the reflection FT-IR spectroscopy in the
range of 600-1450 cm ™! are presented in Fig. 4.9. The presence of Si-O-Si peaks in all films indicates
that an amorphous silica network is present in all of the irradiated and heat-treated films. However,
the structure of the amorphous network varies between the different films. In addition to the Si-O-Si
FT-IR peaks, an additional peak around 1275 cm™! is also visible in Fig. 4.9 that is related to a
Si-CHj3 rocking mode and is an indicator of the presence of the starting precursor materials.

1

There are three main FT-IR peaks present between 900 to 1300 cmm™". The strongest peak,
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Figure 4.5: XRD patterns of HT and N2?* irradiatied thin films.

originating from the Si-O-Si bond, is the TO peak. For fused silica, it is located around 1080 cm™*.
The FT-IR peak around 1200 cm ™! is the longitudinal optical (LO) peak, which, in sol-gel derived
silica-based films, is considered an indication of porosity [105-107]. In addition to the two main
peaks, the introduction of carbon into the silica network and the formation of O-Si-C bonds gives
rise to an additional peak around 1140 cm~! [108,109]. The incorporation of carbon into the silica
network has another effect, a shift in the spectral center of the TO peak to lower wavenumbers.
This phenomenon is explained by a bonding structure model and differences in electronegativity of
carbon and silicon [110]. In the absence of any carbon atom, the Si-O-Si bond angle of amorphous
silica varies between 120-180° with an average of 144° [111]. When carbon replaces one of the
oxygen atoms in the SiO4 tetrahedra, the difference between the electronegativity of carbon (2.5)
and oxygen (3.5) causes a distortion in bond angles as a result of distortion of electron clouds and
electrostatic forces. Carbon has a lower electronegativity than oxygen, so the electrons in the Si-C
bonds are located closer to the silicon atoms, compared to the electrons in the Si-O bonds. The
result of this uneven electron positioning in SiO,C, tetrahedra is an increase in the bond angle of
0-Si-C and a decrease in the Si-O-Si bond angle. The decrease in the bond angle, in return, leads
to a decrease in the spectral center of the TO peak.

Carbon incorporation is not the only factor that changes the Si-O-Si bond angle. Other factors

like bond scission [53], destruction of the SiO4 tetrahedra six fold rings [52], residual compressive
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Figure 4.6: Transmission FT-IR spectra of heat-treated thin films.

stress [112], and thickness [113] also change the spectral center of the TO peak, because they all affect
the bond angle of the Si-O-Si bond. Ion irradiation also affects the Si-O-Si bond angle [52,114-116].
The reason for the decrease in the Si-O-Si bond angle after ion irradiation is related to the com-
bined effects of thermal spikes, defined as the local melting and fast quenching of formed localized
melt during ion irradiation, and induced defects (vacancies and interstitial atoms) during ion ir-
radiation [114-117]. Thermal spikes cause local melting and a subsequent quenching that yields a
more compact structure (i.e., smaller bond angle) [116]. In addition, induced point defects during
ion irradiation and a subsequent structural relaxation (re-orientation and re-bonding of tetrahe-
dra [114,115,117]) also leads to a decrease in the Si-O-Si bond angle [114,115]. The combination
of thermal spikes, structural relaxation, and carbon incorporation leads to a silica structure with
smaller bond angle. It should be noted that both experimental results [116] and molecular dynamics
simulations [114,115] indicated that the structure of silica compacted by ion irradiation is similar

to the structure of silica compacted by applying pressure. In addition, it has been shown that the
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Figure 4.7: Transmission FT-IR spectra of the H irradiated thin films.

vibrational states of silica after compaction with ion irradiation is similar to the vibrational states
of silica after compaction with applied pressure [114].

In order to study the evolution of the FT-IR peaks, curve fitting was performed using three
Lorentzian peaks for the Si-O-Si TO peak, Si-O-Si LO peak, and O-Si-C peak on the reflection
FT-IR spectra. The results of the curve fitting are presented in Table 4.1. The green film exhibit
two distinct TO and LO peaks, which is expected due to the porosity of the green film. The spectral
center of the TO peak for the green films is 1083 cm ™!, corresponding to a Si-O-Si bond angle of 145°.
The bond angle can be estimated from Equations 2.1 and 2.2, as described in Section 2.4.2. Since
no bond scission or induced defects are expected after heat-treatment, the decrease in the TO peak
spectral center to 1051 cm ™! after heat-treatment at 500 °C is solely related to the incorporation of
carbon within the silica network. The O-Si-C peak is also observed after heat-treatment at 500 °C.
After heat-treatment at 800 °C, most of the carbon within the films is removed. This is inferred by
the absence of the O-Si-C peak and the return of the TO peak spectral center to higher wavenumbers
(1080 cm™! and corresponding bond angle of 144°). The intensity of the LO peak decreases after
heat-treatment at 800 °C, because sintering of the amorphous silica at 800 °C leads to an increase

in density.
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Figure 4.8: Transmission FT-IR spectra of the N2* irradiated thin films.

The FT-IR spectra of HY irradiated films at lower fluences (1013, 1014 and 10'® ions/cm?) are
similar to the green film. This is in agreement with the results shown in Fig. 4.2 where no major
differences between the chemical composition of the green films and the films irradiated at lower
fluences are observed. The O-Si-C peak is only observed after irradiation with a fluence of 106
ions/cm?. After irradiation with HT ions at 10'¢ ions/cm?, the TO peak spectral center is still close
to that of the green film and there is a decrease in the intensity of LO peak as a result of a reduction
in porosity. The films irradiated at the highest fluence (2x10'7 ions/cm?) have a TO peak spectral
center of 1064 cm~! (bond angle of 139°) and a higher O-Si-C peak intensity which is an indication
of the incorporation of carbon within the silica network, as well as irradiation-induced decrease in
the bond angle. The decrease in the LO peak intensity after irradiation with HT ions with a fluence
of 10'¢ ions/cm? or higher follows the same trend as density (Fig. 4.4).

The spectra for the N2+ irradiated films with a fluence of 10'? ions/cm? are similar to the green
film. However, after irradiation with a fluence of 10'® ions/cm?, the O-Si-C peak is present, and
there is a shift in the TO peak spectral center to lower wavenumbers which is again an indication

of bond disorder and carbon incorporation within the silica network. After ion irradiation with
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Figure 4.9: Reflection FT-IR spectra of the HT irradiated, N?* irradiated, and heat-

treated films.

N2+ ions with a fluence of 5x10'® ions/cm?, the position of the TO peak shifts to 1050 cm™!,
corresponding to a bond angle of 135°. There is a decrease in the intensity of the LO peak, related
to a decrease in porosity which is consistent with results shown in Fig. 4.4. The intensity of the
0O-Si-C peak is the highest for this fluence.

The results indicate that with increasing ion irradiation fluence and ion energy, the incorporation
of carbon within the silica structure is increased. In addition, the combined effect of thermal spikes
and structural damage due to irradiation, and incorporation of carbon within the silica network,
decreases the Si-O-Si bond angle and leads to a more compact silica network structure. In addition, a
reduction of porosity in the films as a result of ion irradiation is confirmed by the FT-IR spectroscopy

results. The increase in the density of the films (Fig. 4.4) should be attributed to both a decrease
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Figure 4.10: (a) Schematic of changes in the location of electron clouds and repulsive
electrostatic forces (F1, Fa, F3) in a carbon incorporated silica tetrahedra as a result
of electronegativity difference between carbon and oxygen, (b) the resulting decrease
in the Si-O-Si bond angle as the result of carbon incorporation. The figure is adapted

from [110].

in the porosity of the films and also the smaller Si-O-Si bond angles and a more compact silica

structure (i.e., higher density silica).
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Table 4.1: Curve fitting results of the FT-IR spectra of the heat-treated and H* and

N2+ ion irradiated films.

Film condition TO peak | Si-O-Si I(LO)/I(TO) I(O-Si-C)/1(TO)

center bond

(em™1) angle(®)
Green 1083 145 1.15 0
H*-10% jons/cm? 1080 144 1.2 0
H*-10* jons/cm? 1075 142 1.18 0
HT-10% ions/cm? 1077 142 1.2 0
H*-10'6 jons/cm? 1079 144 0.83 0.48
H*+-2x10'7 ions/cm? 1064 139 0.27 0.27
N2+-10'3 ions/cm? 1078 144 1.23 0
N2+-10'% ions/cm? 1072 142 0.79 0.46
N2+.5x10'5 ions/cm? 1050 135 0.19 0.62
500°C 1051 136 1.02 1.42
800°C 1080 144 0.37 0.12

4.2.3 Raman spectroscopy characterization of free carbon clusters

In order to characterize the free carbon within the films, Raman spectroscopy was performed. Based
on the heat-treatment temperature and irradiation conditions, different films exhibit carbon related
D and G Raman modes. In general, the films ion irradiated at the highest fluences or heat-treated
at intermediate temperatures exhibit carbon related Raman modes. This is discussed below.

The Raman spectroscopy results are presented in Figs. 4.11, 4.12, and 4.13 for the heat-treated,
HT irradiated, and N2?T irradiated films, respectively. In addition to signature Raman D and G
modes in the 1200-1700 cm ™! range, it is possible to observe weaker modes from the silicon substrate
in the same region. The Raman modes between 2700-3000 cm~! originate from C-H bonds in
CH;. The broad mode between 2400-3400 cm ™! is the second order Raman mode of amorphous or
nanocrystalline carbon [35,118].

The green film does not exhibit any Raman mode and the spectrum is overwhelmed by a broad,
featureless emission. The thin film heat-treated at 500 °C exhibits carbon related D and G modes.

This is an indication of the formation of free carbon during heat-treatment. However, after heat-
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Figure 4.11: Raman spectra of the films heat-treated at a) 500 °C and b) 800 °C.

treatment at 800 °C, the D and G modes disappear. The Raman responses of both heat-treated films
are consistent with the thermal decomposition of TEOS and MTES [17,119]. The final product of
the thermal decomposition of thin films is simply amorphous silica and therefore it is not expected
to observe any carbon modes after heat-treatment at 800°C. Some traces of C-H related modes,
located between 2700-3000 cm ™!, are still visible after heat-treatment at 800°C. The background
emission observed in the Raman spectra of the films after heat-treatment at 800 °C may be related
to the remaining organic materials.

Films irradiated with H* ions at lower fluences (10'3 and 10'* ions/cm?) do not exhibit any
carbon related Raman modes. The spectra of films irradiated at 101 and 1016 ions/cm? fluences are
overwhelmed by a strong background emission and so, no possible Raman modes can be observed.
However, the films irradiated at higher fluences (10'7 and 2x10'7 ions/cm?) exhibited D and G
Raman modes. Similarly, the low fluence N** irradiated film (10'® ions/cm?) does not exhibit any
D and G modes. However D and G Raman modes are present in the Raman spectra of the films
irradiated at high fluences (10'5 and 5x10'® ions/cm?).

In order to identify the nature of free carbon in the ion irradiated and heat-treated films, in
particular the size of the free carbon clusters, curve fitting was performed on the Raman spectra.
Curve fitting with two Gaussian peaks resulted in the best fit for the Raman response of the irradiated
films. The Raman spectrum of the film heat-treated at 500 °C is better fitted using a BWF lineshape.
Prior to curve fitting, a linear background subtraction is performed. The linear background originates
from the presence of residual hydrogen atoms within the carbon clusters [120]. A summary of the
results is presented in Table 4.2.

Free carbon formed during HT irradiation has a similar Raman response for all fluences, where

the G mode spectral center is located around 1580 cm ™! and the I(D)/I(G) intensity ratio is approx-
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Figure 4.13: Raman spectra of the N?* irradiated films at different fluences:

a) 103 ions/cm? b) 10'% ions/cm? and c) 5x10'% ions/cm?.

Table 4.2: Curve fitting results of the Raman spectra of the heat-treated and HT and

N2t irradiated films exhibiting carbon related D and G Raman modes.

Film condition W(G) FWHM(G) I(D)/I(G)
(cm) (cm)

H*-10'7 jons/cm? 1583 112 1.15

H+-2x10'7ions/ cm? 1582 115 1.11

N2+-10' jons/ cm? 1577 107 1.06

N2+_5x10'% ions/ cm? 1561 160 1.09

Heat-treated at 500 °C 1596 94 1.75
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imately 1.1. Raman spectrum of the film irradiated with N?T ions with a fluence of 10'® ions/cm?
is also similar to that of the HT irradiated films. However, the film irradiated with N2t ions with
a fluence of 5x 10! ions/cm? exhibits a lower G mode spectral center (1560 cm~!) with the same
intensity ratio, which is an indication of a higher level of disorder (destruction of the graphite sixfold
rings), as discussed in Section 2.4.1. This film also has a higher G mode peak width which is another
indication of higher disorder. Based on the spectral center of the G mode and intensity ratio of the
D and G modes (I(D)/I(G)) and the discussion in Section 2.4.1, it can be stated that for all the
irradiated films, free carbon consists of disordered and almost entirely sp? hybridized carbon with
cluster sizes of less than 20 A. The nature of free carbon formed from heat-treatment is different
than the free carbon formed from ion irradiation. The Raman spectrum of the film heat-treated at
500°C, exhibits a I(D)/I(G) intensity ratio of 1.75 and a G mode spectral center of approximately
1600 cm~!. Based on the discussion in Section 2.4.1, These are indicators of nanocrystalline graphite
with average size larger than 20 A.

In addition, Raman spectroscopy results can also be used to estimate the size of free carbon
clusters within the films. For disordered carbon with small cluster sizes (< 20 A), the cluster size is
estimated from the equation:

I(D)

0 = C'(NL2 (L, < 20 A) (4.1)

where C’ is a constant related to the laser wavelength, X is the excitation wavelength, and L, is
the cluster size [35]. For a 532 nm laser source, C’(532 nm) has not been reported. The following
method is utilized to estimate the value of C’(532 nm). This value is necessary in order to estimate
the size of the carbon clusters in the ion irradiated films.

For larger clusters (L, > 20 A), the cluster sizes can be estimated from

I(D) _
o C(\)/Lq (Le > 20 A) (4.2)

where C(]) is estimated from the equation [121]:
C(\) =Co+ X4 (4.3)

where Cy and C; are constants with values of Co= -126 A and C;=0.033 [121]. So, for a 532 nm
laser, C(532 nm) is estimated as 50 A. Assuming continuity between Equations 4.1 and 4.2, the right
side of equations are going to have an identical value at L,=20 A. By equating the two equations
at L,=20 A and knowing the value of C(532 nm), C’(532 nm) is estimated as 0.006. Based on this
value, the average cluster size for all of the irradiated films is estimated from Equation 4.1 to be

about 1.3 nm. The variations in the carbon cluster size of different ion irradiated films are not large.
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The crystallite size of graphite in the heat-treated film is estimated from Equation 4.2 to be about
2.8 nm.

The same method has been previously utilized for estimating the value of C'(514 nm) [35,122].
The validity of the approach has been confirmed previously as well by comparing Raman spectroscopy
and TEM results. Previous studies have shown the presence of two different regions (L, > 20A and
L, < 20A) in the relationship between the I(D)/I(G) intensity ratio and cluster size and have
confirmed the continuity of the two regions for various laser excitation sources used in studies

performed on ion irradiated carbon [123,124].

4.2.3.1 Residual hydrogen bonds within the ion irradiated films

Although after irradiation, even at the highest fluences, there is still residual hydrogen left within
the films (Fig. 4.2), there is no sign of any hydrogen related modes in the Raman and FT-IR
spectra. Figure 4.14 shows the Raman spectra of two films irradiated with H™ ions at fluences
of 10'* and 2x10'7 ions/cm?. For clarity, the spectra are presented after background subtraction.
After irradiation at the lower fluence, two well-defined Raman modes at 2930 and 2980 cm~! can be
observed that are related to C-H vibrations [125]. The Raman modes between 1200-1700 cm ™~ are
related to the silicon substrate. However, after irradiation at the higher fluence (2x 107 ions/cm?),
the C-H related Raman modes disappear. The D and G modes are present after irradiation at the
higher fluence along with a broad, featureless Raman mode between 2400-3400 cm~! which is the
second order Raman mode of amorphous or nanocrystalline carbon [35,118]. In addition, all the
C-H,, related FT-IR peaks disappear after ion irradiation at higher fluences (Figs. 4.7, and 4.8). The
absence of any methyl-related mode in both the FT-IR and Raman response of the films indicates
that the methyl groups are not present in the final microstructure of the films after high fluence
ion irradiation. Residual hydrogen might be present within the free carbon clusters, as it has been
reported before that hydrogen stabilizes the graphite structure by terminating dangling bonds on
the aromatic rings, especially in disordered carbon [126,127]. The presence of C-H bonds which
are not part of any methyl group was also speculated before as the reason for lack of the methyl-
related peaks in the FT-IR spectra of the ion irradiated polymer films [94]. In order to test this
hypothesis, photoluminescence spectra of ion irradiated films that exhibit carbon D and G modes
are also collected, and are presented in Fig. 4.15. The spectra in Fig. 4.15 are normalized to the
maximum intensity. No C-H related mode is observed in the FT-IR and Raman spectra of any of
these films. However, there is a broad peak centered between 600 to 700 nm in the PL spectra of all

the films, which is an indication of the hydrogen content of carbon clusters. The peaks between 550-
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600 nm and 625-650 nm are carbon Raman modes. This PL emission is reportedly due to electron
hole pair recombination within sp? bonded carbon [120,127]. The introduction of hydrogen to the
carbon structure increases the intensity of this peak, primarily due to the saturation of non-radiative
recombination sites (i.e., dangling bonds) by hydrogen [127]. Thus, it can be claimed that residual
hydrogen is primarily located within the free carbon clusters as individual C-H bonds. In addition, a
decrease in the hydrogen content of the films (Fig. 4.2) is accompanied by a decrease in the intensity

of the emission, further confirming this hypothesis.

CH3 Raman modes

Silicon substrate Raman modes

- G H* 10" ions/cm?
:'é‘
=)
o
S
2>
‘0
=
Q
£

H* 2x10"" ions/cm?®

4 [ ' | ’ I ! [ y |

1000 1500 2000 2500 3000 3500

Relative Wavenumber (cm™)

Figure 4.14: Raman spectra of two H* irradiated films at fluences of 10 and

2x 1017 ions/cm?.

4.2.4 XPS characterization of the films irradiated with N2t ions

As discussed previously, one major feature of SiOC glasses is the incorporation of carbon within
the silica. Previous studies using NMR [69], FT-IR [108,109], and XPS [128-131] have confirmed
the incorporation of carbon within the silica network. Our studies using FT-IR spectroscopy also
confirmed carbon incorporation within the silica network, as discussed in Section 4.2.2. XPS ex-

periments were performed on ion irradiated and heat-treated films. XPS spectroscopy is capable of
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Figure 4.15: Photoluminescence spectra of ion irradiated films that possess free carbon

clusters. The peaks between 550-600 nm and 625-650 nm are carbon Raman modes.

differentiating between different SiO,C, tetrahedra. Based on the difference between the binding
energy of the Si 2p line of silica and silicon carbide, the binding energies of various SiO,C, tetra-
hedra (SiOy4, SiO3C, SiO3Cs, SiOCs, as well as SiC4) have been determined previously as 103.5,
102.7, 101.9, 101.1 and 100.3 eV, respectively [129,130,132]. The validity of this method has been
confirmed by comparing XPS and NMR results [131]. Thus, a shift toward lower binding energies
can be related to the incorporation of carbon within the silica network and the formation of carbon
rich tetrahedra.

The XPS Si 2p spectra of different films after ion irradiation with light ions are presented in
Figure 4.16. For comparison, the spectra of a heat-treated film is also included in the figure.
The Raman and FT-IR results have previously indicated that there are organic bonds in the film
irradiated with N2t with a fluence of 103 ions/cm? (e.g., Si-CH3). The Si 2p line of Si-CH3 bond
has lower binding energy than silica [133,134]. Therefore, the Si 2p line of the film irradiated with
N2+ ions at a fluence of 10'® ions/cm? is located at a lower binding energy than the other two
film (heat-treated film and N2?* irradiated film at a fluence of 5x10' ions/cm?) which both have

predominantly inorganic silica bonds.
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When two films with inorganic bonds are compared, the XPS results indicate that compared to
the heat-treated film, the Si 2p line of the film irradiated with N2T at 5x10'® ions/cm? shifts to

lower binding energies. This is an indication of carbon incorporation in the silica structure after ion

irradiation.
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Figure 4.16: The XPS Si 2p spectra after irradiation with N?* ions. For comparison,

the XPS spectra of a heat-treated film is also included.

Figure 4.17 shows the C 1s XPS spectra of the films after ion irradiation with N?* ions. For
comparison, the XPS spectra of a heat-treated film is also shown. The main C 1s peak has either
originated from C-C or CH3 bonds [130]. After ion irradiation with N2T at a fluence of 10!3 ions/cm?,
Raman and FT-IR results indicate that the film mostly consists of organic bonds. The Raman
spectrum of the film heat-treated at 800 °C (Fig. 4.11 (b)) also indicates that there is still residual
CHj3 within the heat-treated films. So, the observed C 1s peak of the heat-treated film and the film

2 is related to organic carbon bonds. No sign of

irradiated with N2 at a fluence of 10*® ions/cm
C-C bonds is observed in the Raman spectra of either films.
The Raman and FT-IR results also indicate that the organic Si-CHs bonds are not present in

the N? irradiated film at a fluence of 5x10' ions/cm?. Raman spectrum of the film indicates the

presence of predominantly sp? bonded carbon clusters. Therefore, the peak in the C 1s XPS spectra
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of the film irradiated with a fluence of N2* at 5x10'® ions/cm? has originated from the free carbon
clusters. The binding energy of the C 1s XPS peak is close to 284.4 eV, which is the binding energy
of sp? bonded carbon [135]. The shoulder on the higher binding energy side of the main peak consists
of a C=0 peak at approximately 286 eV and a C-O peak at 287-290 eV [136]. The location of these

peaks on the shoulder are indicated in Appendix A.
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Figure 4.17: XPS C 1s spectra of the films irradiated with N> ions. For comparison,

the XPS spectra of a heat-treated film is also included.

The O 1s XPS spectra of the films after ion irradiation was also collected, but the differences
between the spectra of the ion irradiated film with N2t ions at a fluence of 5x10'® and the heat-
treated film is minimal. There is a small shift in the O 1s binding energy of the irradiated film
towards lower binding energies, which may originate from a decrease in the Si-O-Si bond angle,
as the decrease in the Si-O-Si bond angle decreases the binding energy of the O 1s spectra [137].
However, the shift is too small to draw a conclusion. The O 1s spectra of the ion irradiated and

heat-treated films are presented in Appendix B.

4.2.5 Microstructural configuration of the films irradiated with light ions

The Raman spectroscopy results are consistent with both the FT-IR and ERD/RBS results. The
appearance of carbon Raman modes occurrs at the same fluences that a significant hydrogen loss

and incorporation of carbon into the silica structure is observed. In addition, XPS also confirms the
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incorporation of carbon within the silica network. It can be concluded that after hydrogen release
during irradiation, carbon either bonds with other carbon atoms to form free carbon clusters, as
inferred from the Raman spectroscopy results, or bonds with silicon, as inferred from the FT-IR
spectroscopy and XPS results.

Figure 4.18 shows the chemical composition of the ion irradiated and heat-treated films, presented
in the chemical composition triangle. The chemical composition triangle has been designed to
predict the final phases of a heat-treated SiOC material as a function of chemical composition. One
underlying assumption in building the chemical composition triangle is that all the phases have a
near-stoichiometric formualtion (e.g., SiC, SiO3). However, ion irradiation may lead to the formation
of phases that are not stoichiometric (i.e., SiOg, Si,C;). The formation of non-stoichiometric silica
as a result of ion irradiation has been shown before [52]. The reason is that ion irradiation of silica
induces a large concentration of vacancies in silica which leads to a non-stoichiometric composition
and may render the chemical composition triangle unsuitable for the predicting the final phases
in an ion irradiated SiOC. As shown in Fig. 4.18, the predicted microstructure of HT and N2+
irradiated films is a combination of free carbon and silica for all irradiation, which is in agreement
with the experimental results. Therefore, it can be stated that the chemical composition triangle can
predict the final present phases in the films irradiated with Ht and N?% ijons. The concentration
of individual phases, however, may be different from what can be estimated from the chemical
composition triangle.

For the heat-treated films in the present study, there is a decrease in the carbon content with
increasing temperature, until the chemical composition of the films is located close to SiO after
heat-treatment, which is in agreement with the observed microstructure of heat-treated thin films.

The exact configuration of carbon within the silica structure is yet to be determined. Previous
studies on heat-treated silicon oxycarbide materials have suggested two models for the microstruc-
tural configuration of carbon and silica: either 1.) an interconnected network of carbon with silica
nanodomains [29, 31] or 2.) a porous silica network with isolated free carbon clusters filling the
voids [68,69]. A schematic of the two models is presented in Fig. 2.8. The observation of incorpo-
ration of carbon within the silica network from XPS and FT-IR results is most likely related to the
atomic bonds at the interface of carbon and silica. However, FT-IR, XPS, and Raman spectroscopy
results are inadequate to determine the final microstructural configuration of the irradiated films.

In the following, it will be argued that isolated free carbon clusters within a silica network is a
plausible configuration in the ion irradiated films. In most cases, ion irradiation and ion implanta-

tion lead to the synthesis of isolated nanoparticles within the irradiated matrix. Examples include
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Figure 4.18: Chemical composition triangle of a) HT ion irradiated b) N?* ion irradiated
and c¢) heat-treated films, predicting the final phases present within the films based on a

model developed for heat-treated films

synthesis of secondary phases through ion implantation [138,139], as well as synthesis of diamond
nanoparticles within highly oriented pyrolytic graphite by low energy ion irradiation [140,141]. In
the case of nanodiamond synthesis, HRTEM revealed that the synthesis was localized to the regions
around the ion tracks, and that the nanodiamond particles were isolated particles within the ma-
trix, rather than a homogenous transformation of all the graphite to diamond. It may be argued
that because, unlike heat-treatment, the energy deposition within the film is not uniform during ion
irradiation, the formation of an interconnected network seems unlikely. That being said, there is
evidence that an interconnected network has formed during ion irradiation [142,143].

Previously, scanning probe microscopy (SPM) images showed that the ion irradiation of polymers

with 120 MeV gold ions led to the formation of isolated surface features ranging in size from 25 to
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70 nm [144]. In addition, the formation of isolated clusters of free carbon with average size of 4 nm in
silicon oxycarbide films irradiated with 3-120 MeV gold ions was confirmed by TEM results [86,145].
The synthesized free carbon clusters in the present study were the results of ion irradiation with
lower energies and had smaller size than previous studies [86,144,145].

The utilization of lower energy ions in the current study may also lead to a different microstruc-
ture than those of heavy ions. So, in the following, the effect of ion energy on the possible formation
of an interconnected network is examined. The formation of an amorphous interconnected network
of carbon nanowires by ion irradiation was previously studied [142]. It was shown that increasing the
deposited energy enhances the formation of an interconnected carbon network and so, the formation
of an interconnected carbon network after irradiation with lower energies is unlikely. The reason
is that the formation of an interconnected carbon network depends on the total deposited energy
during irradiation that induces bond disorder and vacancies within the carbon structure and thus
creates the driving force for the merging of individual carbon clusters. Even though there is a dif-
ference between irradiation of carbon nanotubes and sol-gel derived polymers, the same mechanism
may be assumed to be responsible for a hypothetical formation of an interconnected carbon network.
The formation of an interconnected carbon network is a result of bonding between highly disordered
carbon clusters (e.g., dangling bonds, damaged graphite sixfold rings) to form a continuous carbon
network. Ion irradiation with high energy ions in previous studies was not sufficient for the forma-
tion of an interconnected network [86,145] and irradiation with higher energy ions led to formation
of isolated free carbon clusters. So, an argument can be made that ion irradiation with lighter ions,
including the current study, also leads to formation of isolated free carbon clusters within the silica
network.

Based on the Raman, FT-IR, and photoluminescence spectroscopy results, as well as the XPS
and XRD results, a microstructure for the films after ion irradiation with Ht and N2* ions is
proposed. A schematic of the proposed microstructural configuration of the films irradiated with
H* and N7 ions is shown in Fig. 4.19. Figure 4.19 (a) shows the microstructure of the films after ion
irradiation with HY ions at the highest fluence. The structure is composed of isolated carbon clusters
within a silica matrix. The silica phase was amorphous silica with an average bond angle of 139°.
Carbon clusters consist of hydrogenated and defective sp? bonded carbon. The interface of carbon
and silica consists of carbon-rich SiO,C, tetrahedra. The microstructure of the N2+ irradiated
films with the highest fluence (Figure 4.19 (b)) also consists of amorphous carbon and silica. The
amorphous silica has an average bond angle of 135°. Carbon clusters in N2* irradiated films were

also defective sp? bonded carbon. While the carbon clusters in both films are hydrogenated, the
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hydrogen concentration of carbon clusters is lower in N?* irradiated film. The interface of carbon

and silica consists of carbon-rich SiO,C, tetrahedra.

B Carbon [ Carbon-rich SIOC  Carbon incorporated silica

O Oxygen
QO Silicon

139°

Figure 4.19: Microstructural configuration of films after irradiation with a) H* ions at

a fluence of 2x10'7 ions/cm? and b) N?* ions at a fluence of 5x 10 ions/cm?.

4.2.6 Mechanical properties of the films after ion irradiation with light
ions

Figure 4.20 shows the variations of film thickness, reduced elastic modulus and hardness of the films

as a function of fluence. The variations in the film thickness follows the same trend as density
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(Fig. 4.4). For both ion species, there is an increase in hardness and reduced elastic modulus
with increasing fluence. The hardness and reduced elastic modulus of the HT irradiated film after
irradiation at the highest fluence (2x10'7) are 4.3 GPa and 46 GPa, respectively. After irradiation
with N2+ with the highest fluence, the hardness and reduced elastic modulus of the film are 7.3 GPa
and 79.3 GPa, respectively. Factors including decomposition of the starting organic materials and a
decrease in the porosity of the films have contributed to the increased hardness and elastic modulus
of the films after irradiation at higher fluences. For comparison, the hardness and reduced elastic
modulus of the heat-treated film at 800°C are measured to be 1.3 GPa and 19.5 GPa, respectively.

The introduction of carbon within the silica network affects the elastic modulus of the films in
two ways. One is the formation of inorganic Si-C bonds as a result of the formation of carbon-
rich Si0,C, tetrahedra, and the other is the reduction of the Si-O-Si bond angle. In addition to
carbon incorporation within the silica network, the atomic displacement and vacancies introduced
by ion irradiation, in combination with thermal spikes, also decrease the Si-O-Si bond angle in silica.
This reduction in the bond angle of silica, in combination with the elastic deformation mechanisms
of amorphous silica may explain the increase in reduced elastic modulus. The presence of free
volume in amorphous silica leads to an alternative elastic deformation mechanism, referred to as
pantograph deformation [50], which explains the dependence of the elastic modulus on bond angle.
This mechanism involves elastic deformation not by pure bond length change, but through a small
decrease in the bond angle of the bridging oxygen atoms. This mechanism requires smaller forces
compared to pure bond length change. As the bond angle decreases as a result of ion irradiation, a
higher proportion of stress is applied for pure bond length change [50], which leads to higher elastic
modulus. The positive effect of compaction (reduction in bond angle) on increasing elastic modulus
of silica has been demonstrated [146]. As discussed in Section 2.4.2, reducing the bond angle of silica
will increase the elastic modulus.

Many studies have focused on the positive effect of ion irradiation on the elastic modulus of
amorphous silica. Ion irradiation is found to increase elastic modulus of both amorphous [147] and
nanoporous [148,149] silica. In addition, it has been found that other parameters that affect the
Si-O-Si bond angle of silica, e.g., temperature or applied pressure, also affect the elastic modulus [57,
150,151]. Tt has been reported that increasing the indentation temperature to 400 °C, can increase
the elastic modulus to 80 GPa [152]. As discussed before, the exact mechanism of reduction of
bond angle has been studied previously by molecular dynamics simulations [114,115], and it was
found that the introduction of vacancies and displacement of atoms leads to a structural relaxation

that results in a decreased bond angle. In addition, thermal spikes also lead to a decreased bond
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angle [114,116]. The introduction of carbon to the silica network and formation of carbon rich
S5i0,C, tetrahedra and formation of Si-C bonds may also increase the elastic modulus of the films.

The bond angle of films irradiated with HT with a fluence of 2x 107 ions/cm? is estimated to be
139° and previous studies on the effect of bond angle on the elastic modulus of silica have indicated
that this level of reduction in the bond angle is similar to the structure of silica under 4 GPa pressure
and does not affect the elastic modulus of silica [57]. Thus, the enhancement in the elastic modulus
of HT irradiated films compared to the heat-treated film is only the result of decomposition of the
starting organic materials and reduction in porosity.

The combined effect of the formation of carbon rich SiO,C, tetrahedra and a reduction in the
bond angle may explain the elastic modulus of the films after irradiation at 5 x 10'® ions/cm?
with N2* ions. Previous studies have shown that bond angle of 135°, similar to the structure of
silica under the pressure of 6.4 GPa, is the onset angle where the decrease in bond angle leads
to enhancement of the elastic modulus [57], and so a slight increase in the elastic modulus of the
silica phase in the film in comparison to fused silica is expected. In order to compare the results
in the literature with the findings in the current study, the measured reduced elastic modulus is
converted to elastic modulus using the procedure described in the literature and the ISO-14577-
1:2002 standard [153,154], where the reduced elastic modulus is related to the elastic modulus of
the test specimen through the following equation:

11— v2o 1—v?

1 s i 4.4
E, 7. & (4:4)

where E,. is the reduced elastic modulus, vs and E; are the Poisson’s ratio and elastic modulus of the
test specimen, respectively, and v; and E; are the Poisson’s ratio and elastic modulus of the indenter,
respectively. The Poisson’s ratio and elastic modulus of the diamond indenter are indicated as 0.07
and 1140 GPa, respectively [153,154]. The Poisson’s ratio of the irradiated films are not known. The
Poisson’s ratio of SiC varies between 0.19 to 0.29 [155], graphene has a Poisson’s ratio of 0.165 [156],
and the Poisson’s ratio of silica varies between 0.17 to 0.38, depending on the inter-atomic spacing
of silicon and oxygen atoms [57]. Thus, Poisson’s ratio is estimated to be 0.25 which is close to the
Poisson’s ratio of all the possible constituent phases. Based on this assumption, the elastic modulus
of the films after irradiation at 5 x 10! ions/cm? with N2 ions is estimated to be 80 GPa which
is similar to the expected elastic modulus of silica with the bond angle of 135°. It should be noted
that even if the Poisson’s ratio estimate is not accurate, the value of elastic modulus will not change

significantly. Changing Poisson’s ratio from 0.25 to 0.3 or 0.2 changes the value of estimated elastic
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modulus by less than 3%.

In addition to Si-O-Si bond angle and formation of carbon rich SiO,C, tetrahedra, the hydrogen
content of amorphous carbon also affects the elastic modulus of the films. Hydrogenated amorphous
carbon has a polymeric nature and is deteriorating to the elastic modulus of the films. The hydro-
gen release at higher ion energy and fluences and formation of carbon clusters with less hydrogen
(Fig. 4.15) is also responsible for the enhancement in the elastic modulus of the films after irradiation
with N?T jons. Thus, the higher elastic modulus of the film irradiated at 5x10® jons/cm? with N2+
ions may be explained by the effect of the formation of carbon rich SiO,C,, a reduction in the bond
angle of fused silica, and hydrogen release from free carbon clusters. It should be noted that the
formation of carbon rich SiO,C, is not the dominant mechanism in increasing the elastic modulus
of the films, as previous studies on similar ion irradiated films showed that the presence of carbon
has a minimal effect on the elastic modulus of N2 irradiated sol-gel derived thin films (Fig. 2.11
and reference [21]). The effect of the changes in the Si-O-Si bond angle on the elastic modulus of the
ion irradiated films is consistent with previous results on similar films where a decrease in spectral
center of the FT-IR TO peak and an increase in the elastic modulus of the ion irradiated films was

observed [21,157].
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Figure 4.20: The variations in film thickness, reduced elastic modulus and hardness of ion

irradiated films as a function of fluence for a) HT irradiated films and b) N2 irradiated

films. The data is adapted from [158].
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4.3 Conversion of films with heavy ions

4.3.1 Chemical evolution of the films after ion irradiation with heavy ions

Figure 4.21 shows the atomic concentration ratio of hydrogen, carbon, and oxygen compared to
silicon for films irradiated with 1 MeV Cut, 4 MeV Cu?*, and 9 MeV Cu®* ions.

After ion irradiation with 1 MeV Cu™ ions, there is a decrease in hydrogen, oxygen, and carbon
concentration. Ton irradiation with a fluence of 10! ions/cm? with 1 MeV Cut ions leads to
almost complete hydrogen depletion. This is an indication of complete conversion of the starting
organic materials into a final inorganic phase. In addition, a decrease in both carbon and oxygen
concentration can be observed. The carbon loss may be related to the release of carbon as CHy
during irradiation [93], as discussed in Section 4.2.1.

Ion irradiation with 4 MeV Cu?* and 9 MeV Cu®t ions leads to higher carbon, oxygen, and
hydrogen loss. Unlike the light ion species, irradiation with heavy ions decreases the concentration
of all three elements. The carbon concentration ratio decreases from 4.4 to 0.8 after ion irradiation
with 9 MeV Cu3T at a fluence of 10! ions/cm?. Similarly, the oxygen ratio decreases from 2.9 to 0.8.
High oxygen loss, although not unprecedented [159-163], is not common and is mostly observed in
high energy ion irradiation with heavy ions [159,162]. A plausible explanation for carbon and oxygen
depletion after ion irradiation with 1 MeV Cu™, 4 MeV Cu?*t, and 9 MeV Cu?* ions may be related
to the bond dissociation energy of different bonds within the starting materials. Table 4.3 shows
the dissociation energy for various TEOS and similar compounds chemical bonds. Assuming that
the surrounding chemical environment has minimal effect on the bond energy of a large molecule,
e.g., TEOS or MTES, a conclusion can be made about the origin of carbon and oxygen loss. The
dissociation energies in Table 4.3 indicate that, in general, breaking bonds that involves carbon
and hydrogen bonding (e.g., X-H and X-CH,, bonds) requires less energy than breaking bonds that
involve oxygen and silicon bonding (e.g., Si-C,H, and X-OC,H;). As a result, ion irradiation with
lower energies only leads to hydrogen loss. However, higher energy ion irradiation is capable of

breaking stronger bonds and leads to oxygen, carbon, and hydrogen loss.

4.3.1.1 Changes in density of the films after ion irradiation

Figure 4.22 shows the variations in the ERD/RBS estimated density of the 1 MeV Cu*, 4 MeV Cu?*,
and 9 MeV Cu?? irradiated films. The increase in the density of the films irradiated with 1 MeV Cu™

follows the same trend as hydrogen loss. The density of films irradiated with 4 MeV Cu?*, and
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Table 4.3: Bond dissociation energy of various chemical bonds in TEOS and similar

compounds. The symbol Me stands for methyl (CHs).

Chemical Bond Bond  Dissociation | Reference
Energy (KJ/mole)
Si(OC2H5)4 — Si(OC2H5)3OCH2+CH;g 243 [164]
Si(OC2Hj5)4 — Si(OC2H5)sOCHCH3+H 272 [164]
Me3SiCH3 — MesSi+CHs 376 [165]
MesSiOCoHs — MesSiO+CoHjs 390 [165]
Si(OCyHs)4 — Si(OCoHj5)30+CoHs 418 [166,167]
Me3SiOCoHs — MesgSi+OCoHs 485 [165]
Si(OC2Hs5)4 — Si(OCoHj5)3 +OCH; 552 [166,167]
Si-O bond in SiO4 799 [168]

9 MeV CuT after ion irradiation with a fluence of 10*® and 10'6 ions/cm? is above the density of
amorphous silica (2.2 g/cm? [168]). The increase in density is at least partially related to the decrease
in the Si-O-Si bond angle and compaction of the silica structure, as discussed in Section 4.2.2.2.
However, the formation of free carbon (with a density of 2.30-2.72 g/cm® [168]) might also aid in
increasing the density of the films.

A decrease in the density of the 9 MeV Cu3T irradiated films is observed after irradiation with
a fluence of 106 ions/cm? which may be related to the removal of larger molecules, as discussed in
Section 4.3.1 and the formation of atomic size voids. The formation of porosity after ion irradiation
was observed before [169-171] and was attributed to the merging of point defects formed during ion
irradiation. The same phenomenon, the formation of atomic-scale voids during ion irradiation due
to excessive element removal after ion irradiation with 9 MeV Cu3* may be considered responsible

for the decrease in the density of the films after ion irradiation with a fluence of 106 ions/cm?.
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Figure 4.21: Atomic concentration ratios of hydrogen, carbon, and oxygen compared to

silicon after ion irradiation with a) 1 MeV Cu* b) 4 MeV Cu?T, and b) 9 MeV Cu?*.
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4.3.2 FT-IR spectroscopy characterization

Figures 4.23, 4.24, and 4.25 show the transmission FT-IR spectra of the films after ion irradiation
with 1 MeV Cu™t, 4 MeV Cu?t, and 9 MeV Cu?t ions, respectively. Figure 4.26 also shows the
reflection FT-IR spectroscopy results of the irradiated films. Similar to the films irradiated with H*
and N?* ions, a decrease in the FT-IR peaks related to the starting organic materials is observed.
The peaks between 750-800 and 1275 cm~! are from SiCHjz [101]. The small peak at 1450 cm~! is
from a C-H bond [102]. The peak around 1670 cm ™! is from OH vibrations of adsorbed or entrapped
water [103] and the peaks between 2850-3000 cm ™! are from C-H,(x=1,2,3) [100,104]. All of these
peaks are related to the starting materials and there is a decrease in their intensity with increasing
fluence for all three ion energies (1 MeV Cut, 4 MeV Cu?", and 9 MeV Cu?*t). The peaks around
2300 cm ™! are related to C=0 bonds and originate from the carbon dioxide in the air and insufficient

background subtraction and are not related to the films.
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Figure 4.23: Transmission FT-IR spectra of the films irradiated with 1 MeV Cu™ ions

at different fluences.

The peaks between 900 to 1300 cm ™' are related to the Si-O-Si bond and the amorphous silica

structure. After irradiation with 1 MeV Cu™ ions, no significant changes in the silica related FT-
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IR peaks of the films irradiated with a fluence of 10'® and 10'* ions/cm? are observed. However,
further increase in the fluence leads to the development of the O-Si-C related peak (at 1140 cm™1)
and elimination of the LO peak (at 1200 cm~!). After irradiation at the highest fluence (106
ions/cm?), the position of the TO peak is decreased to 1030 cm~!, corresponding to a bond angle
of 130°. Previous molecular dynamics simulations have shown that bond scission and displacements
of atoms as a result of ion irradiation are follows by a structural relaxation that results in a more
compact structure with decreased bond angle [114,115]. In addition, thermal spikes (local melting
along the ion tracks and the subsequent rapid solidification and quenching) during ion irradiation
also result in a decreased bond angle and a more compact silica structure through a transition from
six-fold tetrahedra rings to three- and four-member rings during rapid solidification [114-116]. A
combination of these two phenomena (thermal spikes and bond scission and atomic displacement)
decreases the Si-O-Si bond angle and subsequently compacts the silica structure. The combination of
these two mechanisms simulates a silica structure at elevated pressures. For comparison, the spectral
center of the TO peak of the film heat-treated at 800 °C, in air is located at 1080 cm~! (Fig. 4.6),
corresponding to the Si-O-Si bond angle of 144°. The results of curve fitting of the FT-IR spectra
of the films irradiated with 1 MeV Cu™ are presented in Table 4.4.

Ion irradiation with 4 MeV Cu?* does not induce any changes in the TO spectral center of the
films after irradiation with a fluence of 10'® and 10** ions/cm?2. However, after ion irradiation with
a fluence of 10'® and 106 jons/cm?, a decrease in the peak position of the TO peak and elimination
of the LO peak is observed. The TO peak spectral center in the FT-IR spectra of the film irradiated
with a fluence of 106 ions/cm? with 4 MeV Cu?* ions shifts to 1015 cm ™!, corresponding to the
bond angle of 124°, indicating a more compact silica structure. The small thickness of the films
makes it difficult to observe reflection FT-IR spectra of the films irradiated with 4 MeV Cu?* and
9 MeV Cu3T ions with fluences of 10*® and 10'® ions/cm? and the reflection FT-IR spectra of
these films are overwhelmed by a fringe pattern due to small thickness of the films and internal
reflections [172].

After irradiation with 9 MeV Cu3" with a fluence of 10*® and 106 ions/cm?, all the previ-
ously observed silica peaks disappear. The only visible peaks are a broad FT-IR peak between
600-900 cm ™! and a fringe background pattern. The background pattern originates from the small
thickness of the films and internal reflections that gives rise to a wavy sinusoidal background pat-
tern [172]. The broad peak between 600-900 cm~! originates from the partial transformation of
SiO9 from tetrahedral to octahedral coordination. Williams and Jeanloz [173] studied the effects of

pressure on the infrared spectra and structure of amorphous silica. They noted that with increasing
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Figure 4.24: Transmission FT-IR spectra of the films irradiated with 4 MeV Cu?* ions

at different fluences.

Table 4.4: Curve fitting results of the FT-IR spectra of the films irradiated with

1 MeV Cu™ ions.

Film condition TO peak | Si-O-Si I(LO)/1(TO) | I(0-Si-C)/I(TO)
center bond
(em™1) angle(®)

Green 1083 145 1.15 0

1 MeV Cut 10'3 ions/cm?| 1075 143 1.22 0

1 MeV Cut 10* ions/cm?| 1078 144 1.15 0

1 MeV Cu™ 10*° ions/cm?| 1061 139 0.24 0.54

1 MeV Cu* 10%*¢ ions/cm?| 1030 130 0.25 0.44
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the pressure, the intensity of the SiOy4 related peaks around 1100 cm ™! is reduced significantly rela-
tive to the intensity of the new peaks between 600-900 cm~!. Bending and stretching of the O-Si-O
bond in octahedrally coordinated silicon (SiOg) has peaks at the same region. Other studies have
also noted that with increasing applied pressure, the SiO4 peaks disappear and signs of additional
SiOg related peaks are present in the infrared spectra [174,175]. The transformation has been con-
firmed by both X-ray absorption [176] and Raman spectroscopy [177]. The shift from tetrahedral
to octahedral coordination number is gradual [178-180], and so at the beginning of the increase in
the coordination number, the FT-IR spectra of silica is defined by a broad featureless peak between
600-900 cn~! and the absence of amorphous silica peaks between 900-1300 cm™!. It should be noted
that the broad featureless spectra originates from the small size of the octahedrally coordinated clus-
ters [175]. It is also a feature of the FT-IR spectra of ion irradiated films that the small size of the
compounds formed may render the well-defined peaks into broad featureless peaks [94]. The driving
force behind coordination transformation as a result of applied pressure has been attributed to the
structural changes in silica to enable compaction. As the pressure increases, there is a decrease in
Si-O-Si bond angle through a decrease in the ring size of the silica from six to three or four. However,
with further increase in pressure and a decrease in the bond angle, the coordination number changes
to a more compact packing coordination, i.e., octahedral, to accommodate the high pressure [177].
Ton irradiation with energetic ions and the resulting bond scission and disorder and thermal spikes
simulates the high level of pressure. Irradiation with 1 MeV Cu* and 4 MeV Cu 2 decreases the
bond angle, the same way that higher applied pressure results in smaller bond angle, and after ion
irradiation with 9 MeV Cu?*, the level of compaction forces a change in the coordination number
of silica to accommodate the high density of the structure. Previous experimental [116,181] and
simulation [114,115] studies of ion irradiated silica have confirmed that ion irradiation causes a de-
crease in Si-O-Si bond angle and a compaction of structure, similar to applied pressure. In addition,
it was found that, regardless of compaction process (i.e., irradiation or applied pressure) structural
and vibrational structure of silica after compaction is the same [115,116,181]. This indicates that
the previous findings on the vibrational response of silica under applied pressure can be applied to
ion irradiated films as well.

In order to test this hypothesis, low wavenumber Raman spectroscopy was performed on the films
to study the Raman response of the silica structure. Figure 4.27 shows the Raman spectra of the
films in the 200-900 cm~! range after ion irradiation with all three ions at a fluence of 1016 ions/cm?.

1

The main two observable Raman modes are located at approximately 450 and 720 cmm ™", correspond-

ing to the w; Raman mode of amorphous silica, and carbon incorporated amorphous silica [182],
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Figure 4.25: Transmission FT-IR spectra of the films irradiated with the 9 MeV Cu3*

ions at different fluences.

respectively. With increasing ion energy and irradiation fluence, there is an increase in the spectral
center of the w; mode up to 490 cm~! for the 9 MeV Cu?* irradiated film at a fluence of 10'6
ions/cm?. In addition, the 720 cm~! mode disappears after irradiation with 9 MeV Cu3* ions with
a fluence of 10'6. The increase in the spectral center of the w; mode is consistent with previous high
pressure Raman studies of silica [177,183] and is related to the decrease in the Si-O-Si bond angle
and the formation of three and four fold tetrahedra rings. The disappearance of the Raman mode
at 720 cm~! after irradiation with higher energy ions is related to the changes in the coordination
of silicon in amorphous silica, as the presence of different coordinations and silicon sites results in
the broadening of the Raman modes and loss of intensity [173]. In addition, the changes in coor-
dination number may induce a decrease in the polarizability of the ions and a decrease in Raman
intensity [173]. The Raman results confirm FT-IR results that the silica structure formed after ion
irradiation is similar to the silica structure after the application of high pressure. For comparison,
the Raman spectra of fused silica glass and heat-treated films are presented in Appendix C.
Raman results confirm the presence of a silica network within the films, even after irradiation
at fluences and energies that do not result in the presence of silica-related FT-IR peaks between
900-1300 cm~!. In addition, the results also confirm a gradual transition toward a more compact

silica structure with increasing ion energy and fluence.
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Figure 4.26: Reflection FT-IR spectra of the 1 MeV Cut, 4 MeV Cu?*, and 9 MeV Cu?+
irradiated films at different fluences. The FT-IR spectra of 4 MeV Cu?*, and 9 MeV Cu?t
irradiated films with fluences of 10'5 ions/cm? and 10'® ions/cm? is overwhelmed by a

fringe pattern.
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Figure 4.27: Raman spectra of the collected (solid line) and fitted (dashed line) silica
Raman modes of ion irradiated films with 1 MeV Cut, 4 MeV Cu?*, and 9 MeV Cu3t
ions. The vertical lines indicate lowest and highest center of the w; Raman mode. The

sharp Raman mode at 520 cm™! is related to silicon substrate.

4.3.3 Raman spectroscopy characterization of free carbon clusters

Raman spectroscopy results for the characterization of free carbon clusters are presented in Figs. 4.28,
4.29, and 4.30 for films irradiated with 1 MeV Cu™, 4 MeV Cu?*, and 9 MeV Cu3* ions, respectively.
The Raman response of the films irradiated with 1 MeV Cu™ is similar to the films irradiated with H*
and N27 ions. After irradiation at low fluences (10*® and 10** ions/cm?) no sign of any carbon related
Raman modes is observed. The broad background emission after irradiation with 1 MeV Cu™ with
a fluence of 10'* ions/cm? is possibly related to intermediate organic compounds. After irradiation
at higher fluences (10'° and 10'® ions/cm?) signature carbon related D and G modes are observed.
The free carbon formed during ion irradiation with 1 MeV Cut was studied by curve fitting its

Raman response. Two Gaussian peaks are used for the D and G Raman modes. A summary of the
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results are presented in Table 4.5. The free carbon formed in the film irradiated with a fluence of
10*° ions/cm? is amorphous sp? bonded carbon. The background in the Raman spectra of the film
irradiated at 10'° ions/cm? with 1 MeV Cu™ ions originates from an electron hole pair recombination
within sp? bonded clusters and the intensity of this emission tends to increase with increasing the
hydrogen concentration, primarily due to the saturation of non-radiative recombination sites (i.e.,
dangling bonds) by hydrogen [120,127]. Based on the approach described in Sections 2.4.1 and 4.2.3,
after irradiation with a fluence of 106 ions/cm?, the free carbon is amorphous and only a limited
concentration of sp® bonded carbon may be present. The lower intensity ratio (I(D)/I(G)) and large
peak width of the G mode after irradiation at this fluence indicates a higher level of defects than
the films irradiated with light ions. The average carbon cluster size is estimated from Equation 4.1
to be 1.2 nm.

The Raman response of the ion irradiated films with 4 MeV Cu?* and 9 MeV Cu?" is different
from 1 MeV Cut, Ht, and N?* irradiated films. The films irradiated with 4 MeV Cu?* and
9 MeV Cu®* exhibit no visible Raman response after ion irradiation with a fluence of 103 jons/cm?.
No visible Raman mode is observed after ion irradiation with 4 MeV Cu?* with a fluence of 104
ions/cm?. After ion irradiation with 9 MeV Cu3* ions with a fluence of 1014 ions/cm? some evidence
of carbon related Raman modes is observed between 1100-1700 cm~!. However, the Raman modes
are too weak to draw a conclusion. After irradiation with 10'® and 10!® ions/cm? fluences, a
single Raman mode centered at 1430 cm ™! is present in the films irradiated with 4 MeV Cu?* and
9 MeV Cu®t. This Raman mode cannot be deconvoluted to the D and G modes and is a different
mode. Although the carbon Raman response almost always consists of D and G modes (with the
exception of pure diamond, where the Raman response is a single mode at 1332 cm™1), there are rare
cases where the carbon Raman response is a single mode centered around 1430 cm ™! instead of the
D and G modes [184-192]. This peak is usually observed in silicon carbide [184, 186,188,191, 192]
or Ge,C;_, [185,187,189,190] compounds. All the specimens exhibiting the 1430 cm~! Raman
mode were either ion irradiated or sputtered. Therefore, this Raman mode has only been observed
in defective carbon structures. The Raman mode was first observed by Gorman and Solin, in
amorphous silicon carbide [188]. It was concluded that the Raman mode is not related to impurities
or oxygen containing compounds. This study was performed in a silicon carbide compound with
carbon deficiency and the occurrence of the 1430 cm~! Raman mode was always accompanied by
the formation of Si-Si bonds, and so the study concluded that the Raman mode was related to
a C-C bond. Based on the dependence of the peak position on carbon content and Monte Carlo

simulations, other studies have also confirmed that this mode is a result of a homonuclear carbon
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bond [184].

The fact that this Raman mode originates from carbon bonds in disordered and amorphous
compounds is generally accepted. However, there is no agreement about the nature of the C-C bond.
Different studies have suggested that the Raman mode is either from sp? or sp? bonded carbon. The
lack of the D and G modes was used by some to suggest that this mode is related to sp® bonded
carbon [185,190]. However, this is a questionable conclusion. All materials systems with a Raman
mode at 1430 cm ™! are amorphous, and it has consistently been shown that the Raman response
of amorphous sp? bonded carbon, with a limited content of sp? bonded carbon, may also consist
of D and G Raman modes. In addition, no sign of sp?> bonded carbon Raman modes is observed
in the Raman spectra. Others have claimed that the peak is related to amorphous carbon [187]
which again is questionable since the D and G modes are not indicators of the carbon crystallinity
and are also present in the Raman response of amorphous carbon. Other authors have suggested
that the Raman mode is a result of sp? bonded carbon, but that the carbon is not in the form of
graphitic rings [189]. It has been suggested that even though this Raman mode originates from sp?
bonded carbon, no graphitic rings are present. No sp® bonded carbon Raman mode is expected
at wavenumbers higher than 1400 cm~! [193], which further confirms the sp? bonded origin of the
observed Raman mode. Some studies have shown that subsequent annealing transforms this carbon
structure into graphitic carbon [186,190,192].

There also exists a number of theoretical studies of the Raman spectra of non-graphitic sp?
bonded amorphous carbon which might explain the origin of the observed Raman mode in the ion
irradiated films. Doyle and Dennison used a theoretical approach called the embedded-ring approach
(ERA) to calculate the Raman spectra of various graphitic rings [194]. This approach combines the
vibrational modes of n-member rings to predict the vibrational spectra of an amorphous random
network. The study indicated that the A’lg vibrational mode of a five-member ring generates a

Raman mode at 1444 cm~!.

Tarrant et. al., also used first principles density functional theory
(DFT) calculations and discovered that this Raman mode may have originated from either five-
or seven-member sp? bonded rings or the aggregation of linearly aggregated six-member graphitic
rings [195]. However, linearly aggregated graphitic rings are always accompanied by D and G modes.
Since no additional D and G modes are observed in the present study, this mode does not originate
from linearly aggregated graphitic rings. XPS results also confirm the sp? bonded nature of the
carbon within the films in the present study, as will be discussed in Section 4.3.4.

In summary, the Raman spectroscopy results indicate that the free carbon structure after ion

irradiation with 1 MeV Cu' ions consists of defective graphitic rings. Raman spectroscopy also
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shows that the structure of the free carbon clusters after ion irradiation with 4 MeV Cu2?t and
9 MeV Cu" consists of sp? bonded carbon in a configuration other than graphitic rings, and has

possibly a five-ring or seven-ring structure.
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Figure 4.28: Raman spectra of the 1 MeV Cu™ ion irradiated films at different fluences.

Table 4.5: Curve fitting results of the Raman spectra of 1 MeV Cu™ irradiated films

exhibiting carbon related D and G Raman modes.

Film condition W(G) FWHM(G) I(D)/I(G)
(cm ) (em)

1 MeV Cu*-10% ions/cm? 1556 144 0.9

1 MeV Cu*-10' ions/cm? 1518 195 0.85
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Figure 4.29: Raman spectra of the 4 MeV Cu?* ion irradiated films at different fluences.
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Figure 4.30: Raman spectra of the 9 MeV Cu®* ion irradiated films at different fluences.
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4.3.4 XPS characterization of the films irradiated with heavy ions

Figure 4.31 shows the XPS Si 2p spectra of two films irradiated with heavy ions. Similar to what was
discussed in Section 4.2.4, with increasing ion energy and fluence, there is a decrease in the binding
energy of the Si 2p peak. Although this shift may be related to the incorporation of carbon within
the silica structure, it should be noted that the shift after ion irradiation with 9 MeV Cu3* with a
fluence of 106 ions/cm? is, at least partially, related to the formation of octahedrally coordinated
silica. Previous studies on the effect of phase transformations on the XPS spectra of silica have
shown a decrease in the binding energy of silicon after tetrahedral to octahedral transformation.
The reason for the decrease in the binding energy is the higher extra-atomic relaxation energy of
octahedrally coordinated silica compared to tetrahedrally coordinated structure [196,197].

Figure 4.32 exhibits the measured Si 2p spectra of the films irradiated with 9 MeV Cu®* ions
with a fluence of 10'%, 4 MeV Cu3* ions with a fluence of 10'®, and N?* ions with a fluence of

5 x 10° ions/cm?

. In addition, the spectrum of the heat-treated film is also included. There is a
monotonic decrease in the Si 2p binding energy with increasing ion energy and fluence which is an
indication of carbon incorporation within the silica structure. It should be noted that the Si 2p peak
of SiC (located at 100.3 eV [129,130,132]) is not observed in any of the films.

Figure 4.33 shows the C 1s XPS spectra of the films after ion irradiation with heavy ions. For
comparison, the XPS spectrum of the heat-treated film is also included. The results indicate the
presence of a C-C peak after ion irradiation. The shoulder on the higher binding energy side of the
main peak consists of a C=0 peak at approximately 286 eV and a C-O peak at 287-290 eV [136].
The location of these peaks on the shoulder are indicated in Appendix A.

In order to study the nature of free carbon formed after ion irradiation, the C 1s XPS spectra
of the 9 MeV Cu?T irradiated film after ion irradiation with a fluence of 106 ions/cm? and N?+
irradiated film with a fluence of 5x10'® ions/cm? are compared and the results are presented in
Fig. 4.34. Figure 4.34 shows that the nature of carbon in the 9 MeV Cu?" irradiated film is similar
to the N2 irradiated film, which as discussed in Section 4.2.3, is predominantly sp? bonded. The
only difference between the XPS Cls spectra of two films is the asymmetric broadening in the C 1s
spectra of the film irradiated with 9 MeV Cu®* ions. The binding energy of the XPS C 1s spectra of
sp? bonded and sp® bonded peaks are located at 284.4 eV and 285.3 eV, respectively [135,198] and are
indicated in Fig. 4.34. Curve fitting is performed using three 30% Lorentzian-70% Gaussian peaks

for C-C, C=0, and C-O bonds. The fitted curves are presented in Appendix A. The results indicate
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Figure 4.31: The XPS Si 2p spectra after irradiation with heavy ions. For comparison,

the XPS spectra of heat-treated film is also included.

that the C 1s spectra of both films is located at 284.4 eV. The peak width of the film irradiated with
9 MeV Cu?T ions is 1.9 eV, which is larger than the peak width of the N?* irradiated film (1.6 eV).
The asymmetric broadening of the C 1s line after ion irradiation with 9 MeV Cu®* may be related to
the incorporation of carbon within silica and the formation of carbon rich SiO,C,, tetrahedra, as the
C 1s spectra of a carbon atom incorporated within a silica network is located at 283.6 eV [199-201].
The binding energy of the C 1s spectra for both films indicates that the carbon formed after ion
irradiation with both ion species is sp? bonded. The C 1s XPS spectra of the irradiated films confirm
the Raman spectroscopy results that the free carbon clusters are predominantly sp? bonded.

In addition, XPS spectroscopy can be utilized to study the chemical composition of the films.
Figure 4.35 shows the overall XPS spectra of the ion irradiated and heat-treated films. However,
due to the small photoionization cross-section of hydrogen, it is not possible to detect hydrogen
with XPS [202]. In addition, the chemical compositions obtained from XPS and ERD/RBS would
be different, as ERD/RBS probes the whole thickness of the films but XPS is limited to a few
nanometers from the surface. As the stopping powers during ion irradiation vary along the thickness
of the films, variations in the chemical composition of the films along the thickness are expected.

However, the same trend in changes of the chemical compositions obtained by XPS and ERD/RBS
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Figure 4.32: The XPS Si 2p spectra of heat-treated, light-ion irradiated and heavy-ion

irradiated films. A shift toward lower binding energies with increasing ion energies can

be observed.

should exist.

As XPS is a quantitative technique, the areas of the O 1s peak, Si 2p peak, and C 1s peak can
be utilized to measure the chemical composition of the films. The observed fluorine peak most likely
originates from surface contamination from the specimen containers. After background removal, the
peak areas are utilized to estimate the chemical composition of the films. Prior to the calculation of
composition, peak areas are normalized according to the XPS sensitivity factors of different elements.

The concentration of element A is calculated using the following equation:

I4/Sa
ST L/S; (4.5)

where I 4 and S 4 are the peak area and sensitivity factor of element A, respectively. I; and S; are the
peak area and sensitivity factor of the i-th element, respectively. C4 is the mole fraction of element
A. The sensitivity factors for O 1s, C 1s, and Si 2p are 0.66, 0.25, and 0.27, respectively [203].
Table 4.6 shows the chemical composition of the films as measured by XPS and ERD/RBS.

The XPS results are in agreement with the ERD/RBS derived chemical composition. While

the exact composition is different from the ERD/RBS results, the trends in changes of chemical
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Figure 4.33: XPS C 1s spectra of the films irradiated with heavy ions.

Table 4.6: XPS and ERD/RBS measured chemical composition of the films

Conversion conditions Chemical composition (XPS) | Chemical composition (ERD/RBS)
NZ+ 10'? ions/cm? Si02.1Ce.9 Si02.64C3.7
N%+ 5x10% ions/cm? Si02Ca 9 Si02.5C3.09
4 MeV Cu?*10'% ions/cm? | SiOq.75Ca.05 Si0; 17C1 13
9 MeV Cu®t 1016 ions/cm? | SiO; 5C .95 Si00.5Co.78
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Figure 4.34: XPS C 1s spectra of 9 MeV Cu3" irradiated film with a fluence of
10% jons/cm? and N?* irradiated film with a fluence of 5x10'% ions/cm?. The ver-

tical lines indicate the binding energy of sp? bonded and sp® bonded carbon.

composition is similar to the ERD/RBS results where light ion irradiated films only exhibit carbon
loss and ion irradiation with heavy ions leads to both carbon and oxygen loss. The XPS results
confirm and complement the ERD/RBS results.

The O 1s XPS spectra of the films after ion irradiation was also collected, but the differences
between the spectra of the films are not large enough to draw a conclusion. A small shift towards
lower binding energies in the O 1s spectra of the 4 MeV Cu?t and 9 MeV Cu?t irradiated films
in comparison to the heat-treated films is observed that can be related to changes in bond angle
of the Si-O-Si bonds [137]. In addition, the partial transformation from tetrahedral to octahedral
coordination in silica can lower the binding energy of the O 1s core level spectra as well [196,197].
The O 1s spectra of the films show a decrease in the binding energy, but the shifts are not large
enough to make a conclusion. The XPS O 1s spectra of the films irradiated with heavy ions are
presented in Appendix B. XPS spectroscopy has also been used to estimate the ratio of free carbon

(i.e., carbon that is bonded to other carbon atoms) to bonded carbon (i.e., carbon that is bonded

81



to silicon atoms) in the heat-treated SiOC. This approach and the following results are presented in
Appendix D. However, this approach assumes a near-stoichiometric composition of the constituent

phases and applying the method to the current study results in inaccurate results.

4.3.5 Microstructural configuration of the films after ion irradiation with

heavy ions

It is shown that irradiation with heavy ions imposes disorder to the films up to the point that
the Si-O-Si FT-IR peaks, and the Raman D and G modes disappear due to the destruction of
graphitic structure and a transformation of silica from tetrahedrally bonded to octahedrally bonded
structure. However, even at this level of disorder, heterogeneity still exists and the microstructure
is composed of separate amorphous silica and carbon phases. Figure 4.36 shows the predicted final
phases present in the films for different compositions. The chemical triangle model was developed
for the heat-treated films and its prediction is not consistent with the findings in this study. The
model predicts that the composition of phases after irradiation with all three ions with the highest
fluence results in the formation of SiC along with amorphous carbon and silica. However, no sign
of SiC is observed in the Raman, FT-IR, and XPS spectra of the films. This is another indication
of the differences between the heat-treated and ion irradiated films.

It should be noted that the room temperature and low temperature photoluminescence spectra of
1 MeV Cu™ and 9 MeV Cu®* films irradiated with a fluence of 106 ions/cm? was also investigated
from room temperature down to 10 K, but no emission relating to SiC (a broad peak ranging from
400-900 nm, as observed previously in the literature [204,205] for SiC within an ion irradiated SiOC
film) is observed. The photoluminescence spectra are presented in Appendix E. The results in
Fig. 4.36 indicate that, unlike heat-treated films, the final phase composition of the films can not be
predicted solely based on the chemical composition.

It is suggested in Section 4.2.5 that high energy ion irradiation in some cases might lead to the
formation of an interconnected carbon network. The Raman response of the films after ion irradiation
with heavy ions is found to be non-graphitic sp? bonded carbon and there exists no indication of
the continuity of carbon clusters. The microstructure of the films consists of compacted amorphous
silica with a broad distribution of bond angle along with separate clusters of sp? bonded carbon
embedded within the matrix.

A schematic of the proposed microstructure of ion irradiated films is shown in Fig. 4.37. The

structure of the films after ion irradiation at the highest fluence with 1 MeV Cu™ ions (Fig. 4.37 (a))
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consists of a compacted, tetrahedrally bonded, and carbon incorporated amorphous silica network
with average bond angle of 130°. In addition, isolated clusters of highly defective graphitic carbon
are also present as a secondary phase within the films. The interface of silica and carbon is composed
of carbon-rich S5iO,C, tetrahedra. The microstructure of the film irradiated with 4 MeV Cu?T jons
at the highest fluence is presented in Fig. 4.37 (b). The results indicate that the film is composed
of a compact amorphous silica structure along with isolated carbon clusters. The average Si-O-Si
bond angle of the silica phase was estimated to be 124°. The carbon clusters are sp? bonded carbon,
arranged in a configuration other than graphitic six-fold rings, possibly five or seven member rings.
The microstructure of the film irradiated with 9 MeV Cu?* ions at the highest fluence is presented
in Figure 4.37 (c). The structure is composed of amorphous silica and isolated carbon clusters. The
amorphous silica structure is a combination of tetrahedrally and octahedrally bonded silica. The
carbon structure after irradiation with 9 MeV Cu?* ions is sp? bonded carbon, possibly arranged in
five or seven rings. The concentration of carbon-rich SiO,C, tetrahedra in this film is also higher

than other films.
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Figure 4.35: XPS spectra of the films ion irradiated with both light and heavy ions. The

heat-treated film spectrum is also plotted for comparison.
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4.3.6 Mechanical properties of the films after ion irradiation with heavy
ions

Figure 4.38 shows the variations in the film thickness, reduced elastic modulus, and hardness of the
ion irradiated films. There is an increase in both hardness and reduced elastic modulus, as well as a
decrease in the films thickness with increasing fluence for all ion energies. Based on Equation 4.4 and
assuming a Poisson’s ratio of 0.25 for the films, the elastic modulus of the 1 MeV Cu™, 4 MeV Cu?*,
and 9 MeV Cu?* irradiated films with a fluence of 1016 ions/cm? is estimated to be 93 GPa, 118 GPa,
and 147 GPa, respectively.

After irradiation with a fluence of 106 ions/cm? with 1 MeV Cu", the elastic modulus and
hardness of the film are higher than for fused silica (72.5 GPa and 7.6 for fused silica [150] versus
93 GPa and 8.3 GPa). The elastic modulus and hardness of the film irradiated with a fluence of
106 ions/cm? with 4 MeV Cu?* is also higher than for fused silica (118 GPa and 9.9 GPa). After
ion irradiation with 9 MeV Cu®*, the elastic modulus and hardness of the film irradiated with
fluences of 10! and 106 ions/cm? are almost twice as that for fused silica (147 GPa and 11.6 GPa).
The values are also well above the reported values for heat-treated SiOC (8 GPa for hardness and
50-113 GPa for elastic modulus [13,27]).

Previous studies on the mechanical response of ion irradiated silicon oxycarbide thin films have
shown similar behaviors. The increase in the mechanical properties of the ion irradiated films was
related to the formation of either sp® bonded carbon or SiC [24, 25,82]. Considering that the
secondary phase within the films is sp? bonded carbon and no sign of SiC is observed in the XPS,
FT-IR, and Raman spectra of the films, other structural changes which have occurred during ion
irradiation should be considered as the source of increase in the elastic modulus of the films.

The decrease in the Si-O-Si bond angle of the silica during ion irradiation, in combination with the
elastic deformation mechanism of amorphous silica, can explain the increase in the elastic modulus
during ion irradiation. As discussed in Section 4.2.6, in addition to elastic deformation by changes in
the bond length, the presence of free volume in the amorphous silica structure leads to an alternative
elastic deformation mechanism. This alternative method can elastically deform the material at lower
forces than pure bond length change. As bond angle decreases as a result of ion irradiation, a higher
proportion of stress is applied for pure bond length change, which leads to a higher elastic modulus.
The dependence of the elastic modulus of the films to the Si-O-Si bond angle has been shown both

experimentally [146] and by molecular dynamics simulations [57]. The level of enhancement depends
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on the Si-O-Si bond angle and the resulting compaction. Previous studies have predicted the elastic
modulus and Si-O-Si bond angle of silica under different pressures [57]. Based on the Si-O-Si bond
angle, the silica structure of ion irradiated films after irradiation with 1 MeV Cu*t and 4 MeV Cu?*
at the highest fluence is similar to the structure of silica under applied pressures of 12.7 and 16.8 GPa,
respectively. This in return indicates the elastic modulus of 94 GPa and 107 GPa for the silica phase
in the films irradiated with 1 MeV Cut and 4 MeV Cu?" at the highest fluence. The measured
values of elastic modulus of the films after irradiation with 1 MeV Cu® and 4 MeV Cu?? ions at
the highest fluence were 93 GPa and 118 GPa, respectively which are close to the estimated values
for the elastic modulus of the silica phase. After ion irradiation with 9 MeV Cu?t, the structure
of silica has started to change its coordination number, which for pressured silica starts at 20-25
Ga [57,180]. This corresponds to elastic modulus of 129 GPa for the silica structure after irradiation
with 9 MeV Cu®*. The estimated elastic modulus of the silica phase is close to the measured
elastic modulus of the films (147 GPa). The elastic modulus of the stishovite, the high pressure,
octahedrally bonded phase of silica is reported to be 400 GPa [62]. The partial transformation of
tetrahedrally bonded silica to octahedrally bonded silica may also increase the elastic modulus of
the films irradiated with 9 MeV Cu?* ions. The elastic modulus values of films after irradiation
with 9 MeV Cu?*, with 10'® and 10! ions/cm? are similar which may be related to the negative
effect of the decrease in the density of the film irradiated with 9 MeV Cu®t with a fluence of
10%¢ jons/cm? (Fig. 4.22) which cancels out the positive effect of the decrease in Si-O-Si bond angle
and the formation of octahedrally bonded silica.

In addition, the increase in the concentration of carbon-rich SiO,C,, as inferred from the XPS
and FT-IR results, also increases the elastic modulus of the films. However, the effect is secondary
to the modification of the silica structure, as the values for elastic modulus of the compacted silica
phase and the films are similar.

Based on the above discussion, the higher elastic modulus of the 1 MeV Cu? irradiated films
compared to fused silica is due to the combined effects of the reduction in Si-O-Si bond angle, as
well as the formation of carbon rich SiO,C, tetrahedra. The higher elastic modulus of the films
after ion irradiation with 4 MeV Cu?" is related to even higher compaction in the silica structure
due to an irradiation-induced decrease in bond angle, as well as larger concentrations of SiO,C,
tetrahedra. In addition to these parameters, the increase in elastic modulus of the films irradiated
with 9 MeV Cu3* also originates from the formation of pockets of octahedrally bonded silica. The

effect of the formation of SiO,C, tetrahedra is secondary to the changes in the structure of silica.
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Figure 4.38: Film thickness, hardness, and reduced elastic modulus of the films after
ion irradiation with a) 1 MeV Cut b) 4 MeV Cu?* and ¢) 9 MeV Cu3*. The data is

adapted from [158].
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4.4 Secondary heat-treatment of ion irradiated films

A secondary heat-treatment was performed on the ion irradiated films to observe any possible effect
of the annealing process including structural release, recrystallization, and synthesis of silicon carbide
nanoparticles. The simultaneous presence of amorphous silica and free carbon provides the possibility
of synthesizing SiC through a secondary heat-treatment. The experiments were performed on base-
catalyzed irradiated films. The ion irradiation and heat-treatment conditions of the base-catalyzed
films are shown in Table 3.3.

Figure 4.39 shows SEM images of the N?* irradiated base-catalyzed films with a fluence of
106 ions/cm? before and after secondary heat-treatment at 1100°C. Crack formation after sec-
ondary heat-treatment can be observed in SEM images. This is related to chemical reactions be-
tween the films and the silicon substrate [85]. The exact mechanism involves the reaction of silicon

with amorphous silica at elevated temperatures to form gaseous SiO [206]:

SiOg(s) + S’i(s) — QSiOgas (4.6)

Figure 4.39: SEM images of base-catalyzed thin films a) ion irradiated with N2* ions
with a fluence of 10'¢ ions/cm? and b) the same film after heat-treatment at 1100 °C.

The arrows indicate the formed cracks.
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4.4.1 FT-IR spectroscopy characterization of ion irradiated base-catalyzed

films after secondary heat-treatment

Reflection FT-IR spectra of the ion irradiated films after secondary heat-treatment at 1100 °C and
1350 °C are presented in Figs. 4.40 and 4.41, respectively and the results of curve fitting are presented
in Table 4.7. The peak around 471 cm~! is another Si-O-Si related peak [207]. The FT-IR peak
at 800 cm~! is also from Si-O-Si bending [208]. The small peak around 670 cm™! is related to the
silicon substrate [209].

The higher density of N2t irradiated films after secondary heat-treatment compared to HT
irradiated films, as inferred from I(TO)/I(LO) values, is related to a higher level of bond disorder in
the N2t irradiated films and the subsequent higher driving force for structural modification during
annealing.

Compared to previous films, the films after secondary heat-treatment have a higher TO peak
spectral center. This is a result of structural release during secondary heat-treatment. The TO
spectral center at roughly 1100 cm™! corresponds to a bond angle of 149°, which is the bond angle
of crystalline a-cristobalite [210]. XRD was also performed on one of the ion irradiated films after
secondary heat-treatment and the XRD pattern in presented in Fig. 4.42. The results indicate the
formation of crystalline a-cristobalite. The structural release and the increase in the bond angle of
Si-O-Si as a result of annealing, may explain the previous diminishing of the mechanical properties

of the ion irradiated films after a secondary heat-treatment, as observed in a previous study [21].
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Figure 4.40: Reflection FT-IR spectra of the ion irradiated base-catalyzed films after a

secondary heat-treatment at 1100 °C.

Table 4.7: Curve fitting results of FT-IR spectra of base-catalyzed films irradiated with

H* and N2* ions after secondary heat-treatment at 1100 °C and 1350 °C.

Film condition TO peak | Si-O-Si I(LO)/I(TO) I(O-Si-C)/I(TO)

spectral bond

center angle(®)
Unirradiated- 1100°C 1094 149 0.25 0.68
Unirradiated- 1350°C 1100 152 0.24 0.52
H*-10'° ions/cm? 1100°C | 1094 149 0.25 0.69
H*-10% jons/cm? 1350°C | 1107 154 0.185 0.23
H*-10'6 jons/cm? 1100°C | 1094 149 0.25 0.72
H*-10%¢ ions/cm? 1350 °C 1104 153 0.18 0.3
N2+-10'% ions/cm? 1100°C | 1094 149 0.24 0.7
N2+-1015 jons/cm? 1350°C | 1109 155 0.17 0.14
N2+-10%° jons/cm? 1100°C | 1094 149 0.25 0.67
N2+10'6 jons/cm? 1350°C | 1109 155 0.17 0.14
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Figure 4.41: Reflection FT-IR spectra of the ion irradiated base-catalyzed films after a

secondary heat-treatment at 1350 °C.
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Figure 4.42: XRD pattern of a based-catalyzed ion irradiated film after ion irradiation
with N?* ions at 1016 ions/cm? and a secondary heat-treatment at 1350 °C. The observed

XRD peaks correspond to the XRD pattern of a-cristobalite (JCPDS Number: 39-1425).
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4.4.2 Raman spectroscopy characterization of ion irradiated base-catalyzed

films after secondary heat-treatment

The Raman spectra of the ion irradiated base-catalyzed films after secondary heat-treatment at
1100°C exhibit D and G Raman modes. No carbon related Raman modes are observed after
secondary heat-treatment at 1350 °C. The carbon formed during ion irradiation of the base-catalyzed
films is highly defective carbon [87], similar to that previously observed in Section 4.2.3. However
after secondary heat-treatment at 1100 °C, the Raman spectra of the free carbon within the films
is similar to nanocrystalline graphitic carbon formed by heat-treatment. The Raman spectra of the
films after secondary heat-treatment at 1100 °C are presented in Fig. 4.43.
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Figure 4.43: Raman spectroscopy results of base-catalyzed ion irradiated films after

secondary heat-treatment at 1100 °C.

In order to study the nature of carbon within the films after secondary heat-treatment, curve
fitting was performed on the Raman spectra. Unlike previous films, the Raman spectra of the ion
irradiated films after secondary heat-treatment are better fitted with two BWF curves, as expected
from the literature for nanocrystalline graphite [35]. A summary of the results are presented in
Table 4.8.

Compared to as-irradiated films, the free carbon clusters of all the films annealed at 1100°C
exhibit a lower level of disorder. The size of the free carbon clusters for all of the films is estimated

from Equation 4.2 to be between 4 to 5 nm.
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In summary, the XRD, Raman, and FT-IR results of the ion irradiated films after a secondary
heat-treatment indicates a release of induced structural damage and an ordering of the structure.

In addition, there is no indication of the formation of secondary SiC clusters.

Table 4.8: Curve fitting results of the Raman spectra of base-catalyzed films after sec-

ondary heat-treatment.

Film condition W(G) (em™1) | FWHM(G) I(D)/1(G)
(em)

Unirradiated 1600 o1 1

H*-10'° ions/cm? 1100°C | 1590 60 1.3

H*-1016 jons/cm? 1100°C | 1595 65 1

N2+-10% jons/cm? 1100°C | 1584 41 1.3

N2+.106 jons/cm?® 1100°C | 1586 74 1.3

In addition to the base-catalyzed films, a secondary heat-treatment was also performed on an
unirradiated acid-catalyzed film at 1100 °C and 1350 °C. In the acid-catalyzed films, unlike the base-
catalyzed films, most of the carbon is lost during thermal decomposition. And so, the final structure
of the films after heat-treatment at 1100 and 1350°C is just a silica network. Heat-treatment
at 1350°C leads to the formation of crystalline silica (a-cristobalite) as shown in Fig 4.44. All
the visible peaks in the XRD pattern of the film correspond to crystalline a-cristobalite (JCPDS
Number: 39-1425).
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Figure 4.44: XRD Pattern of unirradiated acid-catalyzed films after heat-treatment at
1350°C. The observed XRD peaks correspond to the XRD pattern of a-cristobalite

(JCPDS Number: 39-1425).
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Chapter 5

CONCLUSIONS AND POSSIBLE
FUTURE WORK

5.1 Conclusions

1. Ton irradiation was performed using 200 keV H*, 400 keV N2+, 1 MeV Cut, 4 MeV Cu?*, and
9 MeV Cu?t ions at different fluences. Irradiation with all ion species successfully decomposes the
starting organic materials and leads to the formation of an amorphous microstructure of silica and
sp? bonded carbon. The decomposition is mostly achieved through hydrogen loss after irradiation
with HT and N2% ions. XRD experiments show that the films are amorphous after ion irradiation.
An increase in the density of the films after ion irradiation is observed.

2. FT-IR spectroscopy investigation of H and N2+ irradiated films indicates the incorporation
of carbon within the silica network during ion irradiation. In addition, a decrease in porosity and
bond angle of the Si-O-Si bonds is observed. The decrease in porosity and bond angle is larger
in N2t irradiated films compared to H* irradiated films. The results are consistent with previous
studies on the effects of ion irradiation on the structure of amorphous silica.

3. Raman spectroscopy results indicate the formation of carbon clusters after ion irradiation at
higher fluences with both HT and N?* irradiation. The carbon clusters are found to be disordered
sp? bonded carbon. A method is proposed to estimate the carbon cluster size of the ion irradiated
films.

4. Unlike ion irradiated films, the microstructure of the films after heat-treatment consists only of

amorphous silica. The formation of carbon clusters is only observed at intermediate heat-treatment
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temperatures. The carbon clusters formed at intermediate temperatures consist of nanocrystalline
graphite. The amorphous silica network in the heat-treated films is more porous than the H™ and
N2+ irradiated films.

5. Photoluminescence spectra of the films indicate that the free carbon clusters formed during
ion irradiation are hydrogenated amorphous carbon. The hydrogen content of amorphous carbon
decreases after ion irradiation with higher energies at higher fluences.

6. XPS results of the films confirm the results obtained by FT-IR spectroscopy. The XPS results
confirm the incorporation of carbon within the silica network after ion irradiation. XPS derived
chemical compositions are in agreement with ERD/RBS derived chemical compositions of the films.
The trend in the changes of chemical composition is similar between the XPS and ERD/RBS results.

7. Based on Raman spectroscopy, FT-IR spectroscopy, ERD/RBS, and XRD results, the mi-
crostructure of the Ht and N?* irradiated films is an amorphous mixture of hydrogenated carbon
clusters and silica. The suggested microstructural configuration of the H and N2 irradiated films
is an amorphous silica matrix with isolated carbon clusters.

8. The results from Conclusions 2, 5, and 7 are utilized to explain an increase in elastic modulus
of the H and N?* irradiated films. In addition to decomposition of the starting organic materials
and a decrease in the porosity of the films as a result of ion irradiation, changes induced by ion
irradiation in the structure of individual phases within the films are also found to enhance the
elastic modulus of the films. The decrease in the bond angle of Si-O-Si leads to a change in the
elastic deformation mechanism of amorphous silica. The incorporation of carbon within the silica
structure and the formation of Si-C bonds may also enhance the mechanical properties of the films,
but its effect is secondary to the changes in the bond angle of silica. In addition, the hydrogen
loss after ion irradiation leads to the formation of carbon clusters that do not decrease the elastic
modulus of the films. After irradiation with H, no enhancement due to a decrease in Si-O-Si bond
angle is expected. However, the enhancement in the mechanical properties of the N?* irradiated
films is mostly related to a decrease in the Si-O-Si bond angle.

9. Conversion of the films was also performed using 1 MeV Cut, 4 MeV Cu?T, and 9 MeV Cu?*
ions. While ion irradiation with H* and N2 only leads to hydrogen loss, irradiation with 1 MeV Cut,
4 MeV Cu?*, and 9 MeV Cu3™ also results in carbon and oxygen loss. The density of the films also
increases with increasing ion energy and fluence.

10. Ion irradiation with heavy ions leads to modification of the amorphous silica structure. After
ion irradiation with 1 MeV Cu® and 4 MeV Cu?*, the Si-O-Si bond angle is measured to be 130°

and 124°, respectively. In addition, ion irradiation with 9 MeV Cu37 ions leads to the disappearance
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of the FT-IR peaks related to silica, which is an indication of the onset of tetrahedral to octahedral
transformation in silica. The results from XPS and Raman spectroscopy also confirm the observed
changes in the structure of amorphous silica. A combination of irradiation induced thermal spikes
and formation of vacancies and subsequent structural relaxation is found to be responsible for the
changes in the structure of the silica phase.

11. Raman spectroscopy investigation of films irradiated with heavy ions reveals that the signa-
ture D and G Raman modes are not present in the Raman response of the films after irradiation
with 4 MeV Cu?* and 9 MeV Cu 3t at the highest fluences. Instead, a Raman mode is observed
at 1430 cm~! which is attributed to the presence of sp? bonded carbon within the films, but in a
form other than six-fold graphitic rings. The results of Raman spectroscopy of carbon clusters are
confirmed by XPS.

12. The microstructure of the films irradiated with heavy ions consists of individual sp? bonded
carbon clusters within an amorphous silica network with either tetrahedrally or octahedrally bonded
silica structure.

13. Elastic modulus and hardness of the films irradiated with heavy ions are higher than H*
and N2t irradiated films, fused silica, and heat-treated SiOC specimens. The smaller bond angle of
amorphous silica, gradual transformation from tetrahedrally bonded to octahedrally bonded silica,
and the formation of Si-C bonds are found to enhance the mechanical properties of the films. The
changes in the structure of amorphous silica is found to be the dominant parameter dictating the
mechanical properties.

14. Secondary heat-treatment of ion irradiated base-catalyzed films indicates a structural re-
laxation, as well as a chemical reaction between the films and the substrate after secondary heat-
treatment. The Raman and FT-IR results indicate that the free carbon and silica phases within the
structure are different from the as-irradiated films and are more similar to the structure of phases
within a heat-treated SiOC film. The XRD pattern of the heat-treated films indicates the formation
of crystalline a-cristobalite.

15. The results in the current study, specifically the dependence of elastic modulus on the Si-O-Si
bond angle, can also explain the observed increase in the elastic modulus of ion irradiated films from
a previous study [21].

16. Table 5.1 summarizes the proposed microstructure of different ion irradiated films.
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Table 5.1: The proposed microstructure of ion irradiated films

Irradiation Silica Free carbon Silicon carbide

condition

200 keV HT tetrahedrally bonded silica | Hydrogenated, amorphous | Not observed
with average Si-O-Si bond | sp? bonded carbon in
angle of 139° graphitic configuration

400 keV N2+ tetrahedrally bonded silica | Hydrogenated, amorphous | Not observed
with average Si-O-Si bond | sp? bonded carbon in
angle of 135° graphitic configuration

1 MeV Cu™ tetrahedrally bonded silica | Amorphous sp? bonded | Not observed
with average Si-O-Si bond | carbon in graphitic config-
angle of 130° uration

4 MeV Cu?t | tetrahedrally bonded silica | Amorphous sp? bonded | Not observed
with average Si-O-Si bond | carbon in non-graphitic
angle of 124° configuration

9 MeV Cu?t A combination of tetra- | Amorphous sp? bonded | Not observed

hedrally and octahedrally

bonded silica

carbon in non-graphitic

configuration
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5.2 Possible Future Work

e The structure of silicon oxycarbide tetrahedra and octahedras can be better understood using
additional characterization techniques. Specifically, NMR spectroscopy has a higher resolu-
tion than other competing techniques and can fully distinguish between the different silica

tetrahedra and octahedras.

e Studying the effects of ion irradiation conditions on the deformation mechanism of the films
can be achieved by studying the indentation impression on the surface which can provide

additional insight into the mechanical deformation mechanism of the ion irradiated films.

e Repeating the ion irradiation experiments on fully converted SiOC films with varying levels
of carbon and studying the effects of ion irradiation and carbon content can be useful in
evaluating the enhancement in the mechanical properties of the films without the interference

from the decomposition parameters.

e Measurement of other physical and chemical properties of the films (e.g., optical, electrical,
and corrosion resistance) can help to open the door for new applications for ion irradiated thin

films.
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Appendix A

Curve fitting results of C 1s

spectra of ion irradiated films
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400 KEV N2+ 5E15 C 1S
Pass Energy: 55 Magn.: 5 W.F.: 3.9 Energy Step 0.200 eV
Total Acqu Time 4 mins 18.322 s (3003.8 ms x 1 x 86)
Acquired On: 2015/10/22 -1:-1:-1
Source: Al mono (49.87 W) (Width (200, 200) um)
Instrument: PHI Quantera SXM
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Figure A.1: Curve fitting results of C 1s spectra of N?T irradiated film with a fluence of

5x101% ions/cm?. The C-C, C=0, and C-O peaks are indicated in the figure.
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9 MEV CU3+ 1016 C 1S
Pass Energy: 55 Magn.: 5 W.F.: 3.9 Energy Step 0.200 eV
Total Acqu Time 4 mins 18.322 s (3003.8 ms x 1 x 86)
Acquired On: 2015/10/22 -1:-1:-1
Source: Al mono (49.87 W) (Width (200, 200) um)
Instrument: PHI Quantera SXM
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70
Name Pos. FWHM L.Sh. Area %Area
| CC 28438 1940 GL(30) 10924.86 8341
=0 28646 1937 GL(30) 154531 11.80 @
] cO 28842 1.611 GL(30) 628.06 4.79 &
60
50
172}
[-W
5
40_
30
20

T T
288 284 280
Binding Energy (eV)

Figure A.2: Curve fitting results of C 1s spectra of Cu3* irradiated film with a fluence

of 106 ions/ecm?. The C-C, C=0, and C-O peaks are indicated in the figure.
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Appendix B

XPS O 1s spectra of ion irradiated

and heat-treated films

————— N2 510" ions/cm?
- ---N*" 1x10"ions/cm?® /"
—-3800 °C
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Figure B.1: XPS O 1s spectra of the films irradiated with light ions.
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Figure B.2: XPS O 1s spectra of the films irradiated with heavy ions.
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Appendix C

Silica Raman modes of fused silica

and the film heat-treated at 800 °C
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Figure C.1: Raman spectra of fused silica.
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Figure C.2: Raman spectra of the heat-treated acid-catalyzed film after heat-treatment

at 800°C.
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Appendix D

Estimation of free carbon content

of 1on irradiated and heat-treated

films

In the following an attempt is made to quantitatively measure the concentration of different SiO,C,
tetrahderas. As mentioned in Section 4.2.4, based on the energy difference between the XPS position
of silica and silicon carbide, the binding energies of various SiO,C, tetrahedra (SiO4, SiO3C, SiO2Co,
SiOCjs, as well as SiC) has been determined previously [129,130,132] as 103.5, 102.7, 101.9, 101.1
and 100.3 eV, respectively; and so, a quantitative evaluation of these tetrahedra can be achieved
using XPS. The position of all lines were fixed in curve fitting. In addition, the FWHM of all
lines were linked to be similar to each other. Initially the FWHM of 1.16 was chosen, based on the
reported FWHM values in the literature for peak width of XPS Si 2p line of SiO5 thin films [211,212].
However, it did not result in satisfactory fitting results. The FWHM of silica XPS line increases
after ion irradiation [213-215], so the FWHM was chosen separately for each film using the two
following constraints: 1) All lines should have similar FWHM and 2) The value of FWHM should
be lower than 2 (the largest reported FWHM in the literature for line-width of ion irradiated Si 2p
line). The results of curve fitting are presented in Table D.1.

In addition, the concentration of different tetrahedra can also be utilized to estimate the ratio
of free carbon (i.e., carbon bonded to other carbon atoms) to bonded carbon (i.e., carbon bonded
to silicon atoms). The method described in the coming paragraph, first suggested by Suyal et.

al., [216], was utilized to estimate the concentration of free carbon within the films.
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Suyal et. al., [216] utilized NMR spectroscopy to measure the concentration of different tetrahe-
dra and then used the data to estimate the ratio of carbon bonded to silicon . They estimated the

C/Si ratio using the following equation:

C/Si(at%) = (Si04 area) x 0+ (Si03C area) x 0.25 + (Si02C5 area) x 0.5
(D.1)

+ (Si0Cs5 area) x 0.75 + (SiCy area) x 1

where
(Si04 area) + (S103C area) + (Si02Cy area) + (Si0OC5 area) + (SiCy area) = 100 (D.2)

This is based upon the fact that each carbon atom is bonded to four silicon atom and so each
carbon in a tetrahedra is shared with four other silicon atoms. Suyal et. al., further extended
their methodology to estimate the stoichiometric composition of the amorphous silica phases (i.e.,
the composition of silica phase without considering the free carbon phase). The authors assumed
that no Si-Si or C-O bonds exist in the structure and so, the composition of glass can be stated as

SiCx/202_x and the O/Si ratio can be calculated from:
0/Si(at%) =2 —2(C/Si (at%)) (D.3)

This analysis was performed on the NMR spectroscopy results of the SiOC films. However, the same
logic can be extended to XPS spectroscopy, because the same tetrahedra are being studied when
either XPS or NMR is used.
As indicated in Table D.1, there was an increase in carbon incorporation in the silica network
after ion irradiation and carbon incorporation increased with increasing the ion energy.
Considering that the C/Si ratio for both the silica network and the overall film is known, an

estimate of free carbon can be achieved using the following equation:

C otal — C onde
Crec(at%) = W % 100 (D.4)
ota

Ciotar can be estimated from ERD/RBS results (except for the heat-treated film, for which
the total carbon was estimated from the XPS-derived chemical composition) and Cpopngeqd can be
estimated from the XPS Si 2p spectra, as described above. The free carbon estimates are presented
in the table D.1. There was a an increase in the concentration of free carbon after ion irradiation
and concentration of free carbon increased with increasing the ion energy. It should be noted that
concentration of tetrahedra, stoichiometric composition and free carbon content results are only
rough approximates, as the utilized methodology assumes that the concentration of broken bonds

and vacancies are negligible. However, high concentration of broken bonds and vacancies after ion
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irradiation is expected. The calculations were also not performed on the 9 MeV Cu?* irradiated

films, because a portion of the silica phase in these films are octahedrally bonded.

Table D.1: The concentration of different SiO,C,, tetrahedra along with C/Si ratio and

percentage of free carbon in each specimen.

Conversion condi- | SiO4 | SiO3C | SiO5Cs | SiOC3 | SiC4 | Stoichiometric Ciree

tion (%) | (%) (%) (%) (%) | composition (%)
800°C 43 56 0 1 0 SiCo.1501 69 4
400 keV N2t | 23 68 8 1 0 SiCp.2101 58 92

5x101% ions/cm?

4 MeV Cu2+ 1015 16 64 16 4 0 SiCO.2701,46 77

ions/cm?
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Appendix E

Low Temperature

Photoluminescence Spectra

The observed peaks are noises due to the long integration time.
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Figure E.1: Room temperature and low temperature photoluminescence spectra of the

1 MeV Cu™ irradiated film with a fluence of 10'® ions/cm? in the 380-480 nm range.
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Figure E.2: Room temperature and low temperature photoluminescence spectra of the

1 MeV Cu™ irradiated film with a fluence of 10!¢ ions/cm? in the 660-740 nm range.
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Figure E.3: Room temperature and low temperature photoluminescence spectra of the

9 MeV Cu?* irradiated film with a fluence of 1016 ions/cm? in the 380-480 nm range.
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Figure E.4: Room temperature and low temperature photoluminescence spectra of the

9 MeV Cu?* irradiated film with a fluence of 1016 ions/cm? in the 660-740 nm range.

135



VITA
Seyyed Ali Shojaee
Candidate for the Degree of

Doctor of Philosophy

Thesis: EFFECTS OF ION IRRADIATION ON THE CHEMICAL AND MICROSTRUCTURAL
PROPERTIES OF SOL-GEL DERIVED THIN FILMS

Major Field: Mechanical and Aerospace Engineering
Biographical:

Personal Data: Born in Mashhad, Iran on Spetember 17, 1983 to Mahvash Shabazaz and
Hossein Shojaee.

Education:
Graduated from Malek Ashtar High School, Mashhad, Iran in 2000. Received the Bach-
elor of Science degree in Materials Engineering from Ferdowsi University of Mashhad in
2006 and Master of Science in Materials Science and Engineering from Sharif University
of Technology in 2008. Completed the requirements for the Doctor of Philosophy in Me-
chanical Engineering at Oklahoma State University, Stillwater, Oklahoma in August,
2016.

Experience:
Internship, Khorasan Razavi Regional Electric Company, 2004; Researcher, Kavosh
Sanat Toos, 2004-2006; Research Assistant, Sharif University of Technology, 2008; Grad-
uate Research/Teaching Assistant, Oklahoma State University, 2009-present.

Professional Memberships:
American Chemical Society



