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ABSTRACT

This work involves the preparation of amorphous carbon-based active nanocomposites
with good antireflectance property, ability to support the generation of charge carriers
and potentials for intermediate band application. Amorphous carbon thin films (~ 500
nm thickness) were purchased from YISSUM Research Development Company,
Hebrew University Jerusalem, Israel and implanted with 25 keV silver (Ag) ions at
varying fluence ranging from 2.5-3.4 x 10'® ions/cm? using accelerator-based ion
implantation. The Ag:a-C nanocomposites were characterized for microstructural and
morphological properties via Raman spectroscopy, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM)
and energy dispersive x-ray spectroscopy (EDS). All samples exhibit Raman
fingerprints typical of carbon with G- and D-peaks shifts, broadening as well as
intensity variations that were found to depend on the fluence of irradiation. A relative
increase in structural disorder, sp? cluster aggregation and cluster size attenuation were
recorded due to increasing fluence of irradiation. SEM analysis revealed agglomerated
Ag particles in sphere-like shapes with average particle diameters in the range ~ 5 nm
to ~ 20 nm respectively. TEM micrographs depicted many silver-rich micro grains in
the non-reactive phase of the Ag:a-C nanocomposites for all samples and emerging
silver oxide (AgO) phase at higher fluence due to tarnishing. AFM analysis shows
grain size increase from ~ 5 nm to ~ 21 nm with surface roughness of 1.76 nm for
pristine film to 4.92 nm for highest irradiation fluence. EDS spectroscopy confirmed
a dominant carbon phase and high oxygen presence largely due to oxides of silicon
and silver from supporting substrate and surface tarnishing. Optical characterization,
via UV-Visible spectrophotometry, revealed a clear surface plasmon resonance peak
(SPR) of Ag nanoparticles at ~ 428 nm with blue shifting in the range ~ 418 nm to ~
396 nm for irradiated samples. Optical band gap energies, E, decreases from 1.71 eV
to 1.41 eV while Urbach energy, E, increases from 9.70 eV to 12.00 eV. Other
essential optical parameters such as refractive index (n), static refractive index (ny),
extinction coefficient (k), dispersion energy (E ;) and oscillator energy (E,) were all
found to vary with fluence and in favour of the material potentials. To explore energy
potentials, respective nanocomposites were directly incorporated (in series), as surface

coatings, in a silicon-based solar cell with reference output parameters (Is¢c = 5 mA,



Voc = 0.51 V and efficiency, n = 15.11) revealed interesting photovoltaic potentials
by improving short-circuit current, I from 1.90 mA to 3.00 mA and open-circuit
voltage, V¢ to as high as 0.576 V. Low efficiencies were recorded but improved
appreciably, from 5.68 to 8.97, with increasing fluence of irradiation. As active layers
of photovoltaic Schottky barrier devices, respective 1-V characteristics of the
nanocomposites were found to be ohmic possibly due to mismatch at the interface and
the eventual suppressing of silicon layers by the Ag:a-C nanocomposites thereby
rendering them passive rather than active. The observed tunable optical band gap,
coupled with the plasmonic activities of Ag atoms in the carbon matrix, posed the
nanocomposites in great advantages of being used as surface coatings and as functional

materials for solar cell efficiency enhancement.
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CHAPTER ONE
1.0 INTRODUCTION

1.1 Background of the Study

It is over half a century now that Richard Feynman enthusiastically addressed the fact
that there is plenty of room at the bottom [1], a lecture that heralded an entirely new
interesting field of physics. Remarkable progress followed this revolutionary talk
leading to numerous scientific discoveries in a new field that was later, in the 1970’s,
termed as nanotechnology [2]. Subsequent advancements in the new field had opened
up new frontiers in materials science and engineering which paved ways for in-depth
approaches to materials research and appreciation with the view of addressing, to a
larger degree, the global technological challenges such as those of energy; amongst
others. This is evident, according to Dai et al. [3], by the creation of new materials,
often referred to as nanostructured materials (NSMs), for efficient energy conversion
and storage. A significant aspect of our modern society relies largely on such
technologies from carbon nanostructured materials for continued energy supply which,
over the past several decades, has seen significant progress in the harvesting of an
alternative but clean and sustainable energy, including that from solar cells [4].
However, the adequate utilization of solar energy offers a great challenge in materials
research. Although there was tremendous success in attaining theoretical efficiencies
as high as 63.2% in the so-called intermediate band photovoltaic devices; compared to
the maximum of 40.7% in the single band gap silicon cells, practical realization of the
theoretical high efficiency is faced with challenges of producing high density quantum
dots with homogeneous shapes and sizes as well as a perfect system without defects
[5]. Furthermore, apart from high material cost, the intermittent nature of the energy
source (the sun) also made it difficult for a modest and aspired conversion efficiency
which, according to the Stanford University Global Climate and Energy Project [6],
make them poorly competitive in a large scale energy market already dominated by
fossil fuels.

Adequate development of new technologies with higher conversion efficiencies and
low production costs is a key scientific/technical as well as economic requirement for
enabling the deployment of solar energy at larger scales. It is in view of the above
requirement that energy production and storage become critical research endeavors.
Accordingto Cott et al. [7], carbon-based nanostructured materials in the form of thin

1



films with high surface area, resistance to oxidation and high electrical conductivity
are interesting candidates for a host of future energy storage and technological
applications. The interest in these materials is due largely to the unique and favorable
properties they demonstrated which, by and large, depend upon certain distinct
microstructural attributes as; fine grain size/size distribution (<100 nm), chemical
composition of the constituent phase, presence of interfaces, and interaction between
the constituent domains [8].

1.2 Motivation and rationale of the study

The uniqueness and abundance of carbon enabled its diverse significant roles in the
advancement of nanostructured materials. It is so unique that it can, by simply changing
its bonding, exist in different forms such as graphite, diamond, fullerene, carbon
nanotube, graphene and amorphous carbon (a-C) [9]. Of the various forms of carbon,
amorphous carbon stood outstanding and found wide range of applications due to its
extreme but favorable properties like high hardness, high electrical resistivity, high
thermal conductivity, high dielectric strength and infrared transparency [10]. These
interesting properties made carbon a suitable research candidate in creating new
materials with adequate size/surface-dependent (e.g. morphological, electrical, optical,
and mechanical) properties useful for a cadre of applications and in enhancing energy-
conversion and storage performances [3]. Furthermore, amorphous carbon exhibits
optical band gap values (0.2-3.0 eV), in between the two extremes for insulating
diamond (~5.5 eV) and metallic graphite (~0.0 eV) [11] which placed it in a good
position for optical characterization. The light absorption rate due to its amorphous
nature (higher, compared to crystalline structures), also gives it an edge over other
materials as a suitable alternative for application in conventional solar cells for
efficiency enhancement [12].

In the last few decades, research in carbon and carbon related materials has focused on
optimization of applications through combining carbon or its related materials with
other elements or particles of other elements as inclusions, both in micro and
nanoscales, in order to achieve certain improved properties [13, 14]. Of particular
interest in this context are the metal-containing carbon nanomaterials. These materials,
mostly in the form of thin films, had been extensively studied for prospective
engineering, electronics, optics and other applications in energy-related fields. Of the

variety of metallic nanoparticles used in doping carbon films, silver (Ag) attracts



specific interest of researchers as it does not form carbide but revealed a remarkable
increase in the overall film hardness as well as a decrease in the film optical
transparency which consequently caused a decrease in the optical band gap of the
resulting nanomaterial [15].

It is pertinent to state here that, deposition of quality carbon films with appropriate
required physical and chemical characteristics, determines the suitability of carbon-
based nanostructured materials for either laboratory or large scale industrial
applications. Different techniques were employed for the deposition of carbon based
materials including the first laboratory preparation of diamond-like amorphous carbon
film using ion beam deposition by Aisenberg & Chabot [16] in 1971. Several other
deposition techniques like; mass selected ion beam-MSIB [17, 18], sputtering [19, 20],
cathodic arc [21, 22], pulse laser deposition-PLD [23-26], and the popular plasma
enhanced chemical vapour deposition-PECVD [27-34] were later developed and
applied for various applications.

The above mentioned chemical methods had encountered severe drawbacks especially
when doping of metal nanoparticles is required at deposition stages. Some of these
limitations include attaining certain experimental conditions, fabrication challenges
inhibiting the use of heat at manufacturing stages, and the inability to employ certain
desirable coatings either due to high temperature requirement or changes in materials
dimension by their additional thickness [35]. Although the deposition processes have
the advantages of batch fabrication and present no damages to the doped materials [36],
accelerator-based ion implantation offers greater advantages of low temperature
process, precise dose, junction depth control, implantations through thin layers,
implantation of different ions at different depths, and short process times [37, 38].

1.3 Problem statement

Despite the diverse interests in the application of noble metals as inclusions in carbon
nanomaterials as well as their versatility in a range of favorable and applicable end
results [39], little or no efforts had been made towards tailoring their applications in
efficiency enhancement of conventional solar cells even with the challenges identified.
To this end, our research envisaged the integration of the various identified favorable
properties of metal containing amorphous carbon nanomaterials, and particularly from
the optical absorption points of view, into addressing these militating efficiency

challenges. The non-reactivity of silver atoms with carbon (non-carbide forming) [30],



their clear-cut surface plasmon resonance (SPR) wavelength within the visible range
of the electromagnetic spectrum [40], as well as the antireflectance property of their

carbon based nanocomposites [41] motivated the interest for this research.

1.4 Research aims and objectives
It is in the light of addressing such challenges, as those of efficiency in silicon based
conventional solar cells that we aimed at coming up with an active material that;
e Can provide good antireflectance property for improved light retention,
e Will support the generation of charge carriers due to enhanced light
absorbance, and
e Has potentials for active device applications.
The objectives include amongst others;
e To deposit and/or identify a suitable and floatable amorphous carbon film,
e To establish its pristine optical properties via preliminary investigation,
e To irradiate the a-C film with 25 keV Ag ions at varying fluences via
accelerator-based ion implantation,
e To conduct comprehensive microstructural and optical characterizations of the
resulting nanocomposites,
e To investigate the efficiency enhancement potentials of respective
nanocomposites, as surface coatings, in a reference silicon-based solar cell,
e To explore the Schottky effect of respective nanocomposites, as stand-alone
active layers, in metal-semiconductor devices.
The choice of amorphous carbon is critical here due to its remarkable prospect in light
absorbance and antireflectance property [42]. Silver on its own constitutes a good
candidate for the formation of metal-semiconductor interface for Schottky devices.
This work seeks to explore the application of Ag containing nanocomposites in the
fabrication of metal-semiconductor Schottky interfaces in relation to their anticipated
light retention property. Intermediate band property can be achieved typically by the
implantation of metal atoms into the pristine material of interest (amorphous carbon in
this case) and avoiding the complexities of quantum confinement effects [43]. In this
way, the dopant atoms would modify the electronic energy band structure thereby
creating an additional intermediate energy band in the host matrix in addition to its
intrinsic bandgap [5, 41, 44-46].



1.5 Overview of the Thesis

Chapter one of the thesis presents the research motivation of the work. Chapter two
provides the literature guide as well as the general overview of the theoretical
background for the study. Chapter three depicts the experimental details involved; these
include a comprehensive description of samples’ preparation, the theories and
principles of accelerator-based ion implantation, UV-Visible spectrophotometry,
Raman spectroscopy, scanning and transmission electron microscopies, atomic force
microscopy and energy dispersive x-ray spectroscopy. Chapter four dwells on the
analysis discussion of the results obtained from the combined techniques used as well
as prospective application(s) of the nanocomposites. Lastly, chapter five summarizes

the conclusion and offer recommendations for future works(s).



CHAPTER TWO

2.0  Theoretical Background

2.1 Carbon’s uniqueness and polymorphism

Carbon as a unique material generally exist in two main isotopes (**C and *3C) and is,
under normal conditions, highly unreactive despite its versatility in compound
formation. Among its unique properties are its ability to form long chains with other
carbon atoms, form isomers in many different compounds, and to exist in different
stand-alone allotropes [47]. The two major allotropes of carbon, diamond and graphite,
provided an unusually interesting but distinct features observed in no other materials.
This is evident in the fact that while diamond is optically transparent, abrasive, and can
be a good electrical insulator and thermal conductor; graphite is conversely opaque, a
good lubricating agent as well as a good electrical conductor and a thermal insulator
[48]. In addition to the well-known diamond and graphite, the discoveries of
buckminsterfullerene Cgo in 1985 by Kroto and co-workers as well as carbon nanotubes
(CNTSs) by ljima in 1991, added to the family of carbon allotropes and opened up an
entirely new era in the field of material science and technology [3]. Much later in 2004,
the most recent allotrope was discovered. This new material, called graphene, is a
single sheet extract of a three-dimensional graphite obtained via micromechanical
cleavage technique [49]. Pictorial representations of the diversity of carbon allotropes
are shown in Figures 2.1 and 2.2 respectively. Moreover, the ability to exist in three
different hybridizations; sp?, sp?, and sp?, makes it possible for carbon to form a large
variety of crystalline and amorphous structures. In the sp® configuration, just like in
diamond, each of the four valence electrons is assigned to an sp® orbital which is
directed tetrahedrally and hence making a strong ¢ bond with an adjacent atom [50]. In
the sp? configuration however, three of the four valence electrons enter trigonally
directed sp? orbitals thereby forming ¢ bonds in a plane. The remaining electron lies in
a 7 orbital which lies normal to the ¢ bonding plane and a weaker w bond 1s formed by

this 7 orbital with one or more adjacent atoms [51].



Figure 2.1: Diverse representation of carbon allotropes reprinted from [17].



Figure 2.2: Further representing carbon materials: a) graphite, b) diamond, c)
buckminsterfullerene, d) carbon nanotube, and e) graphene. Reprinted from [2].

In the last configuration (sp?), two of the valence electrons enter ¢ orbital with each
forming a ¢ bond in the +x-axis while the remaining two valence electrons enter ©

orbitals in the y and z directions respectively [54], as depicted in Figure 2.3.

T T
% * n
3 Sp2 sp1

Figure 2.3: The sp®, sp?, and sp* hybridised bonding, adapted according to [54] with
the open and shaded loops denoting strong and weak bonds respectively.

sp

2.2 Amorphous carbon

According to the International Union of Pure and Applied Chemistry (IUPAC),
amorphous carbon is a carbon material without long-range crystalline order but with
short range order whose interatomic distances as well as interbonding angles deviate

from those of graphite and diamond lattices. It can as well be considered as a non-
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organized, cross-linked carbon matrix characterized by a mixture of hybridized sp? and
sp? bonds [55]. Although, carbon bonding and hydrogen content are the two parameters
that define the short-range order in an amorphous carbon, they do not actually define
its entire structure. This is evident from the fact that many amorphous (disordered)
form of carbon exhibit structures based on graphite’s lattice due to its stable nature as
an allotrope of carbon [53]. Adequate understanding of the structure of amorphous
carbon is of great importance especially in relation to its closely related alloys such as
glassy carbon and hydrogenated amorphous carbon (a-C:H). Furthermore, a major
challenge in dealing with amorphous carbon is the understanding of the exact form of
the material under consideration from the numerous generic terms/names applied.
Because, unlike in the case of carbon nanotubes where there are easy classifying
indexes [56], films with entirely different properties are often called or described by
the same generic names. The general consensus was that; the glassy form of carbon has
approximately 100% sp? sites, the regular (evaporated) amorphous carbon (a-C) has 1-
10% sp? sites, while the hydrogenated amorphous carbon (a-C:H) may contain up to
30-60% hydrogen atoms with perhaps 30% of the carbon sites having an sp?
configuration depending on heat treatment [57]. In principle, and with respect to the
variation in its atomic hybridization, the percentages of the sp? and sp® hybridization
sites as well as hydrogen in a carbon material give an insight on the type of carbon
under consideration. Thus, it becomes necessary to adequately identify each member
in the amorphous carbon family with respect to its atomic composition and the
deposition technique(s) that best produce(s) it. It is pertinent to mention that amorphous
carbon films had, over the past three decades, captivated extensive experimental,
theoretical, as well as computational interests. A range of application prospects in the
electronic, mechanical, chemical and aerospace fields have been studied due to their
low friction coefficient, chemical inertness, good wear resistance and high optical

transmittance in a wide range from infrared to ultraviolet [58].

2.2.1 Classification of amorphous carbon

Amorphous carbon can be classified into hydrogen free, also known as tetrahedral
amorphous carbon (ta-C), and hydrogenated amorphous carbon. The tetrahedral

amorphous carbon (ta-C), also called diamond-like carbon, is characterized by the



highest or maximum C-C sp® content often greater than 60%. The C-C sp® bonds , in
addition to controlling the elastic constants of these materials [72], give these films a
relatively high strength such that growth techniques involving energetic ions are
required for their deposition. Techniques such as filtered cathodic vacuum arc (FCVA),
mass selected ion beam deposition (MSIBD), and pulsed laser deposition (PLD) are
usually employed in this regard [21, 22, 17, 18, 23, 24, 25, 26].

In the case of the hydrogenated amorphous carbon (a-C:H), four different types had
been identified [60] with respect to hydrogen content.
1. a-C:H with 40-60% H content;

This is a soft and low density amorphous carbon film containing up to 70% sp? that are
mostly H terminated and with a band gap of 2-4 eV [3]. Due to the highest hydrogen
content it possesses among other types, it is often referred to as polymer-like
hydrogenated amorphous carbon (PLCH) usually deposited using plasma enhanced
chemical vapour deposition (PECVD) technique at a controlled and low bias voltage
[61, 62].

2. a-C:H with 20-40% H content;

This amorphous carbon has an intermediate hydrogen content as well as a lower sp®
content but with higher number of C-C sp*® bonds compared to the (PLCH). These
bonds offer it better mechanical properties with a relatively lower optical band gap of
1 to 2 eV [3]. The intermediate nature of both sp® and H contents, in addition to high
hardness, makes this film to be termed as diamond-like hydrogenated amorphous
carbon (DLCH) and usually grown via PECVD, electron cyclotron resonance (ECR),
and reactive magnetron sputtering at moderate bias voltages [60, 61, 62, 63, 64, 65].
3. ta-C:H;

These films, called hydrogenated tetrahedral amorphous carbon films, are basically
diamond-like amorphous carbon films in which the hydrogen content can be kept
constant while increasing the C-C sp® bonds. Their high sp® content which is about 70%
and less hydrogen (25-30%) makes them fall under an entirely different category of
amorphous carbon with a higher density up to 2.4 g cm=, Young’s modulus up to 300
GPa [72], [79] and an optical band gap up to 2.4 eV [67]. As a result of these extreme

properties, techniques involving high-density plasma sources such as plasma beam
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source (PBS) and electron cyclotron wave resonance (ECWR) are used for their
deposition [67, 68, 69, 70].
4. a-C:H with less than 20% H content;

These carbon films contain a very low atomic percent (at. %) of hydrogen and are
characterized by high sp? content and clustering. They are structurally more of graphite
and thus referred to as graphite-like hydrogenated amorphous carbon film. Their optical
band gap is found to be less than 1 eV and are usually deposited by magnetron
sputtering or a high bias plasma enhanced chemical vapour deposition [54, 61, 64].

2.2.2 Properties of diamond-like amorphous carbon

Diamond-like amorphous carbon is a metastable, random networked amorphous phase
of carbon which is composed of a mixture of sp® and sp? hybridized carbon and whose
diamond-like character is derived from the C-C sp® bonds in its structure. As
highlighted in section 2.2.2 above, It could be regarded as hydrogenated or hydrogen
free depending on whether it is deposited from a hydrocarbon source or a solid carbon
source, e.g. graphite and fullerene, in a vacuum or in the presence of noble gases [54,
71]. And unlike diamond, it can be deposited at ambient temperature [56]. It was
originally named diamond-like when Aisenberg & Chabot [16], produced thin films of
insulating amorphous carbon, having similar physical and chemical properties as those
of diamond, via ion-beam deposition technique on room temperature substrates.
Several other related works followed; the most popular of which was the work of
Spencer et al. [72] in which similar films were characterized using x-ray and electron
beam diffraction techniques and much later, Robertson [73] suggested that the
beneficial properties of this disordered carbon are due to the sp® component of the
bonding and the possession of some extreme properties such as relative hardness,
elastic modulus and chemical inertness. Basman et al. [74], added that diamond-like
amorphous carbon exhibits high dielectric strength, extended range of band gap, low
loss, high resistivity as well as large area growth conditions. Although it contains a
mixture of C-C sp®, C-C sp? and C-H bonding components, its mechanical properties
are determined by the C-C sp® bonds which account for the film’s hardness, Young’s
modulus and general quality. Very little contribution to mechanical properties are
offered by the C-C sp? while the C-H bonds have no contribution at all as they are just
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a collection of dangling bonds not linking the network. The density and Young’s
modulus of the film are also found to depend largely on the sp® fraction in the material
[50, 54, 59, 75]. The inter-relation of both hydrogenated and hydrogen free amorphous
carbons (C:H alloy or nitrogen-free carbon) films can be conveniently displayed in a
ternary phase diagram (Figure 2.4) originally described by Jacob & Méller [76] and
adopted from [77].

Sp 3 Diamond-like

ta-C ta-C:H

HC polymers
sputtered a-C(:H)
no films

glassy carbon
graphitic C

sp? - ’ H

Figure 2.4: Ternary phase diagram of amorphous carbon with vertices
corresponding to; diamond-like (sp®), graphitic (sp?) and hydrocarbons (H)
[77].

Several characterization studies have shown that the microstructural and physical
properties of these amorphous carbon materials varied depending on the deposition
techniques applied and the film growth conditions [90]. Furthermore, based on the
suitability for either laboratory studies or large scale industrial applications, different
techniques were employed for their deposition. Since the first laboratory preparation
of this material using ion beam deposition by Aisenberg & Chabot [16], several other
deposition techniques like; mass selected ion beam-MSIB [17, 18], sputtering [19, 20],
cathodic arc [21, 22], pulse laser deposition-PLD [23, 24, 25, 26], and the popular
plasma enhanced chemical vapour deposition-PECVD [27, 28, 29, 30, 31, 32, 33, 34],
were later developed and applied for the same deposition purposes. It is pertinent to
mention also that the single and most important parameter in determining the unique

properties of amorphous carbon is the fraction of the tetrahedrally bonded (sp®) carbon
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[79]. Typical distinguishing properties for the different forms of diamond-like carbon

can be compared to those of diamond and graphite as shown in Table 2.1.

Table 2.1: Comparison of the major properties for the different forms of amorphous
carbon with those of some reference materials as adapted from [3].

Materials sp® (%) H (%) Density (g.cm®) Gap (eV) Hardness (GPa) Ref.
Diamond 100 0 3.515 55 100 [80]
Graphite 0 0 2.267 0 - [93]
Ceo 0 0 - 1.6 - [94]
Glassy carbon 0 0 1.3-1.55 0.01 3 [95]
Evaporated carbon 0 0 1.9 0.4-0.7 3 [95]
Sputtered carbon 5 0 2.2 0.5 - [96]
ta-C 80-88 0 31 25 80 [39]
a-C:H hard 40 30-40  1.6-2.2 1.1-1.7  10-20 [85]
a-C:H soft 60 40-50 1.2-16 1.7-4 <10 [97]
ta-C:H 70 30 24 2.0-25 50 [82]
Polyethylene 100 67 0.92 6 0.01 [86]

The fraction of the tetrahedrally bonded (sp®) carbon identifies the most important
single parameter determining the amorphous carbon property. Using metal
nanoparticles as dopants, the microhardness, adhesive strength, chemical stability, and
most importantly, the electrical conductivity of amorphous carbon films can be greatly
enhanced [87].

2.3 lon implantation

2.3.1 Introduction

Research activities over the years, since the 1950’s, have developed the understanding
of the interaction of energetic ions with matter to some large scale applications. These

include, for example, the applications of low energy ion beams in materials analysis,

semiconductor industry and in materials science and, so far, the progresses made in the
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development as well as upgrade of earlier compact ion accelerators have made this
possible. The accelerator is a device that produces ions from a source, accelerates them
to some certain required energy (whilst transporting them from the source region to the
application region), and finally allow them to bombard a target material in a target
chamber [100]. The process described above is referred to as ion implantation; a
materials engineering process by means of which ions are accelerated in an electrical
field and impacted into a target. It is often used, as an alternative to diffusion, to
produce a shallow surface region of dopant atoms deposited into a target material [101].
It can as well be seen as an effective technological tool for introducing single impurities
into the surface layer of a substrate (target) to a depth of several microns [102].
Although, this process has been used for several years on industrial scale in the
semiconductor industry, it has applications in the modification of tribological surface
properties of materials. As a surface phenomenon, defects due to bombardments by the
energetic ion(s) interact directly with both the host material (matrix) and implant
species within the range of the implanted volume and the consequence of this
interaction is the eventual changes in the optical, electrical and elastic properties of the
implanted volume as a result of atomic configuration stabilization which is a result
from the point defects and extended defects resulting from the implantation process.
Pertinent to tribology, the implanted ions cause physical changes in the material,
leading to a new improved surface property with respect to friction, wear, corrosion
and fatigue [91]. And for the fact that ion implantation is not a coating process, only
the outermost layer is changed (at low temperatures below 200° C) leaving the bulk
properties unaltered [92]. With respect to research domain, the emergence of the
fundamental breakthrough in the application of ion implantation (especially in crystal
silicon for electronics device fabrication) can be linked, with much confidence, to the
Japan’s dual meetings in the early 1970’s; the Kyoto seminar in 1971 and the Osaka
conference in 1974 [105] respectively. And in less than a decade, the application of ion
implantation ramified through the surface modification of some light metals, carbon,
ceramics and polymeric materials. These had been achieved with great successes as
Aluminium was effectively implanted with Nitrogen ion for insulation purpose (ion-

in-metal) and for fluence dependent increase in stress amongst others [92, 93, 94].
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2.3.2 Implantation process

The ion implanter basically produces an energetic beam of ions of particular atomic
species and directs the beam so that the ions are evenly implanted (deposited) across
the surface of a wafer (substrate/target). It comprises of mainly three major
components; the ion source, the beamline and the end station (target chamber). Each of
these components carries out specific functions and works simultaneously with other

components to actuate the overall goal of the system [107].

acceleration
analyser resolving  tube wafer
magnet aperture Y scan plates targeting position

X scan plates

25kV-1MV sample

chamber

ion beam \
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diffusion pump  ~
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ion source beam- line and Faraday
end station diffusion cage
pumps
ion source gas source

power supply

Figure 2.5: A schematic view of model 350D serial ion implanter, similar to the
200-20A2F implanter used in this work, with no automated wafer feed-through

[5].
The source utilized a Freeman type ion source for generating the implant ions.
Electrons generated (thermionically) from the hot cathode collide with carrier gas
molecules (released in the chamber) and cause them to ionize into positively charged
ions. The heat from the filament causes dissociation of the gas, for instance a source
gas comprising of CO will result in CO*, C* and O ions being created in the arc
chamber of the source. The ions are extracted out of the chamber at a sufficiently high
energy and are accelerated by a high voltage difference (~ 23 kV) between the source
and an extraction electrode. An electron suppression electrode at -2 keV allows a beam
of primarily singly charged ions that exit the source at ~ 25 keV. An analyzer magnet

that generates a transverse magnetic field is provided for appropriate specie(s) selection
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so that constituent ions entering the region of the field are deflected into circular orbits
(characteristic of their individual atomic masses). The selected desired ions will be
deflected 90° through the curvature of the magnetic chamber and be focused by the
magnet at the resolving aperture while other ion species in the beam will be deflected
at angles below or above 90° and are collected on the magnetic chamber walls or the
resolving aperture plates. This beam of selected ions enters the acceleration tube at high
terminal potential (0-180 kV) providing the ions with their final energy boost before

getting implanted.

Upon exiting from the beamline, the ions diverge and a quadrupole doublet lens is
mounted immediately to focus the beam into an oval shape spot. Scanning plates raster
the ion beam uniformly over a large area and an assembly of four corner Faraday cups
are used to check the beam uniformity and the sum of the currents in the corner Faraday
cups is used to determine the integration time used to calculate the required fluence.
Particles in the beam that have become neutralized by collisions with surfaces, gas
molecules, and electrons after the analyzer region, get collected in a beam gate dump
in order not to affect the fluence accuracy. The ion beam gets deflected into the implant
chamber and ions are implanted into the target at a fluence determined by the measured
residual electric current which the ions produced in the Faraday cup assembly. The
magnitude of this current is sent to a current integrator which determines the time for
the target to be exposed to the ion beam to achieve a preselected fluence. As soon as
the required fluence is attained, the beam is automatically deflected away from the

implant chamber [5].
2.3.3 lon stopping and range

The mechanism of energy-loss in ion irradiated materials begins as soon as the ions
bombard the target material. Upon penetrating into the host target material, they (ions)
collide with the host atoms, lose energy (stopping), and finally come to rest at some
depth (range) within the solid target. The Stopping power of a given medium (target)
is referred to as the average unit of energy loss per unit path length suffered by the ions
in the medium [97, 98, 99]. In addition to atomic collisions, a drag force due to the
overlap of electron orbitals also contribute to the stopping [54]. Of significant
consideration in this process is the extent to which the bombarding ions penetrate into

the host target. This ionic depth of penetration, called the range, is determined by the
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nature of both the ions and the target material as well as the acceleration energy of the
impinging ions [111]. Because ion implantation is a near-surface phenomenon, the ions
penetrate to an average depth of 10 nm to 1 pum depending on their striking energies
[112]. And depending on the experimental requirements and accelerator specifications,
implantation energies ranging from keV to MeV [113] with fluences from 10
atoms/cm? for threshold adjustments to 108 atoms/cm? for buried dielectric formation
are utilized [114]. Furthermore, as a low-temperature technique, ion implantation offers
more flexibility than diffusion [52] and the implants are capable of altering the
elemental composition of a material target and consequently the physical and chemical
properties [115]. It is pertinent to mention that the implanted species experience a loss
of energy which is a determining factor in the final ionic distribution and the subsequent
defect(s) they effect to the host target. This energy loss is mainly due to two
independent processes; nuclear stopping and electronic stopping [116]. Nuclear
stopping is as a result of series of collisions of ions with the host atoms which can be
simulated based on elastic collisions between pairs of nuclei while the electronic
stopping is due to their inelastic collisions with electrons in the target [106]. The
combined rate of energy loss, also called the total or cumulative stopping power (S), is

mathematically described according to [118] as:
5= (-2 21

with a negative sign being a loss of energy and presented by Schoéner [105] as follows:
dE dE dE
s=(-2)=@. &), 2

where subscripts n and e represent the nuclear and electronic stopping powers

respectively.

Besides this energy loss and the extent of penetration of the ions, a possible damage
resulting from scattering effects and often in the form of structural modifications occurs

in the lattice structure of the solid target involved [108]. A very popular but
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approximate approach to this projectile-target interaction is the assumption that the
interaction can be considered as two separate components resulting from ion-nucleus
and ion-electron interactions respectively. In view of these acceptable conventions, two
dominant mechanisms were adopted in describing the slowing down process of the ions

namely electronic energy loss and nuclear energy loss.

And, as highlighted above, stopping power is the general tool for treating the slowing
down of energetic ions as they traverse a target [119]. Generally defined as “the energy

dE lost by an ion traversing a distance dx” [120], stopping power is given by

E_N [Tdo (2.3)

dx

Where; o is the collision cross section,
T is the energy lost by the ion at the instant of a collision event, and

N is the density of scattering centres of the target.

A very important quantity used in describing the direct dependency of slowing down
process on the inelastic collisions of the energetic ions with the target materials, called

the stopping cross section ¢, is deduced from equation (2.3) as follows

1dE
&= Nae deO' (2.4)

Relating 2.4 and the Schéner’s presentation in 2.2, the total stopping cross section can

be expressed as

Z—f _ (Z_i) n (‘;_f) = N(e, + &,) (2.5

n

where g, and &, are the electronic and nuclear cross sections respectively.

In order to demonstrate the dependency of both nuclear and electronic stopping powers
on the ion (projectile) energy, a special case for the implantation of carbon species (C*)
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into diamond was put forward by Dresselhaus and Kalish [108]. It features three

important energy parameters E,, Ez and E4 (Figure 2.6) representing the energy

regions of maximum nuclear stopping power [(Z—i) ] , equal values of stopping

N max

dE dE

power (E)n: (E)eand maximum electronic stopping power [(%)e]max

respectively. Typical energy values for these regions were given, for the
aforementioned three special cases, as E; <5 keV, E3 ~ 15 keV and E4 =2 MeV. For
a fixed target, such as Carbon, the energy scale for these regions increases with increase

in atomic number of the projectile(s) [121].

(dE /dx) —»

| |
EZ E3 E4
i

Figure 2.6: Dependency of the nuclear and electronic stopping powers on the
on the projectile energy, E [6].

An obvious deduction from this discussion is the fact that nuclear stopping is the
dominant energy loss mechanism at low projectile energies while electronic stopping

dominates at high energies.

2.3.3.1 Range of implanted ions

The range, as presented by EIl-Ghossain [118], is not simply the ratio of energy to the

stopping power, rather an approximate value determined as follows:
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Range (approx.) = —. [F° %

v do o (2.6)

Where
N’ is the density of scattering centres of the host material.

Alternatively, by neglecting energy straggling (which defines the overall statistical
fluctuations in energy loss in the course of ionic penetration through the solid) we can
estimate the total path length of the ions otherwise known as the maximum range [120].
Since it has already been shown that the incident particles energy is a decreasing
function of their depth of penetration x with respect to the solid surface, it follows then
that:

2 = —NS(E) 2.7)

Integrating 2.7 easily gives the value for the maximum range. Thus

R 0 d
R= [ydx= [, dE— (2.8)
Substituting for = in Equation 2.8 with —— th b
upstituting Tor dE In Equation Z.c wi NS(E)’ € range pecomes
0 dE
- onNS(E) (2.9)

Equation 2.9 gives the total path length of the energetic ions [121] which is in
agreement with the presentation in Equation 2.6 by EI-Ghossain [122].

2.3.4 lon stopping in amorphous medium

In contrast to crystalline solids, where the periodic arrangements of atoms greatly
influence the nature of scattering and resulting in the discrete treatment or channelling
of the stopping process, statistical approach is employed in describing the slowing
down process for an energetic ion traversing an amorphous material. Due to the
disordered nature of its atomic arrangement, implanted charged atoms in an amorphous
solid are so dispersed such that their rest positions are statistical in nature thereby
requiring statistical variables for appropriate mathematical representation [108].
According to Ziegler & Lever [122], the mean track length of a traversing ion bears a
direct relation with its range R before coming to rest and that the mean penetration

depth of this energetic ion relative to the surface of the solid is given by the projected
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range R,,. Statistically speaking, a Gaussian approach is used, in this context, not only

to give the implant density n(x) but to also describe a relatively simple picture of the
implant profile, thus

_ o ~(x=Rp)"
n(x) = p— exp [—”] (2.10)

20,2
where; X is a density parameter measured along the ion beam direction,
¢ is the ion fluence, and
a,, is the standard deviation in the projected range, Rp.

An upgraded software package concerning the Stopping and Range of lons in Matter
(SRIM) with over 500 different plots along with about 27,000 experimental data points
is available for comparative simulations of stopping power and range in various media
[123]. It also provides an insight on the range profiles and expected ionic damage to
the material due to ion implantation [127] as well as the effect of the material thickness
on the mean stopping power [128] among other quantities of interest. The cumulative
stopping power, range distribution, damage as well as ionic channelling describe other
related quantities associated with the ion implantation process [105, 125, 126]. TRIM

simulation of 25 keV Ag ions is presented in section 4.2.

2.3.5 Implant energetics

While penetrating a target material, an energetic ion slows down as it displaces many
of the target atoms from their equilibrium positions. This is strongly related to, as
captured earlier, the lost energy by the energetic ion along its trajectory within the host
material due to nuclear and electronic losses. Although the nuclear loss is associated
with lower process energies while electronic loss dominates at higher energies (~ 100
keV/nucleon), the displacement of the implant species strongly depends on the masses
of the energetic ions and the target atoms [127]. In the case of implanted ion species
that chemically react with the host target, the ions may be captured in substitutional
sites and become bonded chemically with the amorphous target. Otherwise, the ions
proceed and come to rest at some interstitial positions or continue diffusing through the
target lattice where they may get trapped at vacancy clusters [132]. In the implants
performed for this study, the implanted Ag ions do not form chemical bonds with the
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carbon host atoms. The Ag ions diffuse and coagulate to form nanoparticles which
leads to change in the dielectric properties of the carbon host matrix [133]. A scanning
electron microscopy (SEM) image and a transmission electron microscopy (TEM)
micrograph of pristine (pure) and silver (Ag) implanted amorphous carbon films are

depicted in Figure 2.7 below.

Figure 2.7: (a) SEM image of pristine a-C film deposited at 200 °C on silicon
substrate as adopted from [130]; and (b) TEM micrograph of 25 keV Ag
implanted a-C at 1 x 10% ion/cm? fluence as adopted from [131].

As the ion beam strikes the target, part of its energy is dissipated at the target’s surface
resulting in the ejection of atoms and electrons. This is called sputtering and is been
accounted for in terms of yield, that is the number of surface atoms ejected per incident
ion [52]. The effect of sputtering on target surface is mostly negligible for most low-
temperature ion implantations. For instance, only some 20 monolayers are removed by
10 jons cm dose of 200 keV argon ions on silica due to sputtering [134]. According
to simple kinematic approach, the projectile (energetic ion) energies before (E,) and

after (E4) scattering with the target atoms are linearly related [108] as follows;

where k is called the kinematic factor given as
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2

k =

1
M; cos 0 + (M3— M3 sin20)2> (2.12)

M1+ MZ

where
e 0 is the scattering angle of the projectile in a laboratory frame of reference,
e M, is the mass of the energetic ion, and

e M, is the mass of the target atom.
The scattering angle, 0 is determined form the relation
- M2\(_ T
1 <1+ M1>(250)
T
(%)

where T is the recoil energy, due to collision, transferred from the projectile to the

cos 0 = (2.13)

target and determined from the conservation of energy as

The above relations (2.11-14) generally hold for all elastic scattering processes

provided the driving force acts along the line joining the interacting particles.

2.4 Carbon based thin films

Thin films comprise of all solid materials of either a metal, a semiconductor or an
insulator, which are technically deposited, by physical or chemical means, onto
appropriate substrates at various thicknesses in the range of 10 nm — 1000 nm (or 1
micron) [135]. Film thicknesses beyond the quoted range are regarded as thick films.
Ultra-thin films, within 10 nm — 100 nm thickness, which play central roles in
modifying characteristics of a material such as the physical, chemical and mechanical
properties to entirely different and more favorable ones compared to those of the
inherent bulk material thereby paving ways for innovative applications [136]. A variety
of good quality and homogeneous thin films of carbon based materials have, in the
recent, found wide applications in electronics, optoelectronic devices, optical sensors

and surface engineering [137].
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Carbon based thin films, particularly those of amorphous carbon (a-C), had been
extensively studied due to their unique size-/surface-dependent (e.g., morphological,
electrical, optical, and mechanical) properties useful for a variety of research and
industrial purposes [3]. They stood outstanding, among other materials, due to their
vast applications in carbon nanostructures as well as their remarkable extreme
properties like high hardness, high electrical resistivity, high thermal conductivity, high
dielectric strength and infrared transparency [10]. Certain metallic species do not form
nanoparticles and are categorized as carbide-forming (e.g.; Ti, Mo, Nb, Cr, Zr and W)
while those that do not react with carbon (e.g.; Au, Pt, Ag, Ni, and Cu) form
nanoparticles in the amorphous carbon film [30]. The metal-containing nanomaterials
have, in the past, been prepared and or deposited by means of chemical reactions
(depositions). Techniques like dc magnetron sputtering [30], rf reactive sputtering
[133], thermal chemical vapour deposition [12, 134], plasma assisted/enhanced
chemical vapour deposition [22], thermal co-deposition [135] and pulsed laser
deposition [136] were applied and utilized for carbon deposition. Although the
deposition processes have the advantages of batch fabrication and present no damages
to the doped materials [36], ion implantation offers greater advantages of low
temperature process, precise fluence, junction depth control, implantations through thin
layers, implantation of different ions at different depths, and short process times [37,
38].

2.4.1 Noble metal nanoparticles

These comprise of ruthenium (Ru), rhodium (Rh), palladium (Pd), silver (Ag), osmium
(Os), iridium (Ir), platinum (Pt), gold (Au) and rhenium (Re) [142]. However, there is
strict definition in physics as to the actual requirement of noble metals. In this
perspective, it is required that the d-band of the electronic band structure of the metal
be filled. To this effect, silver and gold are noble metals due to the fact that all d-like
bands are completely filled and do not cross the Fermi level [143]. In terms of
reactivity, these two metals have demonstrated strong noble nature in such a way that
their surfaces are easily cleaned and kept clean for a long period in ultra-high vacuum
while surfaces of other metals like platinum and palladium are very quickly covered by
carbon monoxide (CO) [139].

24



2.4.2 Surface plasmon resonance

Advances in lithographic as well as wet chemical techniques have paved way for the
successful synthesis/development of a wide range of nanoparticles with varying
sizes/geometries and exhibiting varying optical responses. These spectroscopically
diverse optical responses are due to a single phenomenon generally referred to as the
surface plasmon resonance (SPR), which occurs as a result of collective oscillations of
the nanoparticles’ conduction band electrons [145]. Although Mie theory, which was
first described in 1908, can be used to understand SPR for a sphere, spectroscopic
approach as well as advanced electrodynamic numerical methods are necessary in order
to correctly describe metal nanoparticles’ optical properties [146]. Previous studies
have shown that SPR are intimately related to nanoparticle’s size, shape, composition,
and dielectric environment. In fact, these studies have shown the SPR resonance
position (peak position) to be highly tunable across a wide spectroscopic range by only
varying the sizes of the nanoparticles [147]. Against this backdrop, significant attention
was given to the study of the plasmonic properties of noble metal nanoparticles (e.g.
Ag, Au, Cu, etc.) due to their potential uses as components in a diverse range of
technologies such as waveguides, photonic circuits, and chemical/biological sensors
etc. These applications are exclusively based on the localized surface plasmon
resonance of the appropriate nanoparticle [148]. The SPR phenomenon has two key
consequences: (1) selective photon absorption and scattering allows the optical
properties of the nanoparticles to be monitored by conventional UV-vis spectroscopy
and far-field scattering techniques and (2) enhancement of the electromagnetic fields
surrounding the nanoparticles lead to surface-enhanced spectroscopic techniques
including surface enhanced Raman spectroscopy. The plasmon frequency has been
established to be extremely sensitive to nanoparticle composition, size, shape, dielectric

environment, and proximity to neighbouring nanoparticles [149].

2.4.3 Noble metal carbon based nanomaterials

Noble metal nanoparticles do not react (do not form carbides) with carbon and their
incorporation into carbon-based materials. In the past five decades, innovative
applications in cluster deposition for minimizing the influence of surface crystallinity
and ion-induced structural changes in the materials have been found [150]. Pure

amorphous carbon films are structurally known to exhibit low compressive stress as
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well as lower friction coefficients and wear rates [142]. Dimigen & Klages [143] and
Jun et al. [144] reported an excellent tribological performance with a favorable
combination of considerable hardness, high elasticity, low surface energy and a
relatively high wear resistance in metal containing amorphous thin films. Noble metal-
containing carbon-based nanomaterials have also been extensively studied and applied
as implantable microelectromechanical systems (MEMS) for radio frequency (RF)
switches and for the diagnosis of medical conditions [154]. And due to the evident
improved antimicrobial efficacy shown, they have been used against Staphylococcus
aureus and to evaluate the possible eradication of E. coli bacteria [147, 148, 149, 150]
with a remarkable record in annihilating over 99.9% of variety of strains of bacteria

including the methicillin-resistant type [159].

Furthermore, carbon-based nanofilms have attracted a lot of interest in the industrial
processing of protective coatings used in medical implants in human bodies. To
successfully achieve this, the surface chemistry of the implants needed to be controlled
in order to produce a coated surface with favourable biological reaction so as to avoid
blood coagulation in patients’ bodies, so-called haemocompatibility. To this effect,
silver nanoparticles had been used, at a controlled doping ratio, to test the adsorption
ratio of protein in form of albumin/fibrinogen [152]. As a measure to contain an
obvious drawback of amorphous carbon films, i.e. high compressive stress leading to
adhesive and stability problems, metallic nanoparticles such as Ag and Cu had been
used in preparing metal containing carbon nanomaterials. To this effect, gold
nanoparticles had been successfully applied in biomedical process of plasmon-
enhanced photothermal cancer therapy [153].

During the high energy irradiation of amorphous carbon with heavy noble metal ions
(e.g. 1 GeV Au ions), conducting ion tracks are formed as a result of the ionic passage
[154, 155]. These resulting tracks constitute a collection of extremely small diameter
(< 10 nm) of electrically conducting nanowires with the potential for nanoelectronic
device applications [164]. By selectively doping thin films of carbon with appropriate
noble metal ion species, the conductivity of the ion tracks can be enhanced (at
nanoscale) by influencing the atomic arrangement in the track without causing any

significant increase in the conductivity of the pristine carbon films. These track
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rearrangement of atoms due to dopant ions modifies the sp®/sp? ratio (i.e. increased sp?-

coordinated carbon) leading to increased or higher conductivity [162].

In terms of materials characterization, noble metals nanoparticles have been used for a
variety of property modifications including their incorporation into amorphous carbon
films with tunable transparency and optical band gap advantages as a result of
controlled irradiation with Ag NPs [138] with the possibility of being used in radiation
zones as suggested by [9]. In a similar scenario, the spectral analysis of Cu implanted
amorphous carbon film via Raman scattering revealed a decrease in the sp®/sp? ratio
with increasing atomic concentration in the films and, despite no clear dependence of
surface roughness of the amorphous films on the nanoparticle concentration was
observed, the collective optical properties (extinction, absorbance and reflectance
spectra) of the films were observed to depend on the atomic concentration of Cu as
well as on the deposition mode [158]. In addition to optical property modification, these
NPs have also been playing key role in the modification of the electrical properties of
amorphous carbon nanocomposites. The said Ag irradiated carbon films become
plasmonic materials because of the formation of nanoparticles as a result of noble metal
irradiation [159]. In the surface modification and property tailoring of amorphous
carbon, these nanoparticles have vast applications. Energetic silver ions (15 keV) at
varying fluence of 7-10 x 10% ions/cm? were used to modify the surface and bulk
properties of amorphous diamond-like carbon by independently changing the overall
ion beam interaction with the surface and its chemical composition [160]. Menegazzo
et al., [161] revealed that gold- and platinum- implanted amorphous carbon
nanocomposites are excellent electrode candidates with interesting electrochemical
activities that are directly influenced by the noble metal concentration (3-36 at. % in

this case).

In another development, noble metals were used in the formation of metal-carbon
clusters applicable in the sensitivity control of a surface enhanced Raman scattering
technique [162, 165]. It was additionally reported that an induced structural
modification of noble metal incorporation in amorphous carbon films results in a

considerable change of their surface topography and optical properties [166, 167].
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2.4.4 Intermediate band prospects

The intermediate band is designed in such a way that it provides for large generation
of photocurrent in a solar cell while maintaining a high output voltage. This is
practically achieved by sandwiching the intermediate band material between two
ordinary p- and n-type semiconductor materials. In this way, two-way or double
transition of absorbed energy photons is initiated. Transition due to sub-bandgap from
the valence band to the intermediate band and that from the intermediate band to the
conduction band which combines with the conventionally generated photocurrent as a

result of valence band-conduction band transition [61]

This Intermediate band property can be realised typically by the ion implantation of
metal atoms (especially atoms of noble metals) into the pristine amorphous carbon
material and avoiding, in its entirety, the complexities of quantum confinement effects
[43]. Attempts to actuate this were made with successes in the implantation of silicon
(Si) with titanium (Ti) and that of Zinc Sulphide (ZnS) with Chromium (Cr). In this
way, the dopant atoms modify the electronic energy band structure thereby creating an

additional intermediate energy band in the host matrix besides its intrinsic bandgap.

Theoretical efficiencies as high as 63.2% were attained in these intermediate band
materials as compared to the maximum of 40.7% in the single band gap cells. However,
practical realisation of these high efficiency is faced with such challenges as that of
producing high density quantum dots with homogeneous shapes and sizes as well as a
perfect system without defects [20].

2.5 Optical Properties of Solids

Optical properties of a material can be defined as any property that involves the
interaction between electromagnetic radiation or light and the material. These
properties include absorption, diffraction, polarization, reflection, refraction, and
scattering effects amongst others [166]. In more general terms, it refers to all those
techniques that use optical materials to disperse and or focus electromagnetic radiation
and whose measurements are only possible if the interaction of photons with the sample
leads to a certain change in one or more of the characteristic properties of the radiation
such as energy, polarization, frequency [174] etc. The electromagnetic spectrum is an
important approach to obtaining an overview of the necessary types of measurements
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and physical processes that are characteristic of the particular regions of interest
involving the optical properties of the material in question [175]. An evident practice
in the determination of optical properties of solid materials is shining a beam of
monochromatic light onto an appropriate sample and then measuring the reflectance or

transmittance of the sample as a function of photon energy [176].

2.5.1 Interaction of light with matter

There are many different ways in which light interacts with matter. As a general
phenomenon and with respect to its interaction with solid materials, two major light
interaction processes had been identified. The external or surface interactions involving
reflections at both the front and back surfaces (leading to transmission) and internal
interactions (propagation) involving refraction and absorption within the material.
However, a more appropriate way of quantifying the above optical phenomenon is in
terms of a number of certain parameters as reflectivity or coefficient of reflection R
and transmissivity or coefficient of transmission T both of which describe surface
interaction. Other parameters include absorption coefficient o, which quantifies light
absorption by the material and refractive index n, a frequency dependent quantity that
relates the velocities of light in free space and in the material [177]. Reflectivity and
transmissivity can be defined as the ratios of the reflected or transmitted powers to the
incident power relative to the medium [178] and are so complementary in such a way

that for a non-absorbing/non-scattering medium,
R+T=1 (2.15)
The refractive index is also given by the relation

c
n= -
v

(2.16)

The absorption coefficient is described in terms of the fraction of light power absorbed
in a unit length of the medium. Hence for an incident beam of light propagating along
the x direction with intensity at any point x given by | (x), then any slight decrease in

intensity for a small increase in path length dx can be expressed as;
di/l = —ax (2.17)

Integrating Equation 2.17,;
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I(x) = I,e™* (2.18)
Equation 2.18 is called the Beer’s law, where I is the light intensity at x=0.

And for a material of certain thickness d (such as thin films) and reflectivities of the

front and back surfaces R1 and R respectively, the transmissivity can be given as;
T= (1- Ry)e >4 (1—- R,) (2.19)

But for a homogenously deposited thin film on plain substrates such as glass, R1 =~ R>

so that Equation 2.19 reduces to
T= (1-R)e ™ (2.20)

Equation 2.20 describes the amount of light that is transmitted through the thin film in
relation to a certain amount of incident light on it [179].

2.5.2 Optical properties of amorphous carbon

The optical, and by extension, optoelectronic properties of amorphous carbon films
including diamond-like carbon (DLC) and hydrogenated amorphous carbon (a-C:H)
films have been shown to depend, not only on their doping or implantation with various
elements such as boron, nitrogen silicon, phosphorous and tungsten etc., but largely on
the variations of chemical bonding structure [180]. This chemical bonding structure
was rarely understood until the development of a detailed structural model by
Robertson in 1986 (i.e. the Robertson model) [9] which successfully correlates the said
structure with the material physical properties. The bonds in amorphous carbon contain
mixtures of sp? and sp® bonds in contrast to those in amorphous silicon (Si) and
germanium (Ge) where the bonds are exclusively sp® in nature [181]. To this end, the
Robertson model suggested that these sp? sites in amorphous carbon form graphitic
clusters which are embedded in the sp® bonded matrix [9]. Figure 2.8 describes the
electronic band structure of an amorphous carbon and showing the occupied and
unoccupied © and o states. According to Robertson and O’Reilly [182], the w bonds of
amorphous carbon are much weaker than the ¢ bonds so that the 7 states are in close
proximity with the Fermi level (Er) than the ¢ states. Furthermore, a relatively wide
energy gap, ~ 6 eV, separates the valence band (containing filled  bonding states) and
the conduction band (containing empty o* anti-bonding states). The material band
edges are formed by the weaker m bonds of sp? sites with filled 7 bonding states and
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empty n* anti-bonding states which are, principally, within the ¢ - o* gap and

controlling the optical properties of the amorphous carbon [183].

valence band band gap conduction band

N(E)

Energy

Figure 2.8: Schematic representation of the electronic band structure of
amorphous carbon as adopted from [9].

In view of the foregoing discussion, the optical properties of amorphous carbon films
are commonly discussed in relation to electronic transitions from the occupied  states
to unoccupied 7* states (linked to the sp? sites) and not the widely separated o and ¢*
states (linked to the sp? sites). Therefore, the optical band (or Tauc) gap of amorphous
carbon is deduced from the separation between these two bands, i.e. 2E, such that the
larger the average sizes of the sp? clusters, the closer these two bands would be and,
eventually, the smaller the optical band gap [95]. This implies that the optical band gap
of amorphous carbon films is given by the average gap sizes of the sp? clusters in it.

2.5.3 Optical band gap

The accurate, or near accurate determination of the optical band gap (E 4) is an essential
requirement in corroborating the predictions on the applicability and performance of
the material under investigation. It is possible, therefore, to critically examine the UV-
Visible spectrum in a region within the vicinity of the material’s optical energy gap.
This region, often referred to as the fundamental absorption edge, is identified from a
rapid increase in the magnitude of the absorption coefficient measured as a function of
material optical density per unit path length or thickness [184]. Moreover, the
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fundamental absorption edge plays a central role in the determination of optical band
gap for both direct and indirect interband electronic transitions in the material such the

absorption energy, a as a function of photon energy, hv is given by the Tauc’s relation

[185] as;

a=alE) 2.21)
So that
1
(ahv)r = A(hv — E,) (2.22)

where A is a constant, hv defines the photon energy in electron-volt (eV), E4 is the

optical band gap energy of the material which represents the energy difference between

the valence and conduction bands, respectively, while r is an index having values

between % and 3 depending on the nature of the interband electronic transitions. A plot

1
of (ahv)r versus hv yields a curve whose extrapolation of the linear portion to the hv

axis, at ¢ = 0, gives the optical band gap energy.

2.5.4 Urbach energy

One of the standards used as a yardstick in measuring inhomogeneous disorder in
amorphous systems is the Urbach energy, E,, [138]. First observed experimentally in
1953 by Franz Urbach [186], the Urbach energy (also called Urbach parameter)
describes the tendency of an amorphous system to convert the characteristic weak
bonds in its natural disorder into defects, often described as defect density [187]. Due
to the prevalence of short order ranges in amorphous systems, the valence and
conduction bands are not characterized by sharp optical absorption edges but tails of
localized states which are extended in the band gap [188]. Hence, the absorption

coefficient is related to the Urbach parameter [186] as follows;

hv

a=a, (E) (2.23)

where « is a constant called band tailing parameter.
Taking the natural logarithm of both sides of Equation 2.22 gives;
Ina=24Inay="+hv+Ina, (2.24)
Ey Ey
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Equation 2.24 describes a linear relationship between In a and the photon energy (hv)
whose slope is given by the inverse of the material’s Urbach energy at a particular

temperature.

2.5.5 Refractive index, n

For Ag doped amorphous carbon films, the refractive index can be expressed as a
function of the optical band gap energy using the Lorentz-Lorentz equation earlier
suggested by Duffy [189] and as presented by Dimitrov and Sakka [190]. Thus,

n%-1 _

n2+2

1- [(E4/20) (2.25)

Or

n= (3 /(20/59) - 2>E (2.26)

where m is the refractive index and E 4 is the optical band gap energy.

The refractive index, n is related to the dispersion of light energy, E; below the
interband absorption edge which is determined using the Wemple-Di domenico (W-D)

model [191] as illustrated below.

EqE
n?—-1=-%2

= (2.27)

where E; and E, are the dispersion and oscillator energies, respectively and E = hv

is the photon energy.

Equation 2.27 is re-expressed linearly as follows;

m?-—1)1=-_- F24+2

T o (2.28)

From the above Equation, the dispersion energy and oscillator energies can both be

1 _ E . . . .
deduced from the slope (ﬁ) and intercept (E—d) on the vertical axis of the straight line
dfo 4]

portion of (n? — 1)~ versus E? plot. Furthermore, by letting E = 0 in Equation 2.28
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above, the static refractive index of the material at zero photon energy, n, can be
deduced. So that;

E
nig =1+ (2.29)

2.6  Application to solar cell photoconductivity enhancement

The term photoconductivity refers to the incremental change in electrical conductivity
of a material as a result of the absorption of optical photons [188]. Investigations into
the photoconduction of certain photoactive materials, such as metal containing carbon
nanomaterials, have become important diagnostic tools in the search for new materials
suitable for electronic devices applications. A lot of research efforts had been put in
place to enhance the performance of conventional photovoltaics but faced serious
challenges due to limitations offered by the presence of localized electronic states in
certain semiconductors. The disordered nature of these materials, their low charge
carrier mobilities, as well as the significantly short free-carrier life times when
compared to intrinsic crystalline silicon, made it necessary to conduct property
modification on semiconducting materials including carbon based nanomaterials [189].
Pertinent to this, we present an approach for tailoring the applications of metal
nanoparticles (silver in this case) in electrical properties modification of a covalently
bonded material (carbon). This is essential in the sense that the metal inclusions greatly
influence the basic processes of adequate photocurrent generation including the
generation of free electron-hole pairs due to photon absorption, response to an external
electric field for smooth transport of generated charge carriers and material conduction
stability due to appropriate reduction in charge carrier recombination [194].
Furthermore, the surface plasmon resonance (SPR) of the metallic nanoparticles, whose
strength depends largely on the shape, size and distribution of the particles, can
adequately be tailored into improving the photo-activity of optical devices including
solar cells [191].
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2.6.1 Solar cell current-voltage (1-V) relationship

The solar cell current-voltage relationship is a superposition of the cell’s response in
the dark with the light generated current, 1. [192] so that the p-n junction diode equation
becomes;

=1, [e% ~1]-1, (2.30)
where I, is the reverse saturation current, q is the electronic charge, v is the forward
bias voltage, k is the Boltzmann constant, T is the temperature in Kelvin and n is the

ideality factor which varies depending on the material.

Equation 2.30 describes the form of the diode equation in the fourth quadrant (reverse
operating region where the forward current is negligible), due to light shifting, that
enables the extraction of power from the diode. In the first quadrant (forward operating

region), however, the equation is presented as;
ﬂ
I=1I,—I|ew — 1] (2.31)

And for low voltage operations (< 100 mV), the exponential term in Equation 2.31

dominates such that

I=1, -1, [ef—kvr] (2.32)

Equation (2.32) is of great importance in describing certain parameters used in the
characterization of solar cells. These include amongst others; short-circuit current

(Isc), open-circuit voltage (Voc), fill factor (FF) and efficiency () respectively.

2.6.2 Short-circuit current (Igc)

This refers to the current passing through a solar cell device when the voltage across it
is zero (i.e. when it is in short-circuit mode). It is usually denoted as Isc and represented
on a solar cell current-voltage (I-V) characteristic curve as the maximum current from
the solar cell under consideration. This current is mainly due to the photo-generated
charge carriers such that for an ideal device (i.e. device with most tolerable resistive

loss mechanism), the photo-generated (or light-generated) and the short-circuit currents
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become equal [10]. Thus, at this instance, Isc becomes the maximum current which

may be drawn from the device.
\
IV curve of the solar cell

5 \ The short circuit current, g,
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Figure 2.9: I-V curve of a solar cell showing the short-circuit current, I¢¢ [10].

Generally, the short-circuit current of a solar cell depends on the following factors;

1. Area; the surface of the solar cell exposed to solar radiation greatly determines
the amount of current to be generated. As such, the short-circuit current is often
described in terms of current density, Jsc in mA/cm?, in order to address this
dependence on area.

2. Number of photons; the intensity of light arriving at the surface of the device
also offers a direct influence on the magnitude of Isc.

3. Incident light spectrum; a standard spectrum is, in this case, adopted for most
current measurements in solar cell fabrication which is the global standard
AM1.5g spectrum.

4. Optical properties: the material optical properties (absorption and reflection) is
also established to affect the photo-generation of charge carriers which, by

extension, affects the performance of the solar cell.

Collection probability; short-circuit current is also a function of the cell collection
probability which depends on the material’s surface passivation and the life time of the

minority charge carriers in the base of the device [197].
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2.6.3 Open-circuit voltage (Voc)

The photo-current due to light-generated charge carriers is as a result of a forward bias
at the p-n junction of the solar cell. The voltage responsible for this bias is called the
open-circuit voltage and it is the maximum available voltage from the solar cell when
it is not delivering any current to an external load. This voltage is denoted as Voc and

represented in the solar cell I-V curve as depicted below;

)

s _ IV curve of the solar cell
=
g o
5 The open circuit voltage,V .. ,
0 is the maximum voltage from a
solar cell and occurs when the
Pawer from net current through the device
the solar cell 15 2€r0,
Voltage S
"4

ocC

Figure 2.10: 1-V curve of a solar cell showing the open-circuit voltage, Voc [10].
The condition of zero current for open-circuit voltage reduces the diode equation to;

_ nkT . [l
Vo = 2l In [10 1] (2.33)

It is clearly shown in the above equation that Vo depends on both saturation and light-
generated currents. Since the saturation current has a key effect on the magnitude of
open-circuit voltage and also depends on the rate of charge carrier recombination, Voc
is then said to be a quantitative measure of recombination in a solar cell [198]. This
recombination tendency varies in different materials such that for high quality single
crystalline semiconductors and under the most favorable operation conditions, the
open-circuit voltage, Voc could be as high as 730 mV as against the ~ 600 mV obtained

in most commercial devices [196].
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2.6.4 Solar cell fill factor (FF) and efficiency (n)

The power from a solar cell at the two essential operating points (Is¢ and Voc) equals
zero. This suggest the idea of a solar cell fill factor, FF which describes the maximum
power that can be generated by a solar cell with respect to its short-circuit current and
open-circuit voltage respectively [200]. Derived from the “squareness” of the cell
characteristic on the I-V curve (Figure 2.9), the fill factor is the ratio of the maximum
power, due to squareness, to the product of I'sc and Voc. i.e.

FF = fmax (2.34)

Voclsc
An empirical expression for determining the fill factor is given, according to [201], as

Voc—In(vy+0.72)

FF = (2.35)
Voct+1
where v, is the normalized Voc which is given as;
Ve = v (2.36)
0¢ ™ nkr '

Equations 2.35 demonstrates the significance of the magnitude of Vo such that a higher
open-circuit voltage will result in a higher fill factor. It also shows the importance of
the ideality factor, n such that for simple recombination mechanisms (i.e. n = 1) the
normalized Vo is less affected and the fill factor appreciates. For complex/large
recombination mechanisms, however, a low open-circuit voltage is recorded which

affects (lowers) the fill factor value.

Fill factor plays a central role in the efficiency evaluation of a solar cell. This
(efficiency) is the most common solar cell parameter that is used in performance
comparisons of one device with respect to another [202]. Depending on the intensity
and spectral nature of the incident sunlight as well as the operating temperature of the
solar cell under consideration, efficiency is extracted as the ratio of the output energy

from the device to the input energy from the sun [203].

In view of the above, and with respect to the solar cell active operating points, the

efficiency is given as;
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Pmax VOCISL‘FF
n=-p-= (2.37)

in Pin

where P;, is the input power from the sun usually given as 1kW/m? for solar cell

efficiency calculations and n_is the efficiency.
2.6.5 Series and shunt resistances of a solar cell

As in the case of most electrical/electronic systems, resistive effects arising from the
circuitry reduce the solar cell efficiency through dissipating reasonable fraction of the
output power in the resistances [201]. The most common parasitic resistances are series

resistance and shunt resistance.

series resistance Current

ﬁ
NN N/
RS '
shunt
I A ! resistance Voltage
RSH
]

Figure 2.11: Schematic of series and shunt resistances in a solar cell [25].

Both the magnitude and impact of these resistances depend on the geometry of the cell.
Although, the impact is mainly to reduce the fill factor (FF), excessively high resistive
values may also reduce the short-circuit current. Also, since the magnitude of resistance
depends on the area of the solar cell, a common unit for these resistances is Qcm?. This
unit arises from the fact that current is replaced with current density in Ohm’s law
[204]. In a typical solar cell, the series resistance has negligible effect at open-circuit
voltage since the overall current flows through the solar cell thereby making current
flow through the series resistance to be zero. So, based on the assumption that the open-
circuit voltage and short-circuit current are not affected by the series resistance, the
impact of this resistance on the fill factor (FF) can be determined using the following

empirical equation;
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2
FFg = FFo(1 - 1.1R,) + - 2.38
Which is valid for R¢ < 0.4 and V,,, > 10 [205].

A reliable series resistance calculator is available [206] which determines the effect of
R, on the solar cell fill factor for area-normalized series resistances between 0.5

Qcm? for laboratory type solar cells and up to 1.3 Qcm? for commercial solar cells.

In the case shunt resistance however, solar cell power losses are typically due to
fabrication defects rather than poor solar cell design [204]. The impact is that low shunt
resistance causes power losses in the device by providing an alternate current path for
the light-generated current. This alternate path will inhibit the short-circuit current as a
result of decreased open-circuit voltage. The shunt effect has larger impact on the
current and is particularly severe at low radiation intensities, since there will be less

light-generated current [207].

The impact of the shunt resistance can be calculated in a manner similar to that used to
find the impact of series resistance on the solar cell fill factor. Therefore, based on an
assumption that the open-circuit voltage and short-circuit current are not affected by
the shunt resistance, the impact of shunt resistance on FF can be determined using the

following empirical relation;

2.39

FFgy = FF, (1 —M_ﬂ)

VOC RS
Which is valid for Rgy > 0.4 [205].

A reliable shunt resistance calculator is available [206] which determines the effect of
rsy on the solar cell fill factor for area-normalized series resistances in the
MQcm? range for laboratory type solar cells, and 1000 Qcm? for commercial solar

cells.
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CHAPTER THREE
3.0  Experimental Techniques
3.1 Amorphous carbon film preparation

Amorphous thin and floatable carbon films of thicknesses 40 pg/cm? (approximately
500 nm as extracted from AFM analysis) were obtained from YISSUM Research
Development Company, Hebrew University Jerusalem, Israel for this research. These
films, earlier prepared as stripper foils for tandem accelerators’ application, were
deposited on plain glass slides (substrates) of dimensions 7.5 cm x 2.5 cm respectively.
While still on the glass substrate, a pen knife was used to cut the film into rectangular
pieces. This is successfully done by making the cuts parallel to the short side (2.5 cm)
of the glass substrate near the edge of the carbon film. By carefully and slowly
immersing the substrate into a clean dish of distilled water at an elevation of 30°-45" to
the water surface, the films were floated off the slide as shown in Figure 3.1. In some
instances, the water level passes the start cut of the films without separating. In such
situations, the edges of the films were allowed for about two minutes to get wet before
floating. Throughout the process, caution was taken not to touch the film surface with

fingers or keeping the film side down.
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Figure 3.1: Carbon thin film floating set up.

Several thin sheets (mounts) of a metallic material (copper) were prepared. Each sheet
is of dimension 1 cm x 1 cm, 0.5 mm thickness and with a 1 mm diameter hole at the
centre. The edges of the hole were made smooth; free of sharp edges. These sheets were
pre-washed with clean water and then thoroughly with acetone, rinsed with distilled
water again, and finally wiped with methanol. A drop of domestic liquid detergent was
added to the distilled water containing the floating film pieces in order to reduce surface
tension effect on the mount. Using a pair of forceps, the mount was lowered into the
water and below the film at an angle of about 60°. By carefully and gently lifting up,
the central hole became covered and the captured film adhered permanently to the
mount as shown in Figure 3.2(a). At instances where the film tend to move laterally
away from the mount, a clean glass microscope slide was held in order to trap the film
in position between the slide and the mount while lifting as depicted in Figure 3.2(b).
The mounted films were allowed to dry in air and analyzed soon after to avoid cracking

due to external pressure.
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Figure 3.2: Mounting carbon film on metal sheet or other substrates; (a) direct

mounting and (b) trapped film mounting.

Initial investigations into the optical response of the pristine carbon films were carried
out at the materials physics research institute (MPRI) optical laboratory of the school
of physics, university of the Witwatersrand. Absorption spectra were acquired at room
temperature between 800 nm and 200 nm at a scan rate of 200 nm/min using a Varian
Cary 500 UV-Vis-NIR spectrophotometer. The substrate material is glass, which
absorbs in the deeper UV and accounts for the high absorbance values below 300 nm.
This, in essence, was done in order to study the optical response of the as-deposited
films which served as guide or reference points when compared to the observed optical
properties of ion irradiated films. The films were floated off the glass substrates and
mounted over tiny holes on the surfaces of clean and abrasion free (polished) thin sheets

of material (copper in this case) and analysed as stand-alone films.

3.2 lon implantation of carbon films

3.2.1 Introduction

As a non-equilibrium method, ion implantation is used to inject different species of
atoms into solid materials in a way that precise atomic species can be efficiently
introduced into preferred targets while avoiding the reactional effects of precipitation,
diffusion as well as solid solubility. Structural modifications of the target are of great
importance and depend largely on their pristine nature; either crystalline or amorphous

which offers a great bearing on the interactions of the impinging ions with the targets
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[173]. For high energy implantations, energetic ions traverse a solid target with
velocities ~ 102 - 10° cm.s™%, interact with the nuclei of the targets and with the electron
clouds surrounding the target atoms, and finally come to rest below the surface of the
target material [173]. The ion implantation procedure is mainly employed, in this
context, to alter the near surface properties of the amorphous carbon thin films. A major
requirement here is to introduce energetic ions of silver (Ag) into the amorphous carbon
films with energies sufficiently enough to penetrate through the surface of the films
and moderate enough as not to damage the films or escape to the supporting substrate
(glass in this case). To this effect, an ion implanter was used. It generated a beam of
silver ions, accelerated them (the Ag ions) with the required energy and guided the
beam onto the target material where the ions come to rest few tens of nanometres within
the target (film).

In this research, a modified version of a 200-20A2F Varian/Extrion ion implanter
(Figure 3.3) at the iThemba Labs, Gauteng, South Africa was utilized. The machine
was originally designed with the specifications of a production type ion implantation
system for doping silicon wafers for semiconductor application. It initially has two end
stations with a wafer handling system but was fitted with the RS-LN600 research end
station that facilitates different target holders that allow implantations at different
substrate temperatures. The ion source is fitted with a sputter type source as well as a
carbon tetrachloride (CCls) vapour feed through attachment to the ion source. Both
these systems allow the generation of ion species of any stable element of the periodic
table. The sputter source, prior to modification, was designed to produce ion species

from a range of source gases which are typically used in the semiconductor industry.
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Figure 3.3: Front view of the modified 200-20A2F Varian ion implanter.

The sputter source was later modified (Figure 3.4) to enable the generation of a range
of exotic beams rarely used in the semiconductor industry. This was enabled by
purchasing a purposeful sputter type ion source for the generation of noble metal ions
such as Pt and Au. Synthesis of other metallic ions is also achieved using the CCly

synthesis in the Freeman type ion source.

Figure 3.4: Modified 200-20A2F Varian/Extrion ion implanter sputter source.
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Singly charged silver ions were implanted in the thin amorphous carbon films at
varying fluences and according to specific implantation parameters. The carbon films
were purchased from the supplier already on glass slides and were easy to mount on
the end station target holders used in the ion implanter.

3.2.2 Silver implantation

During the implantation of silver ions in amorphous carbon thin film, a solid piece of
silver was held in a crescent shaped crucible in the arc chamber of the ion source just
below the filament. Carbon tetrachloride vapour was admitted into the ion source
through a separate feed housed in the gas box of the ion implanter. A support gas, in
this case Ar, was fed through the gas feed to the ion source assembly. At the typical
operating temperatures of the ion chamber, the CCl4 reacts with the silver material in
the crucible contained in the arc chamber and the volatile silver chloride compound
(AgCl) is formed. This sublimes over the hot tungsten filament of the ion source and
dissociates the AgCl. The electrons from the filament ionized the different atomic
species or molecules within the arc chamber as described in section 2.4. The Ag ions,
along with other charged ions, get extracted out of the source chamber as a beam and
into the analyzer magnet region where the appropriate ion selection takes place. The
current of the analyzer magnet was set so that the magnetic field deflected singly
charged ions of silver at an angle of 90° characteristic of their atomic mass. The beam
of purely silver ions exits via the resolving aperture and into the acceleration tube where
they receive their final energy. This beam was maintained at an average beam current
of 0.55 YA for the implantation process. The singly charged Ag ions were not further
accelerated in the post acceleration tube after extraction from the ion source at 25 keV,
which meant that the Ag ions were implanted into the carbon films at 25 keV. The
current was calculated by a current integrator. The ion beam was uniformly scanned
over an area where four Faraday cups were placed in the beam path. The area of each
Faraday cup as well as the beam current are parameters which the current integrator
uses to digitally determine the preselected fluence for the implant. Once this required
ion fluence is attained, an electronic gate automatically deflected the beam from the
implantation chamber by placing it in a neutral cup thereby preventing it from reaching
the target chamber. The different fluences were obtained by using a target holder with
a travelling mask (Figure 3.5) that could be controlled externally while the target was
under vacuum. The mask was lowered by ~ 1.0 cm so as to leave an area of 2.5 x 1 cm?
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unimplanted. The first step implanted 2.5 x 10%° jons/cm? over the remaining area of
the carbon film. The mask was lower by ~ 1.0 cm and an additional fluence of 2.5 x
10% ions/cm? was implanted. This process was continued as described in Table 3.1 and
additional fluences were added at each step so that the film had eventually 6 regions of

varying fluences labelled as C1 to C6.

These stages involve the appropriate addition of fractions of implantation fluence that
determine subsequent fluence in the series until all the required fluence of 2.7, 2.9, 3.0,
3.2 and 3.4 x 1071 atoms/cm? were respectively achieved at different areas of the film.

Details of this implantation fluence steps are presented in Table 3.1.

External
adjustment

Movable
mask

= Carbon
target

Figure 3.5: Schematic diagram of implantation stages for the various
fluence.

The beam energy of 25 keV, which has direct bearing on the depth of penetration
(range) of the silver ions (as described in section 2.4.4), was predetermined based on
computer simulations of the implantation process using Stopping and Range of lons in
Matter-2008 package [123]. The different sections of the glass slide were scored with

a table top glass cutter at ~ 1.0 cm along the length of the slide. The glass slide was
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carefully placed over a sharp edge and the glass cleaved so that six sections of the glass
slide was created, each with the different implanted fluence of the carbon film, C1 to
C6. Little sections of these implanted films were later floated off the glass slides,
captured (mounted) on clean metal sheet surfaces as described earlier and
analysed/characterized as stand-alone silver-implanted amorphous carbon (Ag:a-C)

films.

Table 3.1: Irradiation steps for the appropriate fluence requirements.

Sample  Required fluence, ¢ Irradiation dose steps (ions/cm?)
(ions/cm?)
C1 2.5x10% 2.5x10%
Cz 2.7 x10% 2.5x10% +2 x 101
Cs 2.9x10% 2.5x10% +2 x 10%° + 2 x 1015
Cs 3.0x10% 2.5x10% +2 x 10%° + 2 x 101 + 1 x 10%°
Cs 3.2x10% 2.5x10%+2 x10% +2 x 1015 + 1 x 105 + 2 x 10%°
Cs 3.4x10% 2.5x10% +2 x 10% + 2 x 1015 + 1 x 10%° + 2 x 105 + 2 x 10%°

3.3 Characterization techniques

3.3.1 UV-visible spectroscopy
Introduction

Light as a form of energy and upon interaction with matter gets absorbed and causes a
change (increase) in the energy of the atoms. A spectroscopic technique of interest is
that in which there is transfer of energy between photons and the atoms of a solid
sample. This is generally regarded as absorption spectroscopy. It simply involves the
transition, due to photon absorption, by the electrons of an atom or molecule from a
lower-energy state to a higher energy state (excited state) [174]. As the beam of
electromagnetic radiation traverse through a solid sample, its intensity gets attenuated
at certain selected wavelengths. This attenuation process is what brings about

absorption. For this absorption to occur, there should be an interaction between the
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electromagnetic field of the light beam with the atoms of the material such that
absorption of a photon brings about a change in the energy of their valence electrons
for UV and visible radiations while for infrared radiation, a bond's vibrational energy
is altered [209]. Furthermore, the energy (hv) of the absorbed photon must be equal to
the energy difference (AE) between two of the sample's quantized energy states [174].
The ultraviolet (UV) and visible radiations constitute only a small region of the
electromagnetic spectrum. Other wavelengths in the spectrum include infrared (IR),
microwave, X-rays, gamma rays, cosmic rays etc. The region of each of the
components above is characterized by its wavelength on the spectrum, usually
expressed in nanometres unit (1 nm = 10° m) [11]. Figure 3.6 shows the
electromagnetic spectrum showing the different forms of radiations and their respective
regions (wavelength ranges). For spectroscopy purposes, light is characterized in the
ultraviolet (10 nm - 400 nm) and visible (400 nm - 700 nm) regions respectively [210].
And within these two regions of greatest spectral interest (ultraviolet and visible),
absorption of light is generally high such that light transmission is usually a negligibly
small fraction [176]. Pertinent to this, solid materials of prospective optical potentials
are mostly operated or characterized within visible region and the near visible
wavelength (200 nm — 380 nm) of the ultraviolet region in the electromagnetic

spectrum [211].
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Figure 3.6: The electromagnetic spectrum, [11].
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The interaction of light with the Ag:a-C nanomaterial is such that the light either gets
scattered (elastically or inelastically), absorbed, or transmitted depending on the
inherent properties of the nanomaterial (physical, chemical, and structural) as well as
the intensity and energy of the light photons [210]. Each region of the spectrum
interacts with the material to give specific spectroscopic information about the
nanomaterial. It has been established that [212], within the ultraviolet and visible
regions, photons create excitons by interacting with the outer shell electrons of a
material and promoting them to higher energy levels while photons in the infrared
region create phonons by interacting with lattice and molecular vibrations and
rotations. Sequel to this, a predetermined photon energy can appropriately be chosen
and tailored to investigate specific properties of interest for the material at hand.
Moreover, the plasmonic property of the silver nanoparticles due to the collective
motion of charges and with respect to the attraction by the bulk carbon nanomaterial
background allows for the adequate investigation of the optical absorption in the UV-
visible range. Infrared and Raman spectroscopies are also considered as sufficient tools
[213] for this nanomaterial characterization.

As a guiding principle for the study of light-matter interaction, the total energy incident
on the nanomaterial can be accounted for by the additional relationship of the
absorptance (A), defined as the ratio of the energy transferred to the nanomaterial, and
the fractions of the energy that are reflected (R) off the material surface and or
transmitted (T) through it. So that

Abs=1-T—R (3.1)

A more convenient way of expressing this transferred energy is in terms of
absorbance(Abs), often referred to as the optical density and explained in terms of the
attenuated incident light within the material. And in relation to both transmission for a

transparent or reflection for a highly reflective media, absorbance is given as
Abs = —logyo(T) = —logyo(R) (3.2)

The optical coefficient of absorption (a) describes the rate of light absorption as it

traverses through a given path length or thickness (1) of the material. i.e,

Abs — loglo(T) (3 3)
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Or, using the natural logarithms
a=aln10 (3.4)

where the value of a is expressed in terms of the imaginary part of the complex index

of refraction, k (called the extinction coefficient) and the wavelength of the incident

. 4mk
light 4, asa = —%.

One major challenge in absorbance measurements is that in a transmittance or
reflectance spectrum, we often assume that all the non-transmitted or non-reflected
light is absorbed by the sample under investigation. However, certain areas of the
sample that are not directly illuminated also contribute to the total light absorbance. As
such, special accessories are inherently provided with the sample holders which ensure

that the light is directed at the appropriate spot(s) of interest [181].

3.3.1.1 Instrumentation

Most UV-visible spectrometers operate by passing a beam of electromagnetic radiation
directly through the sample held in a certain fixed position (cell). Radiation, across the
whole wavelengths of ultraviolet and visible ranges, is scanned for a certain period of
time. Simultaneously, a radiation of same intensity and frequency as the first is also
passed through a reference cell containing the same substrate upon which the sample
is deposited (as in the case of thin films) [212]. The transmitted radiation is then
detected by a collection of photocells and the absorption is determined by measuring
the difference in intensity of radiation passing through the sample (target) and the

reference substrate as depicted in Figure 3.7.
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Figure 3.7: A schematic diagram of a typical ultraviolet/visible
spectrophotometer [12].

Two lamps (sources) are provided for the scanning process; a deuterium or hydrogen
discharge lamp covering the ultraviolet range and a tungsten/halogen lamp covering
the visible range respectively. A diffraction grating is incorporated so that light from
each source is separated according to its frequency/wavelength and then transformed
into a narrow waveband (monochromatic) by a narrow slit. The required absorption
information follows from the detection of the radiation through both the sample and
reference material. This is achieved in either of the following two transduction
processes [177];
e By a photodiode or a photomultiplier which converts the photons into minute
electrical signals (currents), or
e By photo-induced emission of electrons by a semiconducting cell which are
processed by an electron multiplier.

An automatic comparison of these currents, generated from the sample and the

reference substrate, gives the required absorption spectrum.

In this research, optical absorption measurements were conducted using a Carey 500
UV-Vis-NIR (Varian) spectrophotometer at the School of Physics, University of the

Witwatersrand, Johannesburg.
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3.3.2 Raman Spectroscopy
Introduction

Incident monochromatic light interacts with the atoms or molecules of a target in such
a way that a greater part of it is transmitted and a smaller part absorbed. The smaller
absorbed part undergoes both elastic and inelastic scattering process with the atoms or
molecules of the sample. In the elastic scattering, about 99.999% of all the incident
photons retain the nature of their initial frequency of propagation as no energy is lost.
This interaction, which is the dominant process and commonly referred to as Rayleigh
scattering, is of no significance in Raman spectroscopy as it provides no useful
information regarding the molecular structure, bonding and or stoichiometry of the
scattering atoms or molecules. On the other hand however, about 0.001% of the
photons are scattered inelastically such that the scattering from the associated
vibrations of atoms or molecules are excited leading to a shift in the magnitude, by one

vibrational unit [215], of the frequency of the incident photons.

Raman spectroscopy is a non-destructive standard spectroscopic technique in that it
serves as a powerful tool for the identification of the bonding(s), the symmetries of
molecular structures as well as the energies associated with the fundamental vibrational
excitations of solid materials [6] including carbon-based materials [184]. It is basically
atechnique, as earlier mentioned, that utilizes the inelastic scattering of monochromatic
light emanating from, usually, a laser source [217]. The Raman effect was first
discovered or postulated by C.V. Raman and K.S. Krishnan in 1928 but until the
invention of the laser in the 1960’s that it was later explored in more details [183]. This
phenomenon utilizes the inelastic scattering of photons when they interact with the
molecules of a sample. Whereas most of the photon are scattered elastically (Rayleigh
effect, i.e. with the same cadre as the source light), some of the photons are scattered
at different frequencies compared to that of the input light. According to classical
physics model as compiled and presented by Princeton Instruments [185], the
inelastically scattered photons impart a sample’s molecule with certain energy which
causes it to vibrate and rotate. In the course of its vibrational motion, a new photon is
emitted at a specific frequency for each degree of freedom of vibration. This is
fundamentally important because every molecule has its unique set of frequencies

which act as a fingerprint by which it can be identified. A range of different Raman
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measurement techniques are in use for the identification of chemicals or molecules with
Classic Backscatter Raman as the most common. Furthermore, the technigue is found
to be an excellent tool for the adequate understanding of the distinguishing properties
of various allotropes of carbon, a feature that motivated its choice in the

characterization of both un-implanted and implanted carbon-based materials [186].

3.3.2.1 Principles of Raman

When a monochromatic light of frequency v interacts with the molecules of a given
sample, the molecules get excited and are transformed into independent oscillating
dipoles [187] which consequently emit light of different characteristic frequencies in
the following three ways;

e A molecule in a non-Raman mode absorbs the photon, gets excited and vibrates
within the same vibrational state as the source while emitting light of the same
frequency as the excitation source (v,). This is called elastic or Rayleigh
scattering.

e A Raman-active molecule, initially at a normal vibrational state, absorbs the
photon and impart some of its energy to the active mode with a different
frequency v,, thereby reducing the frequency of the source light to vy — v,,.
This is called "Stokes" or "Stokes frequency".

e A Raman-active molecule, initially in the excited vibrational state, absorbs the
photon and release excess energy such that the frequency of the scattered source
light appreciates higher as vy + v,,,. This is called "Anti-Stokes" or Anti-Stoke

frequency.

According to literature [183], a significant percentage of all the incident light photons
in Raman spectroscopy undergo Rayleigh scattering and only small percentage
produces the required Raman effect resulting in signals with frequencies vy + v,,.
This is a great setback in the earlier applications of Raman spectrometers and a more
reason why most spectrometers now have filters (notch/tunable), laser stop apertures,
etc. that are incorporated to enhance the quality of Raman spectra by reducing the
Rayleigh effect [220].
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3.3.2.2 Theory of the Raman effect

There are basically two interpretative approaches by which the physics of Raman effect
is described namely; the classical wave interpretation which considers light as an
electromagnetic radiation containing oscillating electric field at a given frequency and
interacting with atoms or molecules of a solid through its polarizability and the
quantum particle interpretation which considers light as a photon, emitted or absorbed,

due to its inelastic scattering by the atoms or molecules of the solid target.

A brief overview of both approaches is given in the next section and based mainly upon
discussions from these texts [108, 183, 187 - 191].

e Classical wave interpretation

The classical approach, apart from its consideration of light as containing oscillating
electric field, assumes that photons of the incident light interact with the dipole moment
of the atoms or molecules of the material under investigation. It also avoided, totally,
the mathematical complexities in the dependency of the molecules’ dipole moment on
the electric field component of the radiation as well the distortion of stable electronic
distribution of the molecules. To this effect, the “mass on a spring” classical model of
a simple diatomic molecule is considered and analysed in a completely classical frame
of reference utilizing the Hooke’s law. A simple system of diatomic molecule as a mass
on a spring is considered in Figure 3.8 which comprises of a spring of constant k,
representing the bond strength, such that x4, x5 , m;, and m, are the displacements
and atomic masses of the vibrating atoms respectively.

X K

m, m,

Figure 3.8: Diatomic molecule as a mass on a spring.
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Using Hooke’s law, the molecular displacement can be expressed based on the classical

approximation as follows;

mimp (dle dZXZ

+ ) a—(x;+ x3) (35

mq+my dt? dt?
So that
e L (dle dzxz) = —k(x;+ x;) (3.6)
mq+my dt? dt? - 1 2 '
mimp . . .
Where u = s the reduced mass of the diatomic system and g = (x1 + X2)
1 2

is the total displacement.

So that Equation 3.6 becomes

dzq _
Hz = —kq 3.7)
Or
2
- ()a s

Solving Equation 3.8 with respect to the periodic motion of the atomic displacement

yields:
q = qocos(2mv,,t) (3.9)

Where v,, is called the molecular vibration and defined in terms of u and k as

1 |r
U = 5= [ (3.10)

From the foregoing discussion and as contained in Equations 3.9 & 3.10, it appears that
the excited molecules are vibrating via cosine pattern and having frequency directly
proportional to the molecular bond strength, k and inversely proportional to the reduced
mass, . This clearly infers that each vibrating molecule will have unique vibrational
signatures determined by both the atoms therein as well as the characteristics of the

individual interatomic bond.

Since the polarizability, @ of a molecule is a function of the displacement, q, then the
vibrational frequencies can easily be determined from the induced dipole moment, P

due to the interaction of light with vibrational molecules. So that
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P = aE, (3.11)
Or, in terms of Equation 3.9
P = aE,cos(2muyt) (3.12)
where E and v, are the intensity and frequency of the electric field.
Now expressing the polarizability as a linear function of displacement and in terms of

small amplitude approximation, i.e.

a= ayg+q (Z—T)qzo + - (3.13)

and a combination of Equation 3.13 with Equations 3.9 and 3.12 gives

P = aE,cos(2muyt) + qo cos(2mv,,t) Ey cos(2mv,t) (Z—‘:) .
q:

(3.14)

Equation 3.14 reveals two major effects resulting from the photon-molecule

interaction. The first term describes the earlier mentioned dominant Rayleigh
scattering, having frequency vy, which results in no frequency change in the incident

radiation. The second term is the component of the Raman scattered light which when

expanded gives;
qoE, (_aa) [cos(2m{vy — v, }t) cos(2m{vy + v, }1)]
at q=0

(3.15)

Equation 3.15 demonstrates how the linear induced dipole moment, P gives rise to two
different radiations of varying frequencies; cos(2m{v, — v,,,}t) that gives rise to a
radiation at a reduced frequency of vy — v,,, and responsible for the Stoke Raman
scattering, and cos(2m{vy + v,,}t) that gives rise to a radiation at an increased
frequency of {v, +v,,} and responsible for the Anti-Stoke Raman scattering.
Molecules will be mostly found in the ground state, at room temperature, and there is
a lower probability that a photon will be Anti-Stokes scattered. Raman measurements
from Stokes shifted light are much higher in intensity and are used for Raman analysis.
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e Quantum particle interpretation

This interpretation approach is used to better visualize the classical wave interpretation
and offer more viable information about the process. Here, photon from the
electromagnetic radiation is considered to directly interact with the phonon in the target
(matter) such that the radiation is regarded as being either absorbed or emitted due to
the upward or downward transition of a molecular system between two discrete energy
levels. This transition can be in a vibrational mode, rotational mode or a combination
of both and according to the perturbation theory of quantum mechanics, the energies

of that molecule in vibrational and rotational modes are quantized. Thus:
1
E, = hv(m+3) (3.16)

wherem =0,1,2,3, ... .. ... represents the quantum number.
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Figure 3.9: Jablonski representation of Rayleigh and Raman scattering, adopted
from [221].

Now referring to Raman effect as a simple two-photon system in which energy
emission or absorption due to the downward and upward transitions strictly occur
between two energy level, then the only two permitted transitions would also strictly
obey the quantum mechanical selection rule of AJ =0, £2, where J is the total angular
momentum number. Applying this rule to Equation 3.16 gives the three conditions of
Rayleigh scattering at AJ = 0, the Stokes scattering at AJ = +2 and the anti-Stokes
scattering at AJ = -2 respectively. This was also summarized in Jablonski representation
of Figure 3.9 and as highlighted in section 3.4.2.1 above.

3.3.3 Instrumentation

The Raman spectrograph utilized for the Raman scattering measurements of our carbon
nanomaterials was briefly described in this section; including the details of the laser
source as applied to sample illumination system. The instrument comprises mainly of

four major parts;
e An excitation source (laser),
e A sample illumination system,
e A wavelength selector (or filter), and

e A detector (CCD or photodiode array).
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An electromagnetic radiation from a laser beam (usually in the ultraviolet, visible, or
near infrared range) is used to illuminate the sample under investigation such that upon
interacting with the sample's atoms or molecules, scattered light is collected via lens(es)
and sent through an interference filter and processed into an appropriate Raman

spectrum of the sample.
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Figure 3.10: Schematic diagram of the Raman Spectrograph showing beam
trajectory from [13].

The Argon ion-laser of intense but coherent monochromatic radiation and having 514.5
nm excitation wavelength was used for the whole Raman session. The logic in the
choice of this excitation wavelength (i.e. 514.5 nm) was due to the dependence of the
light scattering power, P on the frequency of the incident radiation, ». It was already
shown [223] that there is a linear relationship between the power of the scattered light,
P the intensity of the incident light, I, and the inverse of the fourth power of the source

excitation wavelength, 4 as follows;

60



P, o 25 (3.17)

. 1
Or, sinceva L then

P, al,v* (3.18)
So that for laser source of constant intensity,
P, avt (3.19)

Equation 3.19 describes the dependence of the source scattering power on the fourth
power of the frequency of the incident light. The Argon ion-laser of wavelength up to
514.5 nm and other short wavelength laser sources like Krypton (530.9 nm) are
preferred to longer wavelength laser sources like Helium-neon (from about 632.8 nm
up to about 3.3913 pum).

In this study, a Horiba LabRAM HR Raman spectrometer equipped with an Olympus
BX41 microscope attachment was used. The Raman spectrograph has a sample
illumination system that comprises of glass only. It employs the dispersive Raman
mode of operation for the appropriate separation of the unwanted strong Rayleigh
scattered light from the desired weak Raman scattered light. The Olympus BX41
microscope, attached to the spectrograph, is used to focus the filtered laser beam unto
the sample. A working distance of 50X or 100X objective is chosen depending on the
nature of the sample; 100X objective was used in this work. In order for a preselected
wavelength of operation for the microscope to be achieved, a narrow band-pass filter
is used to remove all unwanted laser plasma lines. The beam of light gets scattered by
the sample and redirected via optical mirrors into the spectrometer operating in a single
spectrograph mode. An entrance slit transmits the light unto a grating for dispersion.
Two different gratings are available in the spectrograph which can be employed based
on resolution and spectral range requirements. For a reduced resolution but a wide
spectral range, the 600 lines/mm grating is used while the 800 lines/mm provides an
improved resolution but a narrow spectral range. For the purpose of this research, the
600 lines/mm grating was utilized. Upon dispersion, the scattered light is collected by
a liquid nitrogen-cooled charge-coupled device (CCD) detector which processes the
signals and produces the Raman spectrum. The signals from the detector were
processed with the aid of Labspec V5 scientific software. The detector was also kept at

a low temperature of about 140K via liquid nitrogen-cooling while the operating
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temperature of the micrograph was the normal room temperature. The laser beam
power supplied to the sample was maintained at approximately 0.4 mW to minimise

localised heating effects.

3.3.4 Scanning Electron Microscopy

Unlike an optical microscope, the scanning electron microscope utilizes the very short
wavelength of electrons in order to generate images at greater magnifications. As one
of the most versatile instruments for morphological characterization and typically
comprising of an electron source (electron gun), electron column, sample chamber and
a visual display system, this powerful instrument employs a well-focused beam of high-
energy electrons to generate variety of useful surface signals that are characteristic of
solid samples [208]. These generated signals reveal certain information of the sample
surface as morphology, crystalline structure as well as chemical composition. The
technique is considered mostly as non-destructive in the sense that x-rays generated
due to electron-sample interactions do not result in volume loss of the sample under
investigation such that a single sample can be repeatedly analyzed. The sample
chamber is capable of accommodating sample areas from 1 cm to as low as 5 microns
in width and producing images in the magnification range of 20 times to as high as 600
000 times for high resolution applications; typical spatial resolution ranges between
50-100 nm [209].

3.3.4.1 Basic scanning electron microscopy principle

The scanning electron microscope basically comprises of an electron gun (source) that
emits electrons thermionically into a column (containing multiples of condenser and
objective lenses) and directing these energetic electrons unto the surface of a solid
sample. A schematic diagram of a typical scanning electron microscope showing its
major components is depicted in Figure 3.11. These electron-sample interactions
produce a variety of signals, as the electrons decelerated within the solid sample, such
as secondary electrons, backscattered electrons, diffracted backscattered electrons,
photons, visible light and heat [226]. The secondary electrons produced are mainly
utilized for morphology and topography of samples while the backscattered electrons

find applications in illustrating compositional contrasts of multiphase analytes (i.e.
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rapid phase discrimination of samples). The photons are in the form of characteristic

x-rays which are utilized for elemental analysis of the samples under consideration.

Electron gun

Condenser lens

Scanning coil
— Display unit
O_bj}lective lens
Secon!dary electron
: detector
Specimen
 —

Figure 3.11: Schematic diagram of a typical scanning electron microscope
[208].

Different kinds of electron sources are in use for scanning electron microscopy
purposes. These include amongst others; lanthanum hexaboride (LaBg) filament,
tungsten filament, tungsten field-emission tip, etc. capable of producing electrons
which are generally accelerated via the gun’s grid and anode to a maximum voltage of
~ 30 kV. Upon exiting the grid aperture, the beam of accelerated primary electrons is
focused by a collection of condenser lenses through a scanning coil and an objective
lens before they are incident on the sample surface [224]. The combined function of
the electron gun and the electron lenses greatly influences the overall transition of the

accelerated electrons down the evacuated SEM column. The SEM column base is,
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under normal operating conditions, evacuated to about 10 Pa vacuum (which is about
10 torr). A control console is the display system consists basically of a cathode ray
oscilloscope (CRO) viewing screen equipped with control knobs and keys for

appropriate beam control [226].

For the purpose of this research, a scanning electron microscope JEOL JSM- 7001F
was used at the Microscopy and Microanalysis Unit (MMU) of the Wits University. It
has 1.1 nm microscopic resolution of secondary electron image (SEI) at an accelerating
voltage of 30 keV or 2.2 nm resolution at 1 keV accelerating voltage. The driving
energy changes in steps of 10 V in voltage range 0.5 - 2.9 keV and steps of 100 V in
the range 2.9 — 30 keV while its magnification ranges from 25 to 19 000 times for low
magnification imaging mode and from 100 to as high as 650 000 times for high-
resolution imaging mode. At an appropriate operation vacuum of ~ 10 Pa, the facility
can generate electrons with quite a small energy spread (at low accelerating voltages)
which is suitable for high resolution applications. At an appropriate operation vacuum
of ~10® Pa, the facility is capable of generating electrons with quite a small energy
spread (at low accelerating voltages) which is suitable for high resolution applications
[227].

3.3.5 Transmission Electron Microscopy
Introduction

Transmission electron microscopy (TEM) is a powerful technique for the
microstructural characterization of materials. First invented in 1933 by the two German
scientists Max Knoll and Ernst Ruska [193], the transmission electron microscope
passes a beam of energetic electrons through a very thin layer of a sample and utilizes
series of powerful condenser lenses and apertures to produce a highly magnified image

of the thin sample on a phosphor screen.

3.3.5.1 Basic TEM microscopy principle

A modern TEM basically consists of a vertically oriented beam column, about 2.5 m
tall and 30 cm diameter, which is capable of achieving up to about 2 A image resolution.

In contrast to the maximum resolution of about 200 nm by a conventional transmission

light microscope, TEM as an updated version exploits the wave properties of electron
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to greatly improve on the resolution, hence providing deep insight on the
microstructural properties of samples [79]. Furthermore, due to the wave-particle
duality of electrons, the energetic electrons from the source (electron gun) of a TEM
can appropriately be focused towards the sample, using series of condenser lenses, at a

particular wavelength described by the de Broglie relation as;

A= (3.20)

)
mev

where h is the Planck’s constant while m, and v are the rest mass and velocity of the

particle (electron in this case) respectively.

For a highly energetic electron of charge, e the energy E (in keV) is given as;

mev?

E = ,
2

(3.21)
So that;

A= h(2m,E)2 (3.22)

Equation 3.22 is the non-relativistic electron wavelength equation which takes into
account the relativistic correction due to a relatively higher accelerating voltages

(above 100 keV) of source electrons, such that

A=h [ZmeE (14 )]% (3.23)

2m,c?

where ¢ and m, are the velocity of light in a vacuum and electronic rest mass

respectively.

Equations 3.22 and 3.23 are used to determine both the relativistic and non-relativistic
wavelengths associated with the operation of transmission electron microscopes at
different accelerating voltages [14]. For a given accelerating voltage, say 100 keV, 4
was found to be 0.0386 A and 0.0370 A respectively. And for the fact that the resolving
power of an ideal (non-aberration) transmission electron microscope is slightly less
than the Bohr’s radius of an atom [229], TEM resolution should then be able to image

the individual atoms for a sample under investigation thereby making this technique

65



more appropriate for the microstructural characterization of crystalline and amorphous

materials.

3.3.5.2 Instrumentation

A transmission electron microscope basically comprises of three main parts; an
illuminating system (containing an electron gun and the first condenser lenses),
objective/stage compartment (housing the second condenser lenses, aperture, specimen
holder, etc.), and the imaging system (screen).

Figure 3.12 shows a schematic diagram of a typical transmission electron microscope.
The electron gun, at the top of the TEM column and usually made from tungsten or
lanthanum hexaboride, supplies highly energetic electrons to the instrument. The
electron energy depends largely on the sample nature and the information required from
it. The stream of electrons produced gets accelerated down the column and exit through
a tiny (< 1 nm) hole just beneath the filament. It is then collected by a system of
condenser lenses (first and second) which act as controls by focussing it into a small,
thin, and coherent beam (spot size) as well as projecting its demagnified form onto the
sample chamber while controlling the spread of illumination. A condenser aperture
then collimates the beam to appropriate intensity just before interacting with the

sample.
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Figure 3.12: Block diagram of a Transmission Electron Microscope [14].

It is worth noting here that the illumination system operates in two modes; the parallel
and convergent beam modes. The parallel beam mode is employed mainly for TEM
imaging and selected area diffraction (SAD), while the convergent mode is applied in
scanning transmission electron microscopy (STEM) imaging coupled with a

convergent-beam electron diffraction (CBED) [91].

At the sample or specimen chamber, the beam interacts with the sample in one of the
following three ways. It is either transmitted (unscattered), diffracted (elastically
scattered), or inelastically scattered [196]. An objective aperture, situated just below
the sample holder, filters out high-angle diffracted electrons from the emanating image

beam in order to enhance contrast.

The filtered image beam approaches an optical arrangement of intermediate and
diffraction lenses where it is magnified and projected towards the imaging system with

the aid of a projector lens. The imaging system is basically a phosphor screen
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commonly made of fine particulate zinc sulphide (10-100 pum) upon which a magnified
light-patterned image is finally produced [231]. It usually contains darker regions
representing areas of fewer electron transmission and lighter regions representing areas
of more transmission of electrons upon their interaction with the sample under
investigation. These two regions of interest form the basis for the classification of

images formed by transmission electron microscope.
3.3.5.3 Bright field and dark field images

The electron populations used in the image formation TEM describe the image type;
namely bright field and dark field images. Depending on the nature of sample, some
areas may scatter or absorb the impinging electrons while other areas transmit the
electrons. Areas that absorb or scatter electrons appear darker in the screen while areas
that transmit appear brighter. In bright field mode, TEM aperture is used to select the
transmitted electron beam such that the absorbed/scattered electrons are blocked. This
will cause the sample areas containing crystalline or heavy particles to appear dark. In
the dark field mode however, the reverse procedure is utilized so that areas containing
the bulk of the material appear bright while the transmitting areas appear dark [231].
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Figure 3.13: Typical TEM images of a tissue paper sample in (a) bright filed
mode and (b) in dark field mode [14].

Although both SEM and TEM utilize beam of energetic electrons, the techniques differ
largely in the nature of interaction of samples with the electrons in the beam. In SEM,

the electron beam scans over the sample surface on an aluminium slab while in TEM
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it passes through a thin section of the sample which is supported on a TEM grid. Image
produced in SEM is of the surface while TEM produces a two-dimensional projection
of the sample providing details of the internal composition. To this effect, sample
thickness is insignificant in SEM whereas in TEM only small amount of the sample is

cut into thin section for the analysis.

For the purpose of this research, an FEI Tecnai T12 high-contrast/high-resolution
transmission electron microscope was used at the MMU of the Wits University. It has
accelerating voltage ranging from 20 kV to 120 kV, ideal for the type and nature of
samples (C1 to C6) under investigation, with a standard working magnification from
22 to 340000 times. Tiny sections of the nanocomposites were floated off the glass
substrates, carefully captured on carbon lacey 200 mesh copper grids, and dried at room

temperature.
3.3.6 Energy Dispersive X-ray Spectroscopy
Introduction

The invention, in the early 60’s, of the energy dispersive X-ray semiconductor detector
has made possible its successful incorporation in virtually all existing electron
microscopes for adequate conduction of electron probe microanalysis. This is evident
in the wide scientific acceptance of such a detector due to numerous analytical merits
such as wide coverage of energy ranges of detected X-rays, characteristic detection
efficiency, and cost effectiveness [232]. Energy dispersive X-ray spectroscopy (EDS,
or EDX) is a powerful analytical technique that utilizes the generation of characteristic
X-rays for elemental (qualitative or quantitative) analysis or chemical characterization
of solid samples. The generation of these characteristic X-rays is associated with the
transition of electrons, due to vacancy transfer, from one shell to another. At the
instance of bombarding a solid sample with an energetic beam of electrons (primary
electrons), some of the electrons in the innermost shells of the sample atoms are
knocked off from their respective shells (secondary electrons) thereby creating
vacancies in the atomic structure. Some electrons from outer electron energy shells of
the atoms fall in to fill these created vacancies and, in the process, release certain energy
in the form of X-rays which are characteristic of the parent atoms. The difference in
energy of between the transition levels (orbits) concerned is equal to the energy of the

generated X-rays.
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Figure 3.14: Mechanism for X-ray generation [15].

A very important feature of this technique is its detecting power with respect to sample
size and or quantity. For most modern EDS spectrometers, detection limits of less than
10?2 g and 10° g for bulk samples and thin sections, respectively, have been featured
[233]. In this context, the spectrometer basically utilizes an X-ray spectrum emitted
when a beam of electrons bombards a solid sample. The emitted spectrum gives unique
information necessary for the chemical analysis of the sample. In principle, elements
with atomic numbers > 4 (i.e. from Boron, B) up to 92 (Uranium, U) can be detected
using EDS technique but with uncertainties in the detection of light elements (Z < 4).
And due to the relative simplicity in handling X-ray spectra, qualitative analysis of the
sample under investigation is easily conducted via spectral lines’ identification. For
quantitative analysis however, the intensities of the respective identified spectral lines

are measured in comparison with certain calibrated standards [234].

3.3.6.1 Nomenclature of Characteristic X-rays

The naming of a particular characteristic X-ray line follows from the initial vacancy

containing shell and the shell from which an electron falls-in to fill the created vacancy.
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For instance, a vacancy filling electron dropping from adjacent (L) shell to K-shell will
emit a Ka x-ray. If it however drops from the M-shell (two shells away from K-shell),
the emitted x-ray is named a Kf x-ray. The same naming procedure applies to the M-
shell electrons with 5 denoting two shells away from a vacancy and a denoting a single
shell away from the recombining electron's shell [207]. Figure 3.15 illustrates the

procedure for nomenclature.

Characteristic X-ray Nomenclature L family of lines
Kol

K, L, and M refers to the shell from which the
electron was knocked out,

i, [, 7y refers to the number of shells out that
the orbital electron dropped to fill the vacancy.
o = dropped one shell,
= dropped two shells,
¥ = dropped three shells,

1,2, 3 etc.refers to the subshell that the donating
electron came from. Each subshell has a K family of lines
different spin and therefore a different energy
level.

Figure 3.15: Nomenclature procedure for characteristic X-rays classification
[235].

Orbital electrons may possess different energies, due to bonding effects, so that the
maximum population of such varying electron energy states is given by the number of
possible states possessing the relevant principal quantum number [234]. For K-shell,
the number is 2, while it is 8 and 18 for L and M shells respectively. The closeness of
the two K-shell states, yielding Ka: and Kaz X-rays, is so significant that it is highly
unresolved by an EDS system in such a way that Kas1 2 doublet is simply regarded as
Ka peak with associated energy between the two and a weighted average intensity
[236]. Since outer orbits occupying electrons are often not involved directly in this X-
ray generation, then it implies that L-K electron transition is most probable than L-M
transition due to shell proximity. For this reason, Ka radiation is more intense
compared to Kg radiation and consequently KA has higher energy than Ko due to L-M
shell separation. It is worthy of note, however, that the closer an electron transition is
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to the nucleus of an atom, the higher the energy of its corresponding characteristic X-
ray. Thus, the transition energy for Ma radiation is less than that of La which in turn is

less than that of Ke, i.e. Ma radiation < L« radiation < Ka radiation.

The minimum energy (so-called critical energy, Ec) required of an incident electron to
create a vacancy in the atomic structure of the sample should, preferably, not be more
than half of the energy (Eo) of the incident electron in order to attain high excitation
efficiency. This energy (Ec) corresponds to the binding energy of electrons in the inner
shells and it increases towards the nucleus such that for K, L, and M shells, Eck is
greater than Ec.. which is, in turn, greater than Ec.m. This implies that all incident
electron beams of sufficiently enough energies to generate K X-rays will as well excite
neighbouring occupied L and M shells to generate L X-rays and M X-rays and,
consequently, generating Ka, KA, and Ky lines respectively. It is against this backdrop
that some common families of lines for characteristic x-rays are used for spectroscopic
peak identification. These lines are often presented in ratios such that for any identified
higher energy characteristic X-ray detected in the EDS spectrum, an accompanying
nearest possible lower energy characteristic X-ray should exist with counts obtained

from the given ratio and depending the shell excited.

Thus
e Ka:Kp=10:1,
o La:Lpi:Lp:Ly=10:7:2:1,and
e Ma:Mp=10:6[234].

3.3.6.2 Instrumentation

The EDS system is comprised of three main components; a semiconductor X-ray
detector, a pulse processor, and a multiple channel analyzer (MCA). Characteristic X-
ray photon, generated via atomic excitation, gets absorbed by the X-ray detector into
the semiconductor crystal bulk thereby giving out most of its energy to the process of
electron-hole pairs formation [236]. These charge carriers are then swept away by a
necessary bias applied between the terminals of the p-i-n (p-type, intrinsic, n-type)
Si(Li) crystal to generate a charge pulse and eventually converted into voltage pulse
via a preamplifier. The voltage pulse receives further amplification and smoothing by
a pulse processor and later transmitted to a multichannel X-ray analyzer. The
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multichannel analyzer performs the final data processing and display the spectrum in

the form of a histogram of intensity as a function of voltage [2009].
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Figure 3.16: Schematic representation of an energy dispersive X-ray

spectrometer [226].

Just like most other spectroscopic systems, EDS has some operational constraints.

These include amongst others;

1.

Energy resolution: Typically, 130 - 150 eV (Full Width Half Maximum) for Mn
Ko peak at 5.89 keV,

Detection limit: 1000 — 3000 ppm; >10 %. wt,

Identifiable elements: Elements heavier than Beryllium up to Uranium (Z = 92),
Spatial resolution: For low atomic number elements (up to Z = 35), 1- 5 um?®
and 0.2 — 1 um?® for higher atomic number elements (Z > 35),

Precision: Approaching +1% in close agreement with randomly selected

individual measurements,

Accuracy: About £1 — 2% depending on sample nature and in close agreement between

observed and standard reference values [236].
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3.3.7 Atomic Force Microscopy
Introduction

Atomic force microscopy (AFM) belongs to a group of imaging techniques, popularly
referred to as the scanning probe microscopy, that utilize specially designed
microscopes to collect images of a sample surface by moving a probe over the surface
in a raster pattern. The images produced are often a measure of the sample’s local
properties such as height (thickness), friction, magnetism [198], etc. Although,
scanning tunnelling microscopy (STM) was the first scanning probe technique
developed by G. Binnig and H. Rohrer in 1981, an invention that later earned them a
joint Nobel Prize in Physics in 1986 [199], atomic force microscopy is the most
commonly used scanning probe technique in the recent. Other techniques in use include
the tapping mode atomic force microscopy (TM-AFM), magnetic force microscopy,
electric force microscopy (EFM), frictional force microscopy, and near field optical

microscopy (NFOM).
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Figure 3.17: Schematic diagram of an atomic force microscope, from [200].

All scanning probe techniques have a small probe, a feedback method or network, and
a fine control of the distance between the tip and the sample surface. Various electronic
techniques are employed for the feedback loop which, in essence, controls the distance
between the tip of the probe and the sample surface. For a very small tip-surface
distance, the feedback loop signals a flexible piezo crystal system mounted at the base
of the sample holder to contract thereby lowering the sample. The same effect applies

for a large tip-surface distance where the sample is raised. An image of the scanned
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surface is created by plotting its horizontal and vertical movements as the tip scans
across it. The whole process describes how well the feedback loops influences the tip-

sample interaction [201].

3.3.7.1 Instrumentation

The atomic force microscope (AFM) uses a silicon or silicon nitride (SizN4) tip
mounted on the end of a silicon cantilever spring. It employs a feedback system based
on a change in force between the tip and the sample resulting in a shift in the angle of
the cantilever as the spring moves. A laser reflecting off over the back of the tip moves
up and down the face of a position sensitive photodetector relative to the spring’s
movement. The feedback loop reacts to any slight change in laser position by
sensitively adjusting the height of the sample via the piezo crystal in order to keep the
force constant. This process continues until all the sample surface is scanned and the
topography image is created from the path of the sample moving up and down while
deflection image is produced based on the deflection of the tip. AFM works well for
all types of samples utilizing three different modes; contact, non-contact, and dynamic
or tapping mode atomic force microscopy. The tapping mode AFM is used for imaging
soft samples that could be damaged by the collective effects of the forces present in the
AFM procedure and as the name implies, the tip oscillates as the sample is scanned.
The change in amplitude of the tip oscillation is utilized as the feedback input signal
[241].

In this research, to further probe the surface morphology of the Ag:a-C nanomaterials,
a high resolution (sub-nanometer) Veeco Dimension 3100 atomic force microscope
situated at the MMU, Wits University, was used to scan the surfaces of the samples.

3.3.8 RF magnetron sputtering

Introduction

This is a deposition process that involves the generation of a gaseous plasma in a
vacuum and confining it to a space containing a material (target) to be deposited. The

target is positioned at a predetermined distance relative to the substrate such that its
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surface is eroded by high-energy ions in the plasma. The resultant liberated atoms travel
through the vacuum environment and deposit on the substrate thereby forming a thin

film of the target [242].
3.3.8.1 Instrumentation

At the instance of the sputtering process, the working chamber is initially evacuated to
high vacuum in order to lessen the effects of partial pressures of all background gases
and that of any possible contaminants. Once a suitable base pressure is achieved, a
pressure control system is used to flow in a sputtering gas (usually Argon) comprising
the plasma into the chamber in order to regulate the total pressure. To initiate the
generation of plasma, high voltage is applied between the cathode (behind the
sputtering target) and the anode (connected to the chamber as electrical ground). This
high voltage will cause electrons in the sputtering gas to be accelerated away from the
cathode and triggering collisions with nearby atoms of the sputtering gas. These
cascades of collisions cause an electrostatic repulsion that knocks off electrons from
the sputtering gas atoms, leading to ionization. Due to the high potential difference, the
positive sputter gas atoms get accelerated towards the negatively charged cathode,
resulting in high energy collisions with the target surface. Each of these collisions can
cause atoms at the surface of the target to be ejected into the vacuum environment with

enough Kinetic energy to reach the surface of the substrate [243].

It is worthy of note here that sputtering gases with high molecular weight (such as argon
or xenon) are chosen in order to facilitate as many high energy collisions in the chamber
as possible and to improve deposition rates. Also, in the case of reactive sputtering,
where compounds are deposited instead of single atoms, gases such as oxygen or
nitrogen are usually introduced into the plasma during film growth. Furthermore, very
strong magnets are used in the sputtering source to confine the electrons in the plasma
at or near the target surface. This confinement of plasma electrons results in the
generation of higher density plasma, increased deposition rates, and prevents any
possible damage due to direct impact of the plasma electron with the substrate of
growing film. [244]. Magnetron sputter deposition has numerous advantages over other

physical vapor deposition techniques. For instance, it allows for the deposition of
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nearly all materials regardless of their melting temperatures since it does not require
melting or evaporation of the source materials. Also, the deposited films of single
atoms, compounds and alloys maintain similar composition as those of the source
materials amongst others. Figure 3.18 shows a schematic representation of a typical
sputtering system [16].
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Figure 3.18: Schematic diagram of a typical magnetron sputtering system [16].

A successful magnetron sputtering deposition of thin films and coatings requires the
right choice of a power delivery system. Depending on the intended applications,
materials can be deposited using DC (direct current), RF (radio frequency), pulsed DC
or high power impulse magnetron sputtering (HIPIMS) and the mid frequency (MF)
AC sputtering power source. In this research, RF magnetron sputtering technique was

utilized due to its wide application in the industry for silicon thin film deposition. It is
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extensively used because, compared to other deposition methods, it does not involve
chemical interaction between the participating species and can be used to produce good
quality silicon thin films [245]. RF magnetron sputtering system alternates the applied
electrical potential of the current at radio frequencies in order to avoid possible charge
build up. In this way, each phase of the cycle tends to reverse any charge build up when
the current flows continuously in one direction thereby increasing the growth rate of

the thin film by enhancing the percentage of ionized target atoms [246].

3.3.8.2 Sputtering of silicon (Si) layers

Sections of the Ag:a-C films were carefully floated off the glass substrates (using the
same procedure described in sections 3.2.). Each section was captured/mounted on a
cleaned indium titanium oxide (ITO) substrate with dimension 2 cm x 1.5 cm and dried
at room temperature. Thin layers of Silicon (Si) were deposited directly on each of the

Ag:a-C layers using the RF magnetron sputtering set up shown in Figure 3.19.

Figure 3.19: Experimental set up for the RF magnetron sputtering.

The sputtering was made from a pure (99.99%) silicon target (4 inches diameter and
0.25 inches thickness) attached to a balanced magnetron. The samples were mounted
on the sample holder attached to the lid of the vacuum chamber. The lid was replaced,
and the chamber was evacuated to a pressure ~ 102 mbar with the aid of an attached

rotary pump for about 20 minutes. The vacuum chamber was further evacuated to a
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working base pressure of 10° mbar in order to ensure an oxygen free environment for
the plasma to be properly ignited. Argon (Ar) gas was then introduced into the chamber
at a flow rate of 25 sccm and the RF power was applied simultaneously which creates
a DC voltage between the target and the substrate holder. The silicon target was then
pre-sputtered against a blank reference substrate, for about 2 minutes, in order to
remove any possible contaminants on its surface. The sputtering process was carried
out at room temperature for 138 seconds for each sample in pure argon atmosphere
with ~ 13.56 MHz RF power of 175 W. The RF power and Ar source were
simultaneously turned off and the system was allowed to cool for about 2 hours and the

samples were taken out afterwards.

3.3.9 Photovoltaic potentials of Ag:a-C nanocomposites

The potentials of Ag:a-C nanocomposites for photovoltaic applications were
investigated by characterizing their photoconductivity response when incorporated in

solar cell systems. This aspect of the research involves two stages;

e A series system with a reference silicon-based photovoltaic cell such that the
nanocomposites act as surface antireflection coatings,
e A series system in which the nanocomposites were incorporated as active

metallic layers.

3.3.9.1 Ag:a-C nanocomposites as surface antireflection coatings

In this case, a series arrangement of the nanocomposites was made with a silicon-based
(non-commercial) photovoltaic cell, whose reference parameters (i.e. short-circuit
current, Isc and open-circuit voltage, Voc and efficiency, n) are 0.05 A, 0.55V and 15.11
respectively. The arrangement was made in such a way that light from the source
(radiation) interacts first with the Ag:a-C nanocomposite layers before interacting with

the reference device as shown in Figure 3.20.
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Figure 3.20: Schematic diagram of the Ag:a-C/solar cell system.

Photoconductivity measurements were conducted using a HP 414B Source Measuring
Unit (SMU) at the School of Physics, Wits University. The instrument utilizes voltage
and current sources with measurement resolutions of <1 mV and < 1 pA respectively.
It is provided with two-point probes that serve as the conducting terminals from the

source unit to the processing unit as shown in Figure 3.21.

Figure 3.21: Experimental set up for the photoconductivity measurement.
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With the series arrangement mounted in a vertical position, one of the probes was
connected to the ITO (cathode) while the other was connected to the metal contact
(anode). The system was positioned in line with a convex collimator, using an adjuster,
so that light from the source is adequately converged to surface of the nanocomposite
carrying glass. Photogenerated signals in form of current (short circuit current, lsc) and
voltage (open circuit voltage, Voc) were detected via the probes at the processor unit
which was connected to a LabView processing facility. This unit further processes the
measured signals and presents them in a graphical representation of short circuit current

as a function of open circuit voltage (i.e. I-V characteristic).

3.3.9.2 Ag:a-C nanocomposites as base layers for photovoltaic devices

These Ag:a-C nanocomposites were floated off the glass substrates and captured on
clean ITO (Indium titanium oxide) substrates, in a similar procedure described in
section 3.2, and allowed to dry at room temperature. 20 nm layers of silicon were
sputtered on each sample and subsequently implanted with phosphorous (P*) to make
them n-type materials. Sputtering conditions and procedure for 20 nm Si deposition
were highlighted in section 3.4.8 above. 6 keV phosphorous ions (P*) from a phosphine
(PHs3) source at a fluence of 1 x 10 ions/cm? were utilized for this implantation. This
fluence (1 x 10% ions/cm?) was selected in order to overpopulate the silicon layer with
phosphorous ions. Also due to silicon layer thickness of 20 nm, the P* beam energy
was chosen to be 6 keV so that the P* ions stop within the silicon layer. TRIM
simulation of this implantation shows a mean penetration depth of ~ 10 nm (Figure
3.22). For the Si layer of thickness 20 nm, the simulation shows an overwhelming
percentage of the P* ions stopping within the layer with only a small percentage getting
beyond to the Ag:a-C nanocomposite layers. This is a necessary requirement in the
fabrication process so that the characteristic properties of the nanocomposite layers are,
to larger extent, not distorted.
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Figure 3.22: TRIM simulation of depth profile and damage distribution for the

6 keV phosphorous ions in a silicon layer.

Hence, a set of metal/semiconductor (n-type silicon) junction devices (Schottky diodes)

with Ag:a-C nanocomposites as the base layers were obtained. Metal contacts of

appropriate thicknesses were provided on each device by sputtering silver (Ag) on

small portions of the silicon layers. This was achieved by masking the silicon

containing surfaces with metal sheets provided with appropriate openings of 0.5 cm x

0.5 cm dimensions. A schematic view of these devices is shown in Figure 3.23.
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Figure 3.23: Schematic diagram of the Ag-a-C photovoltaic device with the

nanocomposite as base (active) layer.
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CHAPTER FOUR
4.0 Results and Discussion
4.1 Simulation of ion implantation

lon-solid interactions are mostly studied in respect of a cascade of collisions that
individual energetic implants (ions) undergo while traversing a target material and,
more often than not, computer programmes/codes are employed to simulate these
interactions with the view to understanding the more likely pattern(s) of interactions
prior to the actual implantation procedure. In this research, ion implantation
simulations were executed using the SRIM (Stopping and Range of lons in Matter)-
2008 computer package [123]. Implantation parameters given in Table 3.1 were
utilized as the essential experimental conditions, governed by predetermined and
implantation energy of 25 keV, to simulate the energy loss process. The SRIM
simulation package is an extension of TRIM (Transport of lons in Matter) [79] which
is known, as elucidated by Kalish et al. [214], to “establish a statistical pattern of ionic
trajectories as they bombard a material, calculates the collision history of individual
ions with the target atoms during the slowing down process and accumulates the
created vacancies and interstitials thereby yielding, among others, absolute values of
the amount and depth profile of damage caused by the ion implantation to a given
dose” In view of this applicative prowess of SRIM, it then becomes essential to
establish adequate pre-implantation insight on the spatial distribution of implants, their
final concentration as well as the possible resultant damage incurred by the target
material. Room temperature implantation was performed in this research which is
applicable with the SRIM simulation package as described by Prawer and Kalish [247].
Figure 4.1 illustrates a SRIM-2008 simulation for detailed calculations with full
damage cascades as well as the depth profile due to irradiation of a-C with 25 keV

silver ions.
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Figure 4.1: Typical SRIM-2008 simulation of depth profile for 25 keV silver
ions in a carbon target layer.

The simulation (Figure 4.1) clearly shows a mean penetration depth of ~ 25 nm which
is in consonance with the fact that the keV ion implantations used resulted in near-
surface phenomena, while MeV implantations lead to damages that are buried well
deeper within a few microns thick samples/layers [6]. This is quite attributable to the
dependency of ion depth profiles on implantation energies. The electronic (Se) and
nuclear (Sn) energy losses in the carbon matrix for Ag ions at 25 KeV are 2.7 x 10!
eV/A and 1.7 x 102 eV/A respectively, as determined from SRIM program [123].

Although the SRIM package is an excellent tool for deriving valuable information on
ion-solid interactions, it however overestimates ion concentration and damage while
ignoring other important features in the actual implantation process such as;
inhomogeneity in atomic distribution of certain materials, channelling effect of ions,
recombination of vacancies with interstitials as well as phase formation due to atomic
rearrangement [6]. These neglected features, among others, do not influence the

interpretation of the results in this study.
4.2 Microstructural studies

In order to gain insight on the microstructural and surface properties of the prepared

nanocomposites, Raman spectroscopy, scanning electron microscopy (SEM),
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transmission electron microscopy (TEM), atomic force microscopy (AFM) as well as

energy dispersive x-ray spectroscopy were employed.
4.3.1 Raman spectroscopy

This characterization technique was employed in order to probe the Raman active
vibrational bonding structures present in the Ag:a-C nanocomposites. The technique
enables an access to the bond characteristics of the carbon nanocomposites by directly
linking the Raman information with sp?/sp?® configurations. This is made possible
through evaluation of intensity ratios of the D (D for disordered) and G (G for graphite)
peaks (Ip/Ig), sp? cluster size and the full width at half-maximum of the G-peak
(FWHM (G)). It also enables the adequate tracing of possible changes in bonding
configurations incurred by the pristine carbon films due to Ag irradiation. Figure 4.2
shows the Raman spectra for the pristine amorphous carbon film while Figures 4.3 and
4.4 show the spectra for Ag irradiated amorphous carbon films. The spectra
demonstrate such characteristic shapes that are typical of amorphous carbon. The
collective scattering responses of the films were deconvoluted to the D-band and G-

bands contributions using OriginPro 8.0 “multiple-peaks” Gaussian fits.

The pristine carbon film displayed similar trend of characteristics as those of hydrogen
free amorphous carbon materials with D and G peaks around 1360 cm™ and 1554 cm™
respectively. These observed peak positions agree closely with the results obtained by
Tuinstra and Koenig [248] in which the 1360 cm™ line was assigned to a scattering, of
the first-order by phonon, triggered by disorder as a result of inherent finite crystallite

size.
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Figure 4.2: Raman fits for the pristine a-C film showing D and G peaks.

Similar Raman studies on a-C material but at different experimental conditions
revealed the same trend and referring to the 1360 cm™ mode as the D peak [20 , 233,
244]. The 1573 cm™ line, corresponding to the 1575 cm™ in the work of Tuinstra and
Koenig [248], is typically referred to as the G peak commonly attributed to Raman
active mode of a graphite-like amorphous carbon [245, 246]. Ferrari and Robertson
[253] added that the D peak (~ 1360 cm™) represents a breathing mode, involving
phonons, that is only active in carbon films with relative disorder and which is
completely absent in perfect graphite materials. Furthermore, the observed Raman peak
at about 1120 cm™ indicates a reasonable presence of sp® bonds in the pristine a-C
films. This is evident from the observations that UV Raman spectroscopy on some
carbon based materials, like fullerene deposited films, describes a strong correlation
between the 1100 cm™* band and sp®-like bonds [254]. Other visible peaks around 400
cm™ and 700 cm! can be related to oxide shells of silicon resulting from the dominant

silicon phase of the supporting glass substrate [253].
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Normally, the Raman peaks (D and G) bear distinct information on the microstructural
activities in the films such that the D peak arises as a result of the vibration of sp? rings
while the resonance of the organized sp? atoms is due to the G peak. This has
empirically revealed useful information about the clustering of sp? sites and
consequently the relative effect of the cluster size on the optical band gap of the films.
In hydrogenated amorphous carbon (a-C:H) films, where the presence of hydrogen
widens the optical band gap [248], higher ratios of D and G peak intensities denote a
reasonable increase in sp? clustering [250]. This is in clear contrast to our preliminary
investigation on the Ag irradiated carbon films which shows that increasing fluence of
irradiation reduces the overall optical band gap of the materials (details of band gap

evaluation are given in section 4.4 under subsection 4.4.1).
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Figure 4.3: Raman fits for lower fluence Ag:a-C nanocomposites (i.e. C1-C4)
showing gradual variations in the D and G peaks’ positions, intensities and
widths with increasing fluence of Ag nanoparticles.

As can be seen from Figure 4.3, the Raman shifts in G peak positions from 1535 cm™
to 1540 cm™ across the lower fluence samples (C1 to C4) as well as the proportionate

increase in the peak intensity ratios, indicate higher sp? clustering due to aggregation
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of Ag nanoparticles. A similar trend of G peak shift, 1550 cm™ to 1557 cm™, was

observed for higher fluence samples (C5 and C6) shown in Figure 4.4.
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Figure 4.4: Raman fits for higher fluence Ag:a-C nanocomposites (i.e. films
containing 3.2 and 3.4 x 10% ions/cm? of Ag nanoparticles) showing similar
variations with the lower fluence sample but with emerging AgO and SiO>
phases due to Ag tarnishing and supporting glass substrate respectively.

The FWHM of the G Peak probes structural disorder in the films due to sp? clustering
with the amorphous structure of the material [247, 249] such that the observed increase
in the FWHM(G) values denote gradual modification of the samples by exhibiting less
unstrained sp? sites clustering. This increase in FWHM (G) with increasing fluence
suggests a gradual increase in the structural disorder of the nanocomposites due to Ag
introduction as graphitization sets in. Our results quite agree with those obtained by

Wu et al. [257] for pristine and Ag containing amorphous carbon at lower fluence up
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to 2.9 x 10% jons/cm™ (C1-C3). However, a decrease in FWHM was observed for
higher fluence nanocomposites (C4-C6) implying a structural ordering. This may be

related to the carbon phase structurally around the larger silver aggregates.

Moreover, the dispersive nature of the D mode in relation to increase in photon
excitation energy speaks exclusively well about the crystallite size for a perfect graphite
material [251]. This claim is strongly supported by a model proposed by Tuinstra and
Koenig [248] relating the ratio of D-G peak intensities to the crystallite size. According
to their findings, the intensity ratio varies inversely with the crystallite size L,,

determined from x-ray analysis, in such a way that

1 1
Ip 1

e <L (4.1)

This relation (4.1) holds well for graphite-like carbon films but its validity for
amorphous carbon films has, up to the mid-1990s, not been proven [216]. However,
Ferrari and Robertson [256] later related L, with sp? cluster size of amorphous carbon
films. In their submission, the intensity ratio was evaluated in terms of cluster size at

specific wavelength (A = 515.5 nm) of the argon ion laser, such that

Ip _ CA)
Ie La (4.2)

where C(A =515.5 nm) = 44 A [258].

Equation 4.2 was used to determine the sp? cluster sizes (cluster diameters) for the
respective samples in relation to varying fluence of Ag nanoparticles so as to ascertain
the possible microstructural modifications due to irradiation. It was observed that sp?
cluster size increases with increase in the peak intensity ratios at lower fluences of Ag
irradiation (up to C4) and decreases afterwards. This can be attributed to the relative
ordering influence by the higher fluences of Ag ions. In addition to the calculated
cluster size values, other essential measurements relating to G peak position, peak
intensity as well as the intensity ratios of D over G peaks (I, /I;) and FWHM of the G

Peak were extracted from respective fittings and the results presented in Table 4.1.

An important point of note here is that the excitation wavelength utilized by Ferrari and
Robertson [256] in the model (Equation 4.2) was 515.5 nm as against a wavelength of

514.5 nm in this work. However, enough experimental evidences have shown that there
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is minimal effect of excitation wavelength on the peak intensity ratios of carbon films
[252, 253].

Table 4.1: Summary of some structural fingerprints of pristine and Ag irradiated
amorphous carbon films extracted from Raman spectra.

Samples  G-peak D-peak G-peak Peak FWHM(G)  Cluster size,
position intensity intensity intensity (cm) L,
emd)  IpemY) I (cm) ratio (nm)
(Ip/Ig)

Pristine 1554 684.20 667.35 1.025 147.26 4.29
C1l 1535 317.75 367.56 0.864 151.10 5.09
C2 1531 357.50 404.97 0.883 154.15 4.98
C3 1544 477.73 492.64 0.970 155.10 454
o7} 1540 298.49 303.92 0.940 157.02 4.48
C5 1550 501.76 428.25 1.712 134.54 2.57
C6 1557 930.12 894.89 1.039 125.93 4.24

Against the back drop of this discussion, we can put forward the following conclusion;

The unirradiated films had a generally amorphous phase involving a reasonable
amount of graphitic micro grains.

Upon irradiation, a relative disorder was observed in the films as reflected in
the growth of D-bands and as shown by the Raman spectra. This characteristic
disorder is in agreement with those observed by [212, 247, 249, 254].

Ag irradiation of the a-C has increased the FWHM of the G band appreciably
with increasing fluence up to C4 and decreased thereafter. This trend is
correspondingly accompanied by relative decrease in sp? cluster size, which is
highly pronounced in C5, and then gradually increases at C6.

At lower fluence of implantation of up to 3.0 x 10® ions/cm™ (i.e. samples C1
to C4), the Ag nanoparticles are well embedded within the amorphous carbon
films such that no interactions, due to impurity atoms in the atmosphere or
otherwise, are possible other than the ion-solid interaction within the carbon

matrix.
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e At higher fluence of 3.2 — 3.4 x 10'® ions/cm? (i.e. samples C5 and C6)
however, adequate particle aggregation has taken place so that the surface and
near surface Ag nanoparticles had possibly form oxides due to exposure to
oxygen atoms in the environment. This oxygen effect on exposed silver is called
“tarnishing”.

o Relating the above claim with the Raman spectra, the observed Raman bands
around ~ 230 cm™ and ~ 240 cm™ for samples C5 and C6 (Figure 4.4) are
attributed to the vibrational modes of Ag in the surface and near surface silver
oxide (AgO) phase of the Ag:a-C nanocomposites. This is in concordance with
the findings [255] that prior to dispersing a Rhodamine 6G dye solution on a
pure silver oxide film surface, all observed bands between 200 — 400 cm* for
the pristine AgO thin film are due to vibrational modes of silver and oxygen in
the silver oxide (AgO) phase of the material. Débarre et al. [263], while
reporting on the chemical activity observed on silver colloids synthesized for
Surface Enhanced Raman Scattering (SERS), also confirmed the presence of
vibrational bands at 230 cm? in various concentrations of
EthyleneDiamineTetraAcetic (EDTA) acid indicating the position of silver

oxide mode.

4.2.2 Scanning electron microscopy (SEM)

SEM images were acquired, using the set up described in section 3.3.4, at 14.5 kV
energy and at 10 mm working distance for the surfaces of pristine amorphous carbon
film and respective Ag:a-C nanocomposites. The images are presented in Figures 4.5

and 4.6 respectively.
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Figure 4.5: SEM image of pristine a-C thin film on glass substrate.
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Figure 4.6: SEM images of a-C thin films irradiated with 25 keVV Ag with 2.5
to 3.4 x 10'° ions/cm? fluences.

A smooth and featureless surface was observed for the pristine amorphous carbon thin
film (Figure 4.5) at a magnification of 9 000 times. However, films irradiated with
fluence (2.5-3.0 x 10%® jons/cm?) of Ag nanoparticles (i.e. C1-C3), observed at varying

magnifications (up to 18 000 times), show a change in surface topology. This is
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attributed to the fact that the Ag ions are well embedded within the amorphous carbon
matrix as shown by Raman analysis. Increased surface roughness becomes evident in
films with higher fluence (3.0-3.4 x 10 ions/cm?) of Ag nanoparticles such that the
surface topography is characterized by well patterned hillocks-like structures (i.e. C4-
C6). These observed changes in surface topography could be attributed to the increased
concentration of Ag nanoparticles (particle agglomeration) and the silver oxide (AgO)
phase formed on the films’ surfaces, due to silver tarnishing, as evident from Raman
analysis. Furthermore, the agglomerated silver nanoparticles form sphere-like shapes
which are uniformly distributed within the host amorphous carbon films. The scanned
surface images show uniform increase in average particle diameters in the range from
~ 5 nm to ~ 20 nm with increasing fluence which are homogenously dispersed in a

similar trend of inter-particle spacings.

4.2.3 Transmission electron microscopy (TEM)

The internal structures of the Ag embedded amorphous carbon films were studied using
the TEM set up described in section 3.3.5. TEM micrographs for the respective
nanocomposites were acquired at an accelerating voltage of 120 keV and presented in
Figure 4.7 below.
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Figure 4.7: Bright mode TEM micrographs of Ag:a-C thin films with varying
fluence (2.5 x 10 ions/cm? to 3.4 x 10 ions/cm?) for samples C1 to C6.

The TEM images for the implanted films show increase in particle density and particle
size as functions of implantation fluence. For higher Ag fluence (i.e. samples C5 and
C6), the Ag nanoparticles agglomerated (particle aggregation). It is further revealed in
the TEM micrographs that there are many silver-rich micro grains in the non-reactive
phase of the Ag:a-C nanocomposites. It is particularly noted that the Ag grain size area
became more pronounced and relatively larger with increasing fluence of irradiation.

These silver-rich grains induced graphite-like microstructures as confirmed earlier in
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Raman analysis. Furthermore, variations in the images for samples C5 and C6, could
be attributed to the surface formation of the silver oxide phase, due to oxidation, also

confirmed by Raman analysis.

4.2.4 Atomic force microscopy (AFM)

2D AFM images of the pristine a-C thin film (at 500 nm scan scale) and the 25 keV Ag
ion irradiated a-C thin films are shown in Figure 4.8 and Figure 4.9 respectively.

Figure 4.8: 2D AFM image of pristine a-C thin film.

It can clearly be seen from Figure 4.9 (C1 to C6) that grain size and surface roughness
of respective samples increase with increasing fluence of irradiation. The gradual
increment in roughness is attributed to sputtering effect on the surfaces of the films due
to energetic ion bombardment thereby adversely distorting the relative smoothness of
the pristine sample surface. Although, surface sputtering due to high fluence leads to
increase in roughness, it is observed that for samples irradiated with higher fluence (>
3.0 x 10% ions/cm?), the roughness is equally influenced by the agglomeration of Ag

nanoparticles. This is in good agreement with the observations by Sharma et al. [264].
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Figure 4.9: 2D AFM image of 25 keV ion irradiated a-C thin films with
varying fluence.

Furthermore, the AFM built-in facility was used to conduct sectioning analysis to
determine the thickness of the pristine carbon film. This analysis utilizes a cross-
sectional probe of the film. Surface image of an already scanned pristine film was
considered such that the elevation of the cantilever on the film, with respect to the glass
substrate, is recorded. Corresponding thickness values for the film were recorded and
an average thickness value ~ 500 nm (499.98 nm) was determined. Irradiation with
ions of heavy metals like Ag is prone to cause severe surface sputtering of the target.
As such, reduction in the thickness of the amorphous carbon thin film is inevitable.
Using the same software, It was also observed that average grain size increases from ~
5 nm for film with lowest fluence of 2.5 x 10'® ions/cm? to ~ 21 nm for the film with
highest fluence of 3.4 x 10% jons/cm?. This grain size increase is attributed to the
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particle agglomeration that has taken place as a result of increased Ag ion concentration
in the a-C matrix. Due to the high surface free energy of the smaller grains (high
specific surface area) in the non-reactive phase of Ag:a-C nanocomposites, there is
much tendency for grain agglomeration forming larger grains with lower surface free
energy (low specific surface area) [258-261]. Comparative roughness for pristine and

Ag irradiated a-C thin films is shown in Figure 4.10.

1at1 X 20,000 m/éiv " . ¢ 9
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Figure 4.10: Surface roughness for pristine and Ag irradiated a-C thin films.

Surface roughness, average particle diameter as well as average grain size values for

the respective samples were deduced and presented in Table 4.2.

Table 4.2: Summary of particle dimensions as determined from SEM and AFM
analyses.

Fluence Average particle diameter Average grain size (nm) by  Roughness
(ions/cm?) (nm) by SEM analysis AFM analysis (nm)

Pristine - - 1.76
2.5 x 10 6+0.1 5+05 2.06
2.7 x10% 8+0.2 7+0.3 2.15
2.9 x 10 11+0.2 9+0.1 3.46
3.0 x 10%¢ 12+0.3 12+0.1 3.98
3.2x10% 15+0.2 17+0.2 4.57
3.4 x 10 20+£05 21+£0.7 4.92
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4.2.5 Energy dispersive x-ray spectroscopy (EDS)

In order to further confirm the material compositions of the nanocomposites as well as
the increased presence of oxygen, energy dispersive X-ray spectroscopy (EDS) was
carried out using an Oxford X-act EDS detector on the sample with the highest fluence
of Ag ions. The selection was based on the observations, from both Raman analysis
and transmission electron microscopy, of some build ups of silver oxide (AgO) phase

in the materials with higher fluence (i.e. C5 and C6).

Intensity (cps)

05 4 A 2 25 [ 85 K 85
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Figure 4.11: EDS spectra for Ag:a-C nanocomposite at a fluence of 3.4 x 10'°
ions/cm? (sample C6).

The EDS spectrum in Figure 4.11 exhibited the presence of oxygen in addition to
dominant carbon phase. Traces of sodium (Na), magnesium (Mg), aluminium (Al) and
calcium (Ca) were also detected at low atomic percentages, due to electrons’ interaction
with the SEM metal stub. A significant presence of silicon (Si) was detected which is
attributed to dominant SiO2 phase of the supporting glass substrate. The presence of
oxygen is attributed partly to the SiO2 phase of the substrate and partly to the tarnishing
effect of the atmospheric oxygen on silver at the surfaces of Ag:a-C nanocomposites

with higher fluence (i.e. AgO phase observed in both Raman and TEM).
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4.3 UV-visible absorption spectroscopy

One of the known facts about amorphous materials is the change that occurs, in terms
of optical response, when nanoparticles are incorporated in their pure matrix since their
environment is neither inert nor isotropic. Thus, exposing these anisotropic materials
to electromagnetic radiation leads to resonant coupling between light photons and the
collective modes due to electronic transitions/excitations in the material. The
interaction of the UV-visible component of the electromagnetic spectrum with such
nanomaterials gives rise to polarization in the material in form of variation in the

magnitude of absorption or transmission with respect to changes in wavelengths [262].

In this research, absorption spectrum for pristine carbon film shows reasonable
transmission of light in the infrared and near infrared regions of the spectrum (~ 27%)
but displays outright absorption within the visible region (Figure 4.12). The recorded
absorption could be attributed to the film’s density (40 pgem2) and antireflection

property; a major requirement for its candidature in the present context.
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Figure 4.12: Optical absorption spectrum of stand-alone pristine a-C film.

As a matter of reference, Ag ions were implanted on plain glass substrate using the
same method described earlier. The spectrum shows appreciable light absorption in the
visible and near UV regions with a clear surface plasmon resonance (SPR) peak at a
wavelength of about 427.8 nm as shown in Figure 4.13. This is in close agreement with
the observation, 428 nm, by Lee et al. [263].
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Figure 4.13: Optical absorption of Ag nanoparticles on glass substrate.

The optical absorption of Ag implanted amorphous carbon (Ag:a-C) thin films was
observed to proportionately increase in the visible and near infrared regions with
increase in the dose of Ag nanoparticles until maximum absorptions were attained in
the visible region near the onset of ultraviolet. Figure 4.14 shows the combined

absorption spectra for the Ag:a-C nanocomposites analysed as free standing films.
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Figure 4.14: Optical absorption spectra of Ag:a-C nanocomposites.
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These rapid increases as well as the clearly observed absorption peaks are attributed to
the surface plasmon resonance (SPR) of Ag nanoparticles embedded in the amorphous
carbon matrix. The intense and sharp plasmonic resonance responses of the carbon
nanomaterials occur as a result of the variations in the inherent dielectric properties of
amorphous carbon leading to small overlaps between the localized SPR of the Ag NPs
and their interband transitions that usually start at a wavelength of about 320 nm [271].
In a related work to study the microstructural modifications of thin films induced by
swift heavy ion irradiation, Singhal et al., [9] recorded similar shifts and broadenings
of SPR peaks for atom beam sputtered amorphous carbon irradiated with high energy
(120 MeV) but low fluence (~ 102 ions/cm?) of Ag ions. They attributed these to large
size distribution (so-called particle aggregation) of the Ag nanoparticles in the
amorphous carbon matrix. In addition to particle size effect, the partial absorption of
the amorphous carbon films could have been overridden by the metallic SPR peak due
to the relatively significant concentration (by fluence) of the Ag ions in the system
which, according to McLellan [272], is considerably beyond the solubility limit of Ag
in carbon. Also according to Yaremchuk et al. [133], the interaction energy is capable
of changing the geometry of the Ag implants leading to a reasonable change in their
dielectric properties and consequently the particulate surface plasmon resonance

wavelength.

In this study, particle aggregation is mainly due to low energy (25 keV) and high
fluence (~ 10 jons/cm?) of Ag ions. The particles sizes increase with increasing
fluence thereby decreasing the inter-particle spacing. This decrease in spacing
increases the frequency of the electromagnetic emission and consequently decreasing
the wavelength [273]. This phenomenon is termed “blue shifting” in surface plasmon
resonance peaks of metallic nanoparticles. Furthermore, the particle size/morphology
dependence of the SPR peak positions for Ag nanoparticles have been extensively
discussed in some detailed and independent theoretical works on metallic particles’
symmetry [264, 267, 268]. These works have shown that for uniformly distributed
particles, sharply pronounced SPR peaks dominated the optical spectra while
broadened peaks with less intensity are prevalent for particles with inconsistent
symmetry. Here, the observed fluence-influenced SPR peaks for Ag irradiated carbon

films are centered within 396 nm to 418 nm wavelengths for the various implantation
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fluence. Figure 4.15 depicts a fluence dependence graph of the SPR peaks shifting for

the Ag implanted samples and a summary of this dependency is presented in Table 4.3.
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Figure 4.15: Fluence dependence of the SPR peak shifting.

Table 4.3: Variation of SPR peak values with irradiation fluence.

s/n Sample Fluence, ¢ (x10'® ions/cm?) SPR peak position (nm)

1 C1 2.5 418.5
2 C2 2.7 414.2
3 C3 2.9 409.1
4 C4 3.0 399.8
5 C5 3.2 404.9
6 C6 3.4 395.7

4.3.1 Optical band gap

The determination of the optical band gap energy (E,), as an essential requirement in
corroborating the application prospects of the prepared Ag:a-C nanocomposites, was
possible via a critical spectral analysis of the material in a region within the vicinity of
its fundamental absorption edge. This region, which was identified from a rapid
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increase in the magnitude of the absorption coefficient measured as a function of
material optical density per unit path length or thickness [180], plays a central role in

this analysis as it defines the indirect interband electronic transitions in the materials.

According to Tauc’s relation, explained earlier in section 2.6.3 and given by Equation
2.24, the absorption energy (a) for both direct and indirect transitions is a function of
the incident photon energy (hv). Against the backdrop of this inter-relation, the optical

band gaps of the pristine and irradiated amorphous carbon films were determined by

1
extrapolating the linear portions (linear fitting) of (ahv)z versus hv plots to the photon
energy axis. Optical band gap energy obtained for the pristine carbon film was 1.79 eV

as shown in Figure 4.16.
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Figure 4.16: Tauc’s plot of (ahv)z as a function of photon (hv) energy for
pristine a-C film.

The Tauc curves for the various samples exemplified those of typical amorphous
carbon materials showing evidence of high absorption, due to doping, in the visible
region. This is in good agreement with the findings, by Duley [276], that there is
absence of hydrogen in the amorphous carbon samples. Extrapolated optical band gap
values had evidently confirmed the above findings because one of the major effects of
hydrogen is increasing the band gap energy (E4) while reducing optical absorption at

lower photon energies [248]. A totally opposite effect was observed in this work.
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Figure 4.17 shows the Tauc’s plots indicating, clearly, the extrapolated optical band

gap values for varying fluence in the respective nanomaterials.
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Figure 4.17: Tauc’s plot of (ahv)z as function of photon (hv) energy for the
various Ag implanted a-C nanomaterials.

The figures show significant decrease in the optical band gaps from 1.71 eV to 1.41 eV
respectively. A similar trend (i.e. red shift of optical band gap) has been previously
reported [136] for sp3-rich amorphous carbon films doped with varying concentrations
of Ag nanoparticles during deposition; optical bang gap decreased from 2.55 eV to 1.95
eV. For the fact that silver does not react with carbon (i.e. it is non carbide forming)
[30], we do not expect our material to undergo regular ion-exchange interactions
similar to those observed in say, oxide films such as zinc oxide (ZnQO), where sp-d band
electrons of the oxide forming metal undergo exchange interactions with the localized
d-electrons of other more electropositive metals during doping [277]. In such above
mentioned exchange interactions, the conduction and valence bands of the respective
constituents of the films as well as the dopant(s) experience certain negative and
positive energy corrections resulting in a decrease in the materials’ optical band gap
energies [278]. Pertinent to the non-reactivity of carbon with silver, Stroud [132] stated
that the implanted Ag ions may be captured in substitutional sites and become bonded

chemically with the amorphous target or, if otherwise, the ions may proceed and come

106



to rest at some interstitial positions and consequently diffusing through the target lattice

where they either get released or form bubbles at vacancy clusters.

In this context, the observed decrease in optical band gaps of the Ag:a-C nanomaterials
can be attributed to absorption by the Ag NPs and the effect of their sizes at high
fluences in the amorphous carbon as previously suggested by Ahmed et al. [272]. This
phenomena is best explained based on the carbon sp? cluster model by Robertson [9]
earlier highlighted in section 2.6.2 of this thesis. According to the model, the bonds in
amorphous carbon contain mixtures of sp? and sp® bonds such that the sp? sites form
graphitic clusters which are embedded in the sp® bonded matrix. Relating this model
with the suggestion by Robertson & O’Reilly [182] that the m bonds of amorphous
carbon (which are in close proximity with the Fermi energy level (Ef) and linked to
the sp? sites) are much weaker than the ¢ bonds (which are farther from the Fermi
energy level and linked to the sp® sites), it would imply that the stopping Ag ions will
sit in the vicinity of the of the sp? sites of the weaker m bonds than they would in the
vicinity of the sp® sites of the stronger ¢ bonds. This is because, even as the local
electrons in the m bonds are much less strongly bounded together, they would not react
with the silver atoms but would rather intensely vibrate due to collective repulsive
effect of the contributing valence electrons of the Ag ions resulting in sp? cluster
shifting towards the Fermi energy level. In another view, increasing the dose of Ag NPs
results into a more pronounced particle aggregation as observed from TEM
micrographs of the nanomaterials. The sitting of metal particles occurs on both ends of
the energy gap (i.e. the occupied & and unoccupied n* states) linked to the sp? sites [95]
so that the collective effect of the sitting Ag NPs on the cluster becomes enormous in
terms of cluster shifting or size increase. In either way, the Fermi energy level is
distorted (i.e. reduced in size) and consequently reducing the effective optical band gap
of the material. Figure 4.18 shows the variation of optical band gap energy with ion

fluence in the respective samples.
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Figure 4.18: Variation of optical band gap energy with fluence.

4.3.2 Urbach energy

A plot of natural logarithm of absorption coefficient (In &) versus photon energy (hv)
in Equation 2.24 was used to determine the Urbach energy, E, of the respective
samples. This is done by determining the inverse of each slope along the linear portions
of respective curves. Figures 4.19 and 4.20 show the Urbach plots for pristine a-C film
and the various irradiated films in which the respective energies were observed to

increase in proportion to increasing fluence of Ag ions.
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Figure 4.19: Graph of In a as a function of photon energy for pristine a-C film.
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Figure 4.20: Combined graph of In a as a function of photon energy for the
Ag:a-C nanocomposites.

The increased Urbach energy, which demonstrated great usefulness in probing disorder
[280], is attributed to cluster size distribution which helps in evaluating the optical
response (particularly absorption) due to defect states in the amorphous carbon
structure [3]. Governed by this structural disorder, imperfection in stoichiometry and

passivation at the material surface, the Urbach energy indicates disorder of phonon
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states in the a-C films and is generally found below the absorption band edge of the
nanomaterials. To this end, absorption edge generation at the extremes of the band gap
energy could be attributed to either exciton-phonon or electron-phonon interaction
influenced by the Ag ions [281]. The stronger the interaction, the higher the Urbach
energy values and more bands’ bending leading to favorable reductions in optical band
gap. In order words, increasing fluence of Ag ions increases the Urbach energy and, by
extension, reduces the optical band gap energy. Figure 4.21 shows the dependence of
Urbach parameters on the fluence of irradiation.

-

N

o
M

Urbach energy (eV)
P P
— R~
o (6]

10.04 /

9.5 T T T T
2.4 2.6 2.8 3.0 3.2 3.4

Fluence (x 1016 jons/cm?)

Figure 4.21: Dependence of Urbach parameter on fluence.

4.3.3 Refractive index

Respective optical band gap energy values for the different samples were used in the
Lorentz-Lorentz equation (Equation 2.26) in order to determine the refractive index, n
of the nanomaterials. Calculated refractive index values were observed to apparently
increase with increasing fluence (decrease in band gap energies). This implies that the
nanomaterials become appreciably denser with increasing fluence of Ag ions such that
the velocity of light (v) in the nanomaterials decreases which greatly affects light
refraction in addition to increased light absorption. The dependence of the refractive

index on fluence of irradiation is shown in Figure 4.22.
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Figure 4.22: Variation of refractive index (n) with fluence.

The rapid increase of refractive index of the nanomaterials in the visible region is
attributed to the high polarizability and high atomic weight of the Ag ions [275, 276]
such that their presence in the amorphous carbon matrix narrows the optical band gap

resulting in a higher wavelength dispersion of the refractive index [276].

Furthermore, the refractive index values were used to determine other essential optical
parameters of the materials [277] such as the dispersion of light energy, E 4 below the
interband absorption edge and the oscillator energy of the vibrating atoms due to photon
excitation, Ey [277]. This is because, a good understanding of the dispersion of
refractive indices in amorphous materials is necessary for a precise modelling and
design of optoelectronic devices [285]. Using the Wemple-Di domenico (W-D) model

(Equation 2.28), the dispersion energy and, by extension, the oscillator energy were

1
EqE,

both deduced from the slope ( ) and intercept (E—d) on the vertical axis of the straight

line portion of (n? — 1)~ versus E? plot as shown in Figure 4.23.
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Figure 4.23: Plot of (n? — 1)~ versus E? used in estimating the dispersion
and oscillator energies.

The dispersion energy values were observed to appreciably increase with increasing
fluence of Ag ions, an indication that there is fluence-enhanced evolution of more
ordered phase of aggregated Ag ions within the sp? cluster which leads to a lower
spectral separation of T-n* states in the amorphous carbon films [286]. This aggregated
phase effect brings about a reasonable increase in dispersion for the different samples
in relation to their corresponding refractive indices, extinction coefficients and, of
course, the optical band gap energies. The oscillator energy, on the other hand, was
observed to decrease with increasing fluence. This could be attributed to shifts in the
absorption spectra within the short wavelength regions where, as demonstrated in the
Tauc’s plots, the absorption edges for the respective samples shifted to lower energies
[281]. By letting E = 0 in Equation 2.28, respective values of static refractive index
for the material at zero photon energy, n, were also deduced. The extinction
coefficient, k which gives information on the amount of the incident light that is
absorbed by each sample at specified wavelength(s) was also calculated. The calculated
values of k were also found to increase with fluence thus bearing a linear relationship
with the optical band gaps of the respective nanomaterials. Table 4.4 gives a summary

of the various optical parameters for the respective Ag:a-C films.
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Table 4.4: Optical parameters of Ag irradiated amorphous carbon films.

Optical parameters C1 Cc2 C3 C4 C5 C6

Optical band gap energy, E, (eV) (+0.03) 1.71 1.66 1.58 1.48 1.45 1.41
Urbach energy, E,, (eV) (x0.26) 9.70 10.23  10.67 10.90 1155  12.00
Refractive index, n (£0.03) 2.87 291 2.92 2.96 2.98 3.06
Static refractive index, n g, 1.01 1.01 1.01 1.02 1.02 1.02
Extinction coefficient, k 1.48 1.49 1.50 1.50 1.52 1.54
Dispersion energy, E; (V) 12.57  13.23 13.68 14.48 15.05 16.30
Oscillator energy, Eq (eV) 0.53 0.50 0.48 0.46 0.44 0.41

4.4  Application of Ag:a-C nanocomposites in photovoltaic devices

4.4.1 Ag:a-C nanocomposites as antireflectance coatings

Since the magnitude of photocurrent generated in any conventional photovoltaic
system depends largely on the intensity of the light source, the expectation is that these
nanocomposites would cause continuous attenuation thereby hindering the light-cell
interactions due to their recorded fluence enhanced light retention (see Figure 4.14 in
section 4.4). However, the observed trend is completely different. The
photoconductivity measurements (see set up in Figure 3.21) show that, even with the
gradual increase in absorption as a function of irradiation fluence, the nanocomposites
coatings have become functional due to collective plasmonic activity of the metallic
inclusions. This is evident from the trend of parametric values of the combined Ag:a-
C/solar cell systems as recorded from the 1-V (current-voltage) characterization. Figure
4.24 shows the combined I-V characteristic curves for the respective systems of pristine
and Ag implanted amorphous carbon films. The measured parameters (lsc and Vo),
though lower than the reference values, were found to increase appreciably and

proportionately towards the references with increasing fluence of Ag ions.
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Figure 4.24: Combined I-V characteristic of Ag-a-C/solar cell systems with the

nanocomposites as surface coatings.

Another interesting observation is that, in addition to plasmonic activities confirmed
from optical characterization, there is an evidence of increasing light retention in the
nanocomposite coatings. As such, the presence of Ag nanoparticles can be considered
to have induced certain active light absorption and re-emission that causes parameter
values of the combined Ag:a-C/solar cell systems to improve appreciably. This is
evident from the relatively wide difference, in parameter values, between the pristine
and irradiated films as seen in Figure 4.24. The incremental trend of short-circuit
current for the respective nanocomposites could infer that at relatively high fluence of
Ag implantation, the photocurrent will attain the reference value or even exceed it. This
inference is due to the dependence of photocurrent on fluence of irradiation for the
respective samples represented and shown in Figure 4.25. Using equations 2.35, 2.37,
2.38 and 2.39, corresponding values of power fill factor (FF), efficiency (n), series
resistance (Rg) and shunt (Rgy) resistance were respectively evaluated, summarized and

presented along with the measured device parameters in Table 4.5.
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Figure 4.25: Fluence dependence of photocurrent on the combined (series
arrangement) of Ag:a-C/solar cell systems.

Table 4.5: Summary of combined systems’ parameters (series arrangement).

Reference | Pristine | C1 C2 C3 C4 C5 C6

solar cell film
Ag fluence, ¢ 0 0 250 | 270 | 2.90 | 3.00 3.20 3.40
(x 10%* jons/cm?)
Short circuit 0.050 0.016 | 0.019 | 0.023 | 0.027 | 0.027 | 0.028 | 0.030
current, Igc
(Ampere)
Open circuit 0.550 0.561 | 0.537 | 0.568 | 0.576 | 0.541 | 0.545 | 0.549

voltage, Vo (Volt)

Fill  Factor, FF 0.826 0.828 | 0.822 | 0.830 | 0.831 | 0.823 | 0.824 | 0.825
(Watt)

Efficiency, n 15.106 4809 | 5.681 | 7.381 | 8.494 | 7.961 | 8.289 | 8.967

Series resistance, Rg 0.091 0.029 | 0.035 | 0.041 | 0.047 | 0.050 | 0.051 | 0.055
(Qem?)

Shunt resistance, 18.181 5.704 7.076 | 8.099 | 9.375 | 9.982 | 10.275 | 10.929
Rgy (Qcm?)
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4.4.2 Ag:a-C nanocomposites as base layers for photovoltaic devices

Having established the above fluence-Is relation, the results obtained motivated the
idea of incorporating the nanocomposites in actual photovoltaic device fabrication as
active layers. In order to explore this, a spread of nanocomposites exhibiting the highest

and lowest measured open circuit voltages were selected (i.e. C1, C2, C3 and C5).

Each device was characterized for photoconductivity employing the same procedure
described in section 4.5.1. |-V characteristics show that the devices exhibit ohmic
patterns under illumination with no evidence of rectification. Each system conducts
linearly with very high resistances which were observed to depend on the fluence of
Ag" irradiation, i.e. decrease in resistance with respect to increase in Ag irradiation
fluence. These observed behaviours could be as a result of mismatch at the interface
between the metallic Ag:a-C films and the Si layers. The ohmic characteristic could as
well be one of the distinguishing property of Schottky junction devices of non-
rectification due to high doping in the semiconductor layer. To this effect, the
nanocomposites behave as ordinary conducting paths due to non-rectifying effect at the
junction (interface) thereby suppressing the n-type silicon layers upon which they were
deposited. The implication is that each device has become a single passive system
rather than active. Figure 4.26 shows the combined I-V relationship of the devices

while Table 4.6 presents the summary of parameters.
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Figure 4.26: Combined I-V relationship for the fabricated devices with the

nanocomposites C1, C2, C3 and C5 as base active layers.

Table 4.6: Summary of parameters for the Ag:a-C based devices.

Sample  Fluence, ¢ n-type layer Ag:a-C layer Resistivity, p
(ions/cm?) thickness (nm) thickness (nm) (Q.cm)

C1l 2.5 x 10 20 <500 7.176 x 1011

C2 2.7 x 10 20 <500 7.696 x 10°

C3 2.9 x 106 20 <500 7.800 x 10°

C5 3.2x 10 20 <500 1.661 x 10
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CHAPTER FIVE

5.0

Summary and Conclusions

5.1 Summary
The main purpose of these research was to come up with a carbon-based material
that can provide good antireflectance property for improved light retention,
improved charge carrier concentration due to enhanced light absorbance, and
effective quasi-intermediate band property. Preliminary optical absorption
measurements were conducted on amorphous carbon films, as free-standing films,
in order to evaluate their pristine light absorption. Accelerator-based silver (Ag)
ion implantation was carried out on the films forming Ag:a-C nanocomposites at
varying fluences to establish responses, due to ion fluence, on the light retention
property of the nanocomposites. This optical response investigation was achieved
using the UV-visible spectrophotometry. Microstructural properties of the
materials were investigated using Raman spectroscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM) and energy dispersive X-ray spectroscopy as complimentary
analysis.
For the sample preparation, amorphous carbon films originally supplied on 7 cm x
2.5 cm glass slides were carefully cut into seven smaller pieces of 1 cm x 2.5 cm
respectively. One was kept as reference and the remaining were implanted with Ag
ions at varying fluences in the range 2.5 to 3.4 x 10% ions/cm?. Sections of the
pristine and implanted films were floated, mounted on cleaned/polished copper
sheets and analysed for optical response as free standing films. Some portions of
the nanocomposites were characterized for microstructural properties on glass
substrates and some on indium titanium oxide (ITO) substrates for potential
applications in photovoltaic systems.
The results obtained show that the nanocomposites exhibit Raman fingerprints
typical of carbon with G- and D-peaks shifting, broadening as well as intensity
variations that were dependent upon the fluence of irradiation. A relative increase
in structural disorder, sp? cluster aggregation and cluster size attenuation were
recorded due to increasing fluence of irradiation. SEM analysis showed
agglomerated Ag particles in sphere-like shapes with average particle diameters in
the range ~ 5 nm to ~ 20 nm respectively while TEM micrographs revealed many
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silver-rich micro grains in the non-reactive phase of the Ag:a-C nanocomposites
and emerging silver oxide (AgO) phase at higher fluence due to tarnishing. AFM
analysis shows grain size increase from ~ 5 nm to ~ 21 nm with surface roughness
~ 1.76 nm for pristine film to ~ 4.92 nm for nanocomposites with the highest
irradiation fluence. EDS spectroscopy confirmed a dominant carbon phase and high
oxygen presence largely due to oxides of silicon and silver from supporting
substrate and surface tarnishing. Optical characterization, via UV-visible
spectrophotometry, revealed a clear surface plasmon resonance peak (SPR) of Ag
nanoparticles at a wavelength ~ 428 nm with blue shifting in the wavelength range
~ 418 nm to ~ 396 nm for the Ag irradiated films. Optical band gap energy, E,
decreases from 1.71 eV to 1.41 eV while Urbach energy, E,, increases from 9.70
eV to 12.00 eV with increasing fluence. Urbach parameters confirmed the observed
relative disorder form Raman studies. Other essential optical parameters such as
refractive index (m), static refractive index (ng), extinction coefficient (k),
dispersion energy (E4) and oscillator energy (E,) were all found to vary with

fluence and in favour of the material potentials.

In terms of application, a direct (series) incorporation of respective nanocomposites
with a reference silicon solar cell revealed interesting coating potentials by
improving short-circuit current, Ig. from 1.90 mA to 3.00 mA and open-circuit
voltage, Vo to as high as 0.576 V respectively. For the series system, efficiencies
were well below the reference value (15.11) from as low as 5.68 for the lowest
fluence to 8.97 for the highest fluence Ag:a-C nanocomposites. This indicated good
potentials for the nanocomposites as surface coatings photovoltaic and other
optoelectronic applications. To further explore their potentials, sections of the
Ag:a-C nanocomposites were used as base layers in fabricating silicon-based
photovoltaic devices. This was achieved via r.f. magnetron sputtering of amorphous
silicon thin films on the Ag:a-C nanocomposites and their subsequent implantation
with phosphorous (P*) to form a metal/n-type Schottky barrier diodes. The I-V
characteristics of these devices were found to be ohmic possibly due to mismatch
at the interface of the two materials and the eventual suppressing of silicon layers

by the Ag:a-C nanocomposites thereby rendering them passive rather than active.
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5.2 Conclusion

The ability of carbon to exist in different stand-alone allotropes makes it an
interesting research material. The use of metal inclusions, particularly noble metals,
for property modification of carbon-based materials shows great prospects for
research and industrial applications. Accelerator based ion implantation, having an
edge over conventional chemical deposition methods, served as an excellent tool in
producing carbon nanocomposites with improved properties. This research work
provided a detailed optical characterization of Ag implanted amorphous carbon
films. The incorporation of Ag into amorphous carbon matrix induced
substitutional defects which distorted the materials electronic structure thereby
leading to changes in the overall optical transparency and optical band gap. The
optical band gap decreased with increasing fluence of Ag irradiation. Urbach
parameter increased at higher irradiation fluence to establish an interesting
structural ordering of the nanocomposites. This observed tunable band gap, coupled
with the plasmonic activities of Ag atoms in the carbon matrix, posed the
nanocomposites in great advantages of being used as surface coatings and as

functional materials for solar cell efficiency enhancement.
5.3 Recommendation

Although there is relative success in exploring the surface applications of these
Ag:a-C nanocomposites, further investigation into their photovoltaic potentials is
required. Thinner but floatable carbon films (< 500 nm) initially deposited on ITO
substrates may be used with high fluence of Ag irradiation at low implantation
energy. These would ensure a uniformly distributed film on ITO and reduce the
possible effect of surface sputtering during implantation. On the application of
nanocomposites in device fabrication, a sandwich arrangement with Ag:a-C
incorporated between two silicon layers may be explored. And in order to minimize
or eradicate totally the problem of band gap mismatch, a mild annealing of the

nanocomposites prior to or after sputtering of the silicon layers may be employed.
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