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Abstract

Raman spectroscopy is ubiquitous in the study of thin-film carbon. Of-

ten, the Raman spectrum of a thin-film carbon is characterized in terms of

the location of two distinct peaks, a D-peak located around 1360 cm−1 and

a G-peak located about 1580 cm−1. Many of the material properties of thin-

film carbon have been related either to the ratio of the D-peak and G-peak

amplitudes or to the ratio of the D-peak and G-peak integrated intensities.

In this analysis, I aim to assess whether or not a relationship exists between

these two distinct ratios. Through an examination of the Raman spectra

associated with a number of representative carbon thin-films, it has been

established that the amplitude ratio is indeed related to the corresponding

integrated intensity ratio. The samples of thin-film carbon that are probed

using Raman spectroscopy have been prepared through the use of plasma-

enhanced chemical vapor deposition and rf and dc magnetron sputtering.

The slope of this relationship is shown to be related to the source wave-

length, larger source wavelengths corresponding to a smaller slope. The

scatter about the resultant linear fit is also found to increase as the source

wavelength is increased. Recommendation for further study are offered.
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Lay Summary

The vibrational character of thin-film carbon is interrogated through the

use of Raman spectroscopy. In this approach, a laser source beam interacts

with the molecular vibrations that are present within the material, such

interactions leading to changes in the wavelength of the light that is re-

emitted from this material. It is these changes in wavelengths that are

detected in Raman spectroscopy. In this analysis, we relate the form of

the Raman spectrum to its material properties. The implications of these

results are then explored.
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Chapter 1

Introduction

Over the past few decades, thin-films have been used for decorative pur-

poses, instrumentation coatings, and electronic devices [1–4]. Thin-films are

low-dimensional materials that are less than a few microns in thickness and

are created by individually condensing molecular species onto an underlying

substrate [5]. Basically, thin-films are fabricated by depositing individual

atoms onto substrates. This contrasts with the case of thick films, which

are generally created by assembling large clusters of molecular species onto

a surface [6]. Thin-film technology is continually advancing and is directly

tied with new advances in materials science, such as the development of

man-made super-lattices and nanoscale materials [7]. It is a key material

technology for the future due to its environmentally benign character and

energy efficient material conserving processing nature [8].

Thin-films can be deposited onto substrates through a variety of differ-

ent methods. Typically, the growth of a thin-film starts with a nucleation

process followed by a number of growth stages [9]. These stages are critically

dependent on the substrate chemistry, the growth rate, and the substrate

temperature [10]. Deposition conditions, such as the gases present within the

deposition chamber, the length of the deposition process, the pressure within

the chamber during the deposition itself, and a myriad of other factors, have

been shown to determine many of the resultant thin-film properties, such as

1



Chapter 1. Introduction

its composition, thickness, crystal phase, and orientation [11].

In the preparation of thin-films, sputtering and chemical vapor depo-

sition are the two primary means through which thin-films may be fabri-

cated. Sputtering occurs through the irradiation of a substrate with ener-

getic species [12]. In contrast, chemical vapor deposition involves the de-

composition of source materials and deposition under thermodynamic equi-

librium conditions [13]. Alternate deposition approaches may be employed

for the preparation of more exotic types of thin-films. Atomic growth pro-

cesses, for example, wherein thin-films can be prepared at the atomic level,

i.e., one layer of atoms on top of another layer of atoms, can provide for very

unusual thin-film properties that do not occur for the case of bulk materials,

such as quantum confinement effects [14].

Carbon may be prepared in a variety of different forms. The diversity

in the physical properties of these various forms of carbon stems, in large

measure, from the fact that carbon atoms can bond in a number of different

ways [15]. At one extreme, if the atoms are bonded in a purely tetrahedral

manner within a crystalline lattice, one obtains diamond, known for its

exceptional clarity and hardness [16]. At the other extreme is graphite,

known for its trigonal planar type of bonding [16]. Representative bonding

structures, corresponding to the cases of diamond and graphite, are depicted

in Figures 1.1 and 1.2, respectively.

In addition to diamond and graphite, carbon atoms can bond in a variety

of different forms. This is because carbon atoms can hybridize in the sp1, sp2,

and sp3 bonding configurations [16]. A variety of more recently developed

forms of carbon, offering considerable opportunities for device applications,

have now become available. These forms of carbon include carbon in thin-

film form, C60 form, carbon nanotubes, graphene, and other more recently

2



Chapter 1. Introduction

Figure 1.1: The distribution of carbon atoms within diamond. The carbon
atoms are represented with the spheres while the bonds are depicted with
the spokes. A picture of a representative sample of diamond is also depicted.
This image is by Itub, distributed under a CC BY-SA 3.0 license. The online
version of this figure is depicted in color.
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Chapter 1. Introduction

Figure 1.2: The distribution of carbon atoms within graphite. The carbon
atoms are represented with the spheres while the bonds are depicted with
the spokes. A picture of a representative sample of graphite is also depicted.
This image is by Itub, distributed under a CC BY-SA 3.0 license. The online
version of this figure is depicted in color.
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Chapter 1. Introduction

discovered forms of carbon [17]. For the purposes of this particular analysis,

thin-film carbon will be the focus of investigation.

Thin-film carbon may be prepared in amorphous and poly-crystalline

forms [18]. Fundamental to this form of carbon is the lack of long-range order

in the distribution of atoms [19]. This, of course, has profound implications

in the terms of its material properties. While in an amorphous form of thin-

film carbon the atoms are distributed in such a manner that the bonding

lengths and bonding angles exhibit variations from atom-to-atom, in the

poly-crystalline form of thin-film carbon, randomly distributed crystallites

are adjacent to one another, the orientation of any particular crystallite

being randomly distributed with respect to its neighbouring crystallites [20].

Thin-film carbon has found applications in a variety of industrial set-

tings. The applications of thin-film carbon run the gamut from coating

tools to a variety of machine parts [21]. In addition to their mechanical

advantages, the shiny black coating of thin-film carbon coatings make them

appealing for other types of applications. The automotive industry today,

for example, relies on high performance piston pins, and these components

are unimaginable without the use of thin-film carbon coatings [22]. Car-

bon is also compatible with active tissues within the human body, and this

property has allowed for the use of carbon thin-films for implants for bone

replacement, owing to its bio-compatibility [23]. There has also been an in-

crease in the use of carbon thin-films in the next generation of infra-red and

visible imaging systems, as can be seen in Figure 1.3. Thin-films of carbon

hold the key to improved performance in a number of products. However,

the achievement of these improvements relies on the selection of the best de-

position process and appropriate corresponding deposition parameters [24].

The physical properties of thin-films of carbon deposited onto an under-

5



Chapter 1. Introduction

Figure 1.3: Representative image of an application of a thin-film carbon
coating for an imaging purpose. This image is used with permission from
II-VI Optical Systems. The online version of this figure is depicted in color.
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Chapter 1. Introduction

lying substrate may be evaluated using techniques such as the scratch or

indentation tests, which involve the application of an external stress to the

surface of thin-film of carbon until the carbon thin-film delaminates. The

stress on carbon thin-films can also be easily measured through an evalua-

tion of the corresponding spectroscopic shift, which is in turn proportional

to the amount stress [25, 26]. Spectroscopic techniques, such as Raman

spectroscopy, provide information on how the carbon atoms are bonded to

other atoms within the material, and have often been used for determining

the sp2 and sp3 bonding ratios [27].

In the study of thin-film carbon, Raman spectroscopy is ubiquitous. Ra-

man spectroscopy involves subjecting the sample under investigation to an

incident beam from a laser source. The light from such a source will then

interact with some of the vibrating molecules, and some of these interac-

tions will lead to either an increase or a decrease in the energy of the cor-

responding photons. It is this shift in the wavelengths that is determined

in the acquisition of a Raman spectrum [28]. Raman spectroscopy offers

a non-destructive probe of the material in question, and it can be used to

identify the type and nature of the chemical bonds that are present as well as

the micro-structure of the underlying thin carbon films. The favorable eco-

nomics and widespread availability of the equipment associated with Raman

spectroscopy also accounts for its popularity amongst the thin-film carbon

community [29].

A representative Raman spectrum, associated with a representative thin-

film of carbon, is depicted in Figure 1.4. As is typically the case in analyzes

of thin-film carbon, two distinct peaks are observed in the Raman spectrum

associated with thin-film carbon. These peaks, denoted the D- and G-peaks,

are located around 1390 and 1580 cm−1, respectively, as is seen in Figure 1.4.

7



Chapter 1. Introduction

In thin-film carbon analyzes, one typically fits a two-peak function to such

a Raman spectrum [30], a representative two-peak fit being depicted in

Figure 1.5, the experimental data set employed in Figure 1.5 being the same

as that depicted in Figure 1.4. Many of the properties of thin-film carbon

have been correlated with the amplitude ratio [1] or the integrated intensity

ratio [2] between the two peaks, i.e., AD/AG or ID/IG, respectively, where

AD and AG represent the amplitudes found from the peak fits while ID and

IG correspond to the integrated intensities, i.e., integrations over the peaks

that are found from the fits.

Ferrari et al. suggests that the sp2 cluster sizes and their distribution

can be identified through the measurement of Raman peak amplitude ratios

and their widths in diamond-like carbon (DLC) [25]. Historically, several

authors have considered the peak amplitude ratio instead of the integrated

intensity ratio, and vice versa [30–34]. This raises an important question:

is the amplitude ratio, AD/AG, related to the integrated intensity ratio,

ID/IG, for the case of thin-film carbon [31]. These ratios are considered

important as they serve as an indicator of the quality of the corresponding

DLC material [35].

In this thesis, thin-films of carbon, deposited using the plasma enhanced

chemical vapor deposition (PECVD) and magnetron sputtering techniques,

will be characterized through the use of Raman spectroscopy. Peak decom-

position will be performed for all of the acquired Raman spectra. Thin-films

of carbon, prepared using a variety of different deposition conditions, will

be considered. Raman source wavelengths, of 325, 442, and 633 nm, will

be employed in order to acquire the Raman spectra corresponding to these

samples of thin-film carbon. The aim of this analysis is to ascertain as to

whether or not the peak amplitude ratio, AD/AG, is related to the cor-

8
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Figure 1.4: A representative Raman spectrum corresponding to thin-film
carbon. Created by Ashraf Ahsan, used by permission. The online version
of this figure is depicted in color.
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Chapter 1. Introduction

Figure 1.5: A representative Raman spectrum. A peak decomposition of
this spectrum, into D- and G-peaks, is depicted. The experimental data
depicted in this figure is the same as that shown in Figure 1.4. Created
by Ashraf Ahsan, used by permission. The online version of this figure is
depicted in color.
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responding peak intensity ratio, ID/IG. This analysis is performed over a

relatively broad swath of thin-film carbon genome. The dependence of this

relationship on the source wavelength will be probed.

This thesis is organized in the following manner. In Chapter 2, the back-

ground for this research is provided. Then, in Chapter 3, the experimental

methodologies, employed for the purposes of this analysis, are described.

The results obtained from the experiments that are performed are then an-

alyzed in Chapter 4. Finally, conclusions are drawn and some suggestions

for future investigation are provided in Chapter 5.
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Chapter 2

Background

2.1 Overview

Thin-films of carbon have attracted the attention of researchers since

the 1970s [36]. At present, they are being used for a number of important

industrial applications. Since these thin-films of carbon fulfill various im-

portant industrial functions, such as providing a barrier against corrosion

and providing protection against contamination [37], there is an interest in

identifying how the properties of a carbon thin-film may be optimized for

the particular application in question. Clearly, this will require further sci-

entific analyzes on the properties of thin-film carbon. This thesis aims to

contribute towards the realization of this goal.

In this chapter, the background for this work is provided. First, the

different forms of carbon are discussed. Then, a variety of approaches to the

preparation of diamond-like thin-film carbon are presented. Means of reduc-

ing the presence of contamination are then presented. The electromagnetic

spectrum is then described. A variety of spectroscopic approaches, that may

be employed in the study of thin-film carbon, are then presented. Finally,

the key elements of Raman spectroscopy are introduced.

This chapter is organized in the following manner. In Section 2.2, the dif-

ferent forms of carbon are discussed. Then, DLC thin-film deposition tech-
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2.2. Carbon allotropes

niques are introduced in Section 2.3. The challenges that are encountered

owing to the presence of contamination are then discussed in Section 2.4.

Later on, the electromagnetic spectrum is presented in Section 2.5. This is

followed by a brief discussion on the various spectroscopic techniques that

may be used in the study of thin-film carbon in Section 2.6. Finally, Raman

spectroscopy is discussed in Section 2.7.

2.2 Carbon allotropes

Since the 17th Century, diamond has been the subject of numerous scien-

tific investigations [38]. In addition to being clear and sparkling in appear-

ance, diamond is also amongst the hardest substances on this planet [39].

For these reasons, diamond has naturally attracted a considerable amount

of attention. Through an examination of the properties associated with di-

amond, it has been established that it represents a pristine form of carbon

arranged in a tetrahedral crystal structure [40]. As was mentioned in the

introduction, it has been observed that carbon atoms can also crystallize

in a trigonal form, known as graphite, as seen in Figure 1.2, which has a

crystalline structure that is distinct from that of diamond [40]. Diamond

has strong tetrahedral sp3 bonds for all axes, whereas graphite has strong

sp2 bonds along only two axes but weak bonds on the third axis. This dif-

ference accounts for the differences in the physical properties of diamond

and graphite [41], these being tabularly presented in Table 2.1.

The hardness of diamond has naturally attracted a considerable amount

of interest in the possible uses of diamond for industrial applications. Clearly,

for milling and drilling applications, diamond offers a considerable advan-

tage [42]. Unfortunately, naturally occurring diamond, while exhibiting this
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2.2. Carbon allotropes

Table 2.1: The properties of diamond and graphite [38].

Property Diamond Graphite

Appearance Transparent Black, shiny

Hardness Very hard Soft and slippery to touch

Thermal conductivity
(W m−1 K−1)

Very poor ∼ 2200 Moderate ∼ 150

Electrical conductivity Poor Good conductor

Density (g/cm−3) 3.515 2.267

Uses Jewellery and drilling Dry cell and lubricant

Crystal structure
Rigid, tetrahedral structure
with strong covalent bonds

Layers can slide,
strong hexagonal layer

structure with weak Van der
Waals forces between layers

Bonding
Each carbon atom is
covalently bonded to

4 others

Each carbon atom is
covalently bonded to

3 others

Electron configuration No delocalized electrons Delocalized electrons

Orbital hybridization sp3 sp2

Heat capacity
(J mol−1 K−1)

6.155 8.517

extreme hardness, is very rare and expensive to purchase. Accordingly, the

use of natural diamond for such applications has only occurred for the very

highest-end applications. Clearly, in order for diamond to be used over a

broader base of applications, synthetic forms of diamond must be fabricated.

Research aimed at producing synthetic forms of diamonds began in

earnest in the late 1800s [38], when hard crystals of carbon were being

formed by heating charcoals in a furnace [43, 44]. While these initial efforts

failed to synthesize actual diamond, with the advent of modern high-pressure

and high-temperature deposition equipment, the manufacturing of synthetic

forms of diamond became a reality by the middle of the 20th Century. Today,

synthetic diamonds can be fabricated through the use of high-temperatures

and high-pressures. Though synthetic diamonds are expensive to fabricate,
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2.2. Carbon allotropes

this expenditure is much less than the purchase of their naturally occurring

counterparts [44].

In addition to these two crystal forms of carbon, there are a variety of

non-crystalline forms of carbon. Since carbon atoms can bond in a variety

of different forms, it is referred to as being an allotropic material [15]. Car-

bon atoms can be arranged in both amorphous and poly-crystalline forms.

Since the 1970s, thin-film forms of carbon have been identified as being

members of the carbon genome, and are currently primarily being used as

a coating for a variety of different substrates [43]. Its ability to coat onto

an underlying substrate of seemingly arbitrary geometry, thereby enhancing

its resistance to wear, has obviously enhanced its appeal for military and

industrial applications.

Thin-films of carbon can be deposited cheaply and uniformly onto a

variety of underlying substrate types. Indeed, it was economic factors that

prompted the preparation of thin-film carbon from the vapor phase in the

first place, the 1971 deposition of thin-film carbon by Chabot and Aisenberg,

of the Space Science Division of the Whittaker Corporation from Waltham,

Massachusetts [45], being one of the first reported depositions of thin-film

carbon. Various methods for thin-film carbon deposition have since emerged,

such as sputtering and more sophisticated processes, such as PECVD [46].

Depending on the application at hand, the right deposition method must be

carefully selected.

Thin-films of carbon that are deposited from the vapor phase are always

deposited onto an underlying substrate. The selection of the substrate is

often determined by the application at hand. For the depositions employed

for the purposes of this analysis, thin-films of carbon were deposited onto

a titanium alloy through the use of PECVD or magnetron sputtering. The
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2.2. Carbon allotropes

titanium substrates used for this case is Ti6Al4V, which is a commonly

found titanium alloy with 6% aluminum, 4% vanadium, 0.25% (utmost)

iron, 0.2% (utmost) oxygen, and almost 90% titanium, by weight [47]. This

alloy is commonly employed in a wide variety of industrial applications.

Thus far, a number of deposition processes have been studied in detail.

While there is research on the effect of the substrate on the thin-film carbon

properties, what remains unknown is how the shape and the type of the

substrate influences the properties of the resultant thin-films of carbon; the

only analysis that could be found on the influence that substrate geometry

plays in shaping the thin-film carbon properties was that reported by Bobzin

et al. [48]. While a lot of work has been performed on the thin-film carbon

properties that arise from depositions onto planar glass or crystalline silicon

substrate [48–50], there is a considerable scope available to investigate the

properties of thin-films of carbon deposited on Ti6Al4V substrates. This can

be done using the two most popular deposition techniques, namely PECVD

and magnetron sputtering. In this thesis, Raman spectroscopy, performed

for three different source wavelengths, will be employed for the purposes of

such an analysis, samples of thin-film carbon, prepared through PECVD

and magnetron sputtering, being considered.

Unprocessed titanium is typically coated with a native oxide layer, which

makes adhesion a challenge, requiring the use of interlayers, i.e., a layer of

material acting as an interface between the underlying substrate and the

thin-film of carbon [51]. While this work focuses on the relationship between

the AD/AG and ID/IG ratios, a variety of deposition parameters and sp2 to

sp3 bonding ratios, will be considered in this analysis. The dependence of

the results on the source wavelength will be a key focus of this inquiry, three

different Raman sources being considered for each thin-film of carbon that
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2.2. Carbon allotropes

is considered. While beyond the scope of this analysis, understanding the

influence of the deposition parameters on the resultant thin-film of carbon

will allow for the selection of “optimal” deposition parameters.

As has been mentioned before, carbon’s wide range of physical proper-

ties arises because of the diverse range of bonding that can occur within it.

Carbon atoms can partake in sp1, sp2, and sp3 bonding [52]. sp1 bonding is

comparatively less common compared with sp2 bonds for the trigonal crys-

talline structure, leading to a black and soft form of carbon, i.e., graphite,

and sp3 bonds for the tetrahedral structure, leading to a transparent and

hard form of carbon, i.e., diamond. Forms of carbon with both sp2 and

sp3 bonds are also available, with properties that lie between these two ex-

tremes [53]. Overall, thin-films of carbon have both sp2 and sp3 bonds and

the quality of a thin-film of carbon may be determined through the ratio of

the sp2 to the sp3 bonding fraction. If the sp3 bonds are more numerous,

then the coatings exhibit diamond-like properties. If the sp2 bonds are more

numerous, then graphite-like characteristics are exhibited. Thin-films of car-

bon, with plenty of sp3 content, are now being employed over a wide range

of applications in the automotive, milling, drilling, industrial, and military

sectors, as was discussed by Gilo et al. [54–56].

Carbon based atomic orbitals can form new hybridized orbitals, resulting

in completely different types of chemical bonding and properties, as is seen

in Figure 2.1. Carbon has four valence electrons with sp3 bonds for pristine

diamond, each of them being allocated to an sp3 orbital with σ bonds,

resulting in diamond’s hardness [56]. When the carbon atoms bond in sp2

form, such as in graphite, three out of the four valence electrons form σ

bonds. The outermost valence electron forms a π orbital with π bonds in

normal orientation with the other σ bonds. These π bonds are weaker than
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2.2. Carbon allotropes

Figure 2.1: The hybridizations available to carbon atoms within thin-film
carbon. This figure is after Robertson et al. [57]. Created by Jonathan
Laumer, used by permission. The online version of this figure is depicted in
color.
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2.3. DLC thin-film deposition and application

the σ bonds, which is why the bonding is weaker on the axes that include

π orbitals. In the case of the sp1 bonding configuration, carbon atoms form

two π bonds in x and z axes, but two σ bonds are formed with the two

valence electrons along the x axis.

2.3 DLC thin-film deposition and application

Chemical vapor deposition (CVD) and physical vapor deposition (PVD)

are two widely used techniques that have been employed to deposit thin-films

of carbon [58]. CVD is commonly employed using the plasma enhanced ver-

sion of this deposition process, known as PECVD. A plasma is created by

applying a voltage across an inert gas, thereby enabling thin-film deposi-

tion. This process enables the cracking of molecules within the plasma, the

species associated with these cracked molecules then being deposited onto

the heated substrate, thus permitting the fabrication of a thin-film of car-

bon [45]. The resultant thin-film carbon coating is found to be relatively

uniform in thickness. In a PVD technique, however, such as sputtering,

an inert gas is ionized in order to create the plasma. The carbon source

material is then bombarded using the ions, which blasts carbon atoms from

the source into the vacuum. The carbon atoms then get deposited onto a

substrate that is in the line-of-sight of this beam of carbon atoms [58].

A fair amount of hydrogen is incorporated into thin-films of carbon fab-

ricated using PECVD, as many of the source gases used for these depositions

are based on hydro-carbons. The PVD process leads to a shadowing effect,

unlike the case of CVD. In PECVD, the gaseous basis material comes from

all directions, whereas in sputtering, it is only from a single direction. Other

methods are also available for the deposition of thin-films of carbon, such as
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2.3. DLC thin-film deposition and application

ion beam, pulsed laser deposition, cathode arc, and a variety of other tech-

niques [45]. It is possible to characterize the various forms of DLC using a

ternary phase diagram. In such a phase diagram, a given thin-film of carbon

is specified with respect to its sp2, sp3, and hydrogen contents. Materials,

such as glassy soot and evaporated forms of thin-film carbon with a higher

sp2 content, are in the left corner. Other forms of thin-film carbon, with

finite hydrogen content, can also be produced, some being found in the lower

right corner of the ternary phase diagram. In the upper corner, materials

with a higher sp3 content are found [57]. As the sp3 bonding content in-

creases, the thin-film carbon starts to exhibit a greater DLC character, such

as increased hardness and density and decreased electrical conductivity [59].

As has been mentioned earlier, thin-films of carbon with higher sp3 bond-

ing content exhibit great hardness, durability, and biocompatibility [57]. As

the smooth coatings that arise from such a deposition have a very low coeffi-

cient of friction, they can be used to coat machine parts and tools in order to

increase their life-time [57]. Apart from their mechanical benefits, thin-films

of carbon can also be used for ornamental purposes. The glossy black coat-

ing of such a thin-film feels good and looks beautiful, making them highly

desirable for cosmetic jewellery applications. For the purposes of such an

application, it is crucial to be consistent and to achieve a similar quality on

all types of surfaces [52].

The automotive industry has improved vehicle performance using thin-

films of carbon. Stronger cars can be built with more durable parts, such as

pistons that can withstand greater pressures, using such coatings. An exam-

ple of the application of DLC coatings is the Dodge Challenger, where gains

in performance have been achieved through the use of thin-film carbon com-

pared with previous models [55]. In a similar way, the drilling and milling
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2.4. Challenges due to the presence of contamination

industries have benefited considerably from the hardness and durability of

thin-film carbon coated tools [52]. A noteworthy increase in the durability

of cutting apparatuses, along with a corresponding decrease in the surface

roughness of cut materials, have been amongst the benefits of coatings using

thin-films of carbon.

Carbon exists abundantly in nature and can readily bond with hydrogen,

oxygen, and nitrogen atoms to form intricate molecules. Carbon is also com-

patible with active tissues. Therefore, thin-films of carbon can be utilized

for implants, such as in hip replacements, owing to its biocompatibility [60].

Rotating parts need to have almost frictionless surfaces in order to avoid

metallic wear. Investigations on the biocompatibility of thin-films of carbon

coated parts have been carried out by Allen et al. [56], with a demonstration

that it is harmless in nature. Thus, carbon coatings offer virtually unlimited

potential in the biomedical arena.

There also seems to be a benefit to using thin-films of carbon in optical

applications due to its enhanced resistance to mechanical impact and cor-

rosion. In the case of forward looking infra-red cameras, used for military

applications, it has been observed that coating the lens with a thin-film of

carbon can reduce the reflection of the indicator onto itself from the front

lens [55].

2.4 Challenges due to the presence of

contamination

Even if a thin-film of carbon has a high sp3 bonding content, there is

no assurance that it will stick to the underlying substrate. This is a serious

problem if the layer of thin-film carbon is to be effective [51]. To achieve
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proper adhesion, the substrate must be free of dirt prior to deposition. The

surface must be cleaned using soapy water and acetone to free it from organic

contamination and metal oxidation, i.e., rust. Oxygen can reduce the inter-

atomic bonding strength and can frustrate the adhesion of the thin-film of

carbon onto the underlying substrate. Thus, the substrate needs to undergo

cleaning using the plasma in the vacuum chamber in order to reduce the

oxygen layer while employing any of the commonly used widely available

deposition techniques [25].

2.5 The electromagnetic spectrum

As the name suggests, electromagnetic radiation possesses both mag-

netic and electrical components. Electromagnetic radiation includes what

we normally refer to as light, as well as other forms of radiation with shorter

or longer wavelengths. All forms of electromagnetic radiation travel at the

speed of light in vacuum, and can be characterized in terms of their wave-

length, both in vacuum or air, and by wave-numbers or frequencies in vac-

uum. The electromagnetic spectrum, shown in its totality in Figure 2.2, is

divided into a number of bands, from low-energy radio-waves to high-energy

gamma-rays. The laser sources employed for Raman spectroscopy typically

are in the visible range to the ultra-violet range of the electromagnetic spec-

trum.

2.6 Spectroscopic techniques

Spectroscopy plays an important role in allowing for a probe of the

chemical content of materials. It relates to the absorption, scattering, and
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Figure 2.2: A representation of the electromagnetic spectrum. This image
is by Inductiveload, distributed under a CC BY-SA 3.0 license. The online
version of this figure is depicted in color.
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emission of electromagnetic radiation by atoms and molecules. Quantum

mechanics may be used for the interpretation of results acquired through

spectroscopy [61].

In the middle of the 16th Century, experimental methods of spectroscopy

were becoming more common, at least for the visible region of the electro-

magnetic spectrum. Newton had also started to perform his famous exper-

iments on the dispersion of white light using triangular prisms [62]. By the

1860s, Bunsen and Kirchhoff began integrating prism spectroscopy into an-

alytical instruments. This marked the origin of the flame tests on elements

and also the Sun, as these new instruments were being used to observe the

emission of spectra of samples in flames [63].

The fitting of spectral lines in a visible spectrum of atomic hydrogen to

a mathematical formula by Balmer shed light on the close relation between

experiment and theory in spectroscopy [64]. The theoretical part, based on

Newtonian mechanics, kept running into difficulty until the development of

quantum mechanics by Erwin Schrödinger in 1926 [65]. The interpretation of

spectroscopic data proved challenging, and approximations invariably had

to be made to make the analysis manageable, except for the case of the

simplest atoms. The situation began to change due to the advent of fast

computers, thereby requiring fewer approximations, bearing in mind that

predictions are still not uncommon for fairly small molecules.

A measurement of thin-film properties, such as the chemical composition,

the crystalline structure, the mechanical, and electrical aspects, is required

in order to study thin-film materials and devices. There has been rapid

progress in the evaluation of surface and thin-film of semiconductor mate-

rials, causing an increase in the number of largely available methods. The

choice of spectroscopic technique relies on its reproducibility, the number
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2.7. Raman analysis of carbon thin-films

of detectable elements, the area, the depth, and the sensitivity of both the

source and the sample. There exists a correlation between growth conditions

and the properties of a deposited thin-film [6]. Table 2.2 provides a list of

common spectroscopic techniques currently being used in the field.

In 1928, Raman and Krishnan discovered Raman scattering [66]. Since

then, numerous research papers have been published on this subject. In

Raman spectroscopy, the scattered light is usually observed in the direction

perpendicular to the monochromatic light incident upon the material. A de-

crease or increase in the wavelength of the emitted photons is caused by the

vibrational frequencies, resulting in Stokes and anti-Stokes lines [28], respec-

tively, as is seen in Figure 2.3. Basically, the molecular vibrations disturb

electron clouds around the molecules and it is possible for the vibrational

and optical excitations to interact, causing Raman scattering [28].

2.7 Raman analysis of carbon thin-films

Chandrasekhara Venkata Raman (1888-1970), born in the southern part

of India, discovered what is now referred to as the Raman effect [66]. On

his way to India from England, he demonstrated that the blue shade of the

ocean is not due to the blue sky’s reflection. Instead, Raman showed, using

a diffraction grating, that the maximum spectral density for the sky and the

ocean occur at different wavelengths. He thus concluded that there must

be another explanation for the blue color of sea [67]. Later, it was observed

by him that the scattered light within water experiences a frequency shift

and that this change in the frequency is the reason for the blue color of the

sea, i.e., owing to the inelastic scattering of light by water molecules [66]. In

contrast, the shade of the sky is due to elastic scattering, known as Rayleigh
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Table 2.2: Examples of spectroscopic techniques involving an exchange of
energy between a stream of photons and the sample.

Region of electro-
magnetic spectrum

Spectroscopic technique

γ-ray Mössbauer spectroscopy

X-ray
X-ray absorption spectroscopy
X-ray fluorescence

UV/Vis

UV/Vis spectroscopy
Chemiluminescence spectroscopy
Fluorescence spectroscopy
Atomic emission spectroscopy
Phosphorescence spectroscopy
Atomic fluorescence spectroscopy
Atomic absorption spectroscopy

IR
Infra-red spectroscopy
Raman spectroscopy

Microwave Microwave spectroscopy

Radio-wave
Electron spin resonance spectroscopy
NMR spectroscopy
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Figure 2.3: A representation of Raman scattering contrasted to Rayleigh
scattering [3]. Created by Ashraf Ahsan, used by permission. The online
version of this figure is depicted in color.
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scattering [60].

2.7.1 Raman setup

The basic components of a Raman spectroscopic experimental set-up are

as depicted in Figure 2.4. The major components include: (1) an incident

source laser beam for excitation, (2) an optical element in order to focus the

beam and filters in order to achieve the desired intensity on the sample, and

(3) a detector or spectrograph and a camera so as to capture the scattered

light.

A band-pass filter, known as the dichroic beam splitter, is used to sep-

arate the Rayleigh scattered light from the Raman scattered light by con-

fining the range within the Raman spectrum [60]. Each hybridization state

experiences different scattering, and the change in wavelength/frequency is

known as the Raman shift. It is the difference between the reciprocals of

the excitation and scattered wavelengths [68], i.e., the Raman shift, that is

measured in a Raman spectrometer.

The emission or absorption of energy causes a change in the frequency

of the light. In the case of a down-shift by a phonon emission, a Stokes shift

is observed, whereas in the case of phonon absorption, an up-shift in the

frequency, i.e., an anti-Stokes shift, takes place [28]. The Stokes shift is the

focus of my analysis here, as the intensity of the scattering is much more

significant for the Stokes shift than for the anti-Stokes shift. This is due to

the lower population of excited states because of the Boltzmann distribu-

tion for molecules in the higher energy states [68]. The biggest advantage of

Raman spectroscopy is its non-destructive nature and the widespread avail-

ability and favourable economics associated with the use of the required
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Figure 2.4: A representation of the basic components of a Raman spec-
trometer. Created by Ashraf Ahsan, used by permission. The online version
of this figure is depicted in color.
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equipment.

Laura et al. have investigated the optimal choice of laser source wave-

length and substrate needed in order to collect the Raman signals, which

can get overpowered by background noise [69]. It should be noted that the

intensity of the Raman scattering is proportional to the fourth power of the

incident light source frequency. Researchers are often under a dilemma on

the kind of source excitation wavelength for the laser source to use. The

choice of wavelength and substrate entirely depends on the quality of the

sample material [70]. Evaluations have previously been performed by break-

ing down the work into studying the importance of standardization of the

parameters associated with Raman spectroscopy.

Previously, Ferrari has presented the effects of multi-wave Raman for

the excitation to observe the peak dispersion of ta-C:H:N samples composed

of 29% N and 26% H atomic weight [71]. There exists an evident poten-

tial to explore the outcome of using multiple source wavelengths to conduct

Raman analysis on materials, such as thin-films of carbon with titanium

substrates [44]. It has been demonstrated, by Neuville and Matthews [25],

that there is no basic difference between the deposition physics of diamond

and DLC, but it is only a question of the variations between the deposi-

tion parameters and the growth conditions which allow for more crystalline

structures and dense materials.

2.7.2 The D- and G-peaks

In most studies of thin-film carbon involving the use of Raman spec-

troscopy, two distinct peaks are observed, one between 1350 and 1365 cm−1

another being between 1580 and 1620 cm−1, these peaks being commonly
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referred to as the D- and G-peaks, respectively [30]. Originally standing for

diamond and graphite, the former band is generally known as the D-peak

and the latter as the G-peak. As the diamond band is always observed to

be at around 1332 cm−1, the letter D had to be redefined. It has been

argued, by some authors, that the D-band represents a disorderly network

of sp2 coordinated clusters [27]. When using the intensity ratio, ID/IG, for

quality control of thin-films of carbon being used in the computer industry,

the users are likely to face trouble if the excitation wavelength transitions

to lower wavelengths as the intensity of D-peak tends to drop to zero in the

ultra-violet range [70]. Pócsik et al. observed that the D-peak’s frequency

increases with excitation energy, while the intensity decreases [72]. On the

other hand, the intensity and frequency of the G-peak only changes a lit-

tle. From the study of the Raman specta associated with microcrystalline

graphite, the D-peak arises from the phonons near the Brillouin zone’s edge,

which are preferentially excited by low energy photons due to small opti-

cal transitions near the edges [3]. In contrast, the zone centre is where the

high energy photons produce optical transitions by exciting the zone centre

phonons, i.e., the G-peak [3].

As shown by Muller et al., the oxygen/carbon ratio in DLC films re-

sults in a proportional increase in the measured G-peak position. It has

also been shown that films containing a constant amount of hydrogen or

nitrogen exhibit a linear increase in the G-peak position with the deposi-

tion temperature. This correlates with the electron energy loss spectroscopy

(EELS) results indicating that thin-films of carbon deposited at higher tem-

peratures possess a higher sp2 bonding content and a lower sp3 bonding

content [73]. In fact, as the G-peak moves towards lower frequencies, its

wear resistance increases. It is argued that a wear resistant carbon coating
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will have higher sp3 bonding and that the G-peak position will shift towards

lower frequencies. The G-peak position is used to monitor the DLC film

quality industrially and this peak shift is enough to give an insight into

deposition quality variations [3].

2.7.3 The ID/IG and AD/AG ratios

The analysis of Raman intensity provides a very powerful tool for under-

standing and characterizing the modifications in the crystalline/amorphous

structure due to changes in the symmetry, long-range order, and nanos-

tructure. The intensities allow us to obtain information, as seen in Fig-

ures 2.5 [74, 75] and 2.6 [76], about the composition, the chemical environ-

ment, and the different phases that are present within the material [77].

Table 2.3 provides insight on the relationship of the peak positions and

peak amplitude ratios based on the Raman spectra acquired using a He-Ne

laser of 633 nm by Dillon et al. on thin carbon films deposited using the

LASER-ARC technique [1].

Table 2.3: Peak fit parameter for a variety of different Raman spectra. This
data is from Dillon et al. [1].

Sample
D-peak position

(cm−1)
G-peak position

(cm−1)
AD/AG

30 ◦C 1355 1530 0.9

500 ◦C 1367 1581 6.4

Particle graphitic cluster 1320 1586 0.8

Covering film 1335 1511 0.6

Target 1333 1580 0.5

The parameters for the two-peaks, such as their positions, widths, and

their integrated intensity ratios, can be used to characterize the thin-films of

carbon. Similarly, Table 2.4 shows the Raman spectra for DLC coatings with
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Figure 2.5: The role that film thickness plays in determining the AD/AG

ratio. The experimental data is from Modabber et al. [74] and Paul et
al. [75], for thin-film carbon. Digitized by Ashraf Ahsan, used by permission.
The online version of this figure is depicted in color.
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Figure 2.6: The role that crystallite size plays in determining AD/AG for
thin-film carbon. The experimental data is from Madhusmita et al. [76].
Digitized by Ashraf Ahsan, used by permission. The online version of this
figure is depicted in color.
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different deposition temperatures and source excitation wavelengths. Here,

Table 2.4: Peak decomposed Raman spectral data corresponding to DLC
coatings deposited with different temperatures and source excitation wave-
lengths. This data is from Varade et al. [2].

Sample
D-peak position

(cm−1)
G-peak position

(cm−1)
ID/IG

Si RT (514 nm) 1345.3 1545 0.53

Si 300 (514 nm) 1370.2 1551.8 0.83

Si RT (785 nm) 1221.6 1455 0.15

Si 300 (785 nm) 1252.6 1477.4 0.25

the peak intensity area is found to proportionally increase with respect to the

deposition temperature [2]. As can be seen, a baseline corrected and fitted

spectrum, showing the areas under the peaks and eventually calculating

their ratios, may also be sufficient for sample identification [78].

Marchon et al. [79] and Yoshikawa [80] are among some of the groups

who have studied the behavior of Raman spectral intensities as a function

of the carbon thin-film structure and/or deposition conditions. The ID/IG

ratio has been found to correlate with the observed properties of the DLC

films and abrasive wear rates are observed to be inversely proportional to

the ID/IG ratio. It is also believed that the increase in the D-peak intensity

is due to increases in the size or the number of graphitic crystallites and

that this also results in a decrease in the corresponding optical bandgap.

It should be noted that below a certain critical size, estimated to be 2 nm,

these crystallites do not contribute to the Raman spectra and its D-peak. So

it is advisable to use the ID/IG ratio to monitor the thin-film quality on or

after the crystallites reach a critical size. If no structural changes are made,

then the increase in the ID/IG ratio is accompanied by a decrease in the
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2.7. Raman analysis of carbon thin-films

background slope of the Raman spectrum, for both the D- and G-peaks [3].

Finally, it is not always clear if the ratio of peak amplitudes or peak

areas should be used. Researchers employing two-Lorentzian-peak fits report

peak amplitude ratios, while others, employing the two-Gaussian-peak fits,

report the peak integrated area ratios. The difference is not so important for

disordered graphite, as the peak widths are similar, but this is not the case

for other types of thin-film carbon. In the case of the latter, the broadening

of the D-peak is correlated with the distribution of clusters, of varying order

and dimensions. Thus, information about the less distorted aromatic rings

is found in the peak amplitude and not the width [30].

2.7.4 UV-Raman spectroscopy

Recent developments in ultra-violet (UV) laser technology have allowed

for the development of Raman spectroscopy in this range of the electro-

magnetic spectrum, making it possible to use this technique in a research

capacity for industry. The intensity of a Raman signal is dependent on the

wavelength, i.e., fourth power dependent on the excitation frequency, this

can be expressed as

IR ∝ I0(v0 ± vi)4N, (2.1)

where IR denotes the Raman signal intensity, I0 refers to the intensity of the

excitation source, v0 is the intensity of the excitation source, vi is the fre-

quency of the Raman scattered particle, and N is the density of molecules.

This shows how excitation though the use of a UV source, which has a shorter

wavelength or a higher frequency, that high Raman scattering efficiency can

be attained. The advantage of using UV excitation is to probe sp3 bond-

ing, unlike visible excitation, which is implied to look at the sp2 bonding.
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2.7. Raman analysis of carbon thin-films

Despite the improvements, it is challenging to make this technique widely

available, as the cost of such a laser is very high (greater than $10K) [81]

and there is a need for additional utilities, such as water, water drainage,

and three phase electricity. Also, UV excitation may completely ablate sp2

bonded carbon, making the interpretation of the results a challenge. Never-

theless, the systematic use of this technique will reveal new information on

the growth mechanisms and their effect on the obtained DLC thin-films [3].
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Chapter 3

Experimental procedures

and results

3.1 Overview of experiment

When Raman and Krishnan first published their manuscript in 1928, Ra-

man scattering was introduced as a new type of secondary radiation. During

the period of World War II, i.e., 1939-1945, an infra-red spectrometer, al-

lowing for the acquisition of a Raman spectrum, was developed. Since then,

the field of Raman spectroscopy has dramatically evolved. Initially, Raman

spectroscopy existed as a poor man’s alternative to infra-red spectroscopy.

This remained to be the case until two notable developments occurred.

The first one came with the advent of the double monochromator, the

laser, and electronic means of signal detection; these technologies were in-

tially developed in the 1960s. The second one began more than three

decades later with the developments of laser-line blocking filters and sci-

entific grade charge coupled device arrays [3]. It should be mentioned here

that the Raman cross-section is directly proportional to the fourth power of

the excitation frequency. Hence, the sensitivity of a Raman measurement

monotonically increases in response to increases in the excitation frequency.

Considering these aspects, along with recent developments in instrumenta-

38



3.1. Overview of experiment

tion, Raman spectroscopy has become one of the most important vibrational

spectroscopic tools. Raman spectrometers can now be used to non-invasively

study the relationship between thin-film growth and the underlying material

properties, allowing one to gain insight into the wear characteristics of thin-

films. The results presented in this thesis are primarily acquired through

the use of Raman spectroscopy.

DLC is a term commonly employed to describe hard forms of carbon

containing hydrogen, nitrogen, or other elements, in varying proportions.

Even though DLC is now widely used, its structure, and the roles that

these proportions play in determining its material properties, remain the

subject of considerable conjecture [3]. Raman spectroscopy may be used

to non-invasively probe the material properties of samples of thin-film car-

bon, providing insight and clarity into these underlying properties without

requiring the expenditure of excessive cost or excessive effort. Raman spec-

troscopy will be used here in order to probe the properties of thin-films of

carbon.

In this chapter, the experimental methodology, employed for the pur-

poses of this analysis, is presented. I first start by describing the manner

in which the thin-films of carbon have been prepared; while I only perform

measurements on the thin-films of carbon that have been prepared for the

purposes of this analysis, it should be noted that both PECVD prepared

and magnetron sputtering prepared thin-films of carbon are employed for

the purposes of this analysis. Then, the Raman experimental set-up, em-

ployed for the purposes of this analysis, is described. Finally, the Raman

spectral processing, used for the purposes of this analysis, is detailed.

This chapter is organized in the following manner. In Section 3.2, I

describe the process whereby some of the thin-films of carbon, examined
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3.2. PECVD preparation of thin-film carbon

within the scope of this thesis, are prepared using the PECVD deposition

approach. Then, in Section 3.3, I describe the process whereby some of the

thin-films of carbon, examined within the scope of this thesis, are prepared

using the magnetron sputtering approach. In Section 3.4, I then introduce

the Raman spectrometer used and identify the settings employed for the

purposes of conducting Raman spectroscopy. This is followed, in Section 3.5,

with a discussion about the data processing techniques used to process the

acquired Raman spectra that are to be used for the purposes of this study.

3.2 PECVD preparation of thin-film carbon

Some of the thin-films of carbon that are considered in this analysis

have been prepared using a PECVD approach. The details, concerning the

preparation of these PECVD deposited thin-films of carbon, are provided

below.

3.2.1 The PECVD deposition system

The FLARION Series Model FLR300C-TT, pictorially represented in

Figure 3.1, is a table-top plasma reactor with multi-gas flow control that

allows one to deposit thin-films of carbon onto an underlying substrate.

This machine was developed by Plasmionique Inc. A picture of the actual

set-up is shown in Figure 3.2.

Features of the system include:

i) Chamber: It consists of two vertically connected stainless steel cylin-

ders with overall dimensions of 8 inches in diameter and 20 inches in length.

The inner-wall liner on each cylinder protects the chamber from unwanted

depositions. There is a view-port of 4 inches in diameter on the top flange

40



3.2. PECVD preparation of thin-film carbon

Figure 3.1: A pictorial representation of the components of a PECVD
deposition system. Created by Ashraf Ahsan, used by permission. The
online version of this figure is depicted in color.
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3.2. PECVD preparation of thin-film carbon

Figure 3.2: The front-view of the PECVD system, developed by Plasmion-
ique Inc., used for the purposes of preparing some of the thin-film carbon
samples considered in this analysis. Created by Plasmionique Inc., used by
permission. The online version of this figure is depicted in color.
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3.2. PECVD preparation of thin-film carbon

and the structure is connected to the pumping manifold, a feed-through act-

ing as the substrate holder (gas inlet). When no gas flows into the chamber

for more than 10 seconds, the rf output gets disabled. A vent gas, such as

dry nitrogen or argon, may be fed using this gas inlet in order to bring the

chamber up to atmospheric pressure. When power is applied to the reactant

gases, the cloud turns purple, indicating the presence of plasma within the

chamber.

ii) Vacuum system: It is connected to the chamber and the control sys-

tem. The vacuum system consists of a convection enhanced Pirani gauge

that monitors the vacuum pressure, a mechanical pump with a perfluo-

ropolyether lubricant, and a temperature compensated capacitance pressure

guage that measures the process pressure. There is also a fore-line angle

valve system that helps with the pumping-out from the chamber.

iii) Substrate mount: It is a platform which enables the creation of a

capacitively coupled plasma with fixing points, allowing for the attachment

of a structure for hanging substrates; this allows for one to hang the rinsed

substrates. It also allows for the uniform flow of gas, from top-to-bottom. It

has a water-cooled base without any temperature measurement or control,

and allows for the rf biasing of the substrate.

iv) Plasma system: It is connected to the control system and the sub-

strate mount in the chamber overall forming the substrate bias control.

The system consists of an rf generator of 300 W at 13.56 MHz, with an

automatic impedance matching circuit and an integrated controller. This

creates a capacitively coupled plasma on an isolated sample stage by biasing

the substrate with rf power.

v) Gas management: The gas distribution system is connected to the

control system, chamber, and exhaust in order to avoid over-pressure. This
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3.2. PECVD preparation of thin-film carbon

system is separated from the table-top enclosure in order to provide for ex-

pansion and in order to isolate toxic gases. It consists of four-mass flow

controllers, for argon, hydrogen, hexane and tetramethylsilane (TMS), re-

spectively, with appropriate correction factors. Each gas line is equipped

with a software controlled valve.

vi) Control system: It consists of the input power or power distribu-

tion system, mechanical pump, and emergency stop mechanism, with hard-

ware and software safety interlocks. It also includes a control box with

programmable logic control for general system control and another pro-

grammable logic controller for process gas control. The PLASMICON con-

trol software, which comes with this system, is based on Windows along

with LABView 2012, thereby providing a graphical user interface for real-

time plotting, data logging, and process recipe and parameter display.

3.2.2 PECVD operation and parameters

Now that the overall system has been described, it is possible to move

onto the deposition process itself, and sample loading is where it all begins.

When moving objects in and out of the chambers, it is advisable to wear

the proper gloves. The inner wall liners were checked for material peels and

in order to clean the chamber. Samples were loaded either by opening the

top flange or the entire chamber section. The mechanical pump was started

for 15 minutes prior to deposition and then the fore-line angle valve in the

vacuum system was opened slowly. In preparation for any given deposition

run, the table-top was turned on with a recommended delay of 10 minutes

so as to allow for the mass flow controllers and the Baratron gauge to reach

a stable temperature of operation. It was important to make sure that the
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3.2. PECVD preparation of thin-film carbon

rf generator was turned on, appropriate gas bottles being opened in order

to allow for the compressed air to reach the system, and so as to ensure that

the water cooling was on. The mass-flow controller settings were edited for

appropriate gases, and the valves were opened briefly to remove any of the

previously accumulated gas before starting a given deposition, this being

done in order to avoid abrupt changes. The valves were opened for the

gases that were initially used to start the discharge.

For the depositions that were performed for the preparation of the thin-

films of carbon used for the purposes of this particular study, the process

started with argon followed by other active gases, which is advisable when

working at low pressures. The desired flow rate set-points were entered so

as to initiate the flow of gases. By applying rf power, the substrate biasing

process was initiated. It was noted that a very low DC bias voltage resulted

in a soft coating and that a very high value sputtered the material instead

of coating it onto the underlying substrate.

Biasing acted as a substrate cleaning process, initially when done in

argon. The reflected power was kept close to zero and attention was paid

to the plasma discharge process. The rf power was disabled and, at the

end of the process, the automatic pressure control mode was stopped before

opening the fore-line angle valves. The samples were given some time to

cool down before retrieving, while allowing for small amounts of argon to

flow into the chamber. The mechanical pump was stopped and the vent

valve was opened briefly in order to bring the chamber up to atmospheric

pressure.

During the deposition itself, the steps performed were: (1) creating a gas

flow, (2) hydrogen cleaning, (3) argon cleaning, (4) TMS layer deposition,

(5) DLC layer deposition, and (6) shutting everything off. The Pirani gauge
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3.3. Sputtering preparation of thin-film carbon

was used in order to measure the vacuum pressure (in Torr) throughout the

deposition process. The Baratron gauge was used in order to examine the

overall pressure (in Torr), the argon flow (in sccm), the hydrogen flow (in

sccm), the hexane flow (in sccm), and the TMS flow (in sccm). Some of

the thin-film carbon samples, used for the purposes of this analysis, were

prepared using this approach. The deposition parameters, used for these

sample preparations, are tabulated in Tables 3.1, 3.2, and 3.3.

3.3 Sputtering preparation of thin-film carbon

Thin-film carbon samples used for the purposes of this analysis were

also prepared through the use of magnetron sputtering. Figure 3.3 provides

a pictorial representation of the key components inside such a deposition

system. The machine used for the preparation of these thin-films is an rf

and dc magnetron sputtering machine, manufactured by Anatech Ltd. more

than a decade ago, namely, the Hummer XII. This system can be controlled

manually, with analog knobs adjusting the parameters for the deposition of

the thin-films. Human interaction, or visual inspection, is required, as the

machine will not automatically regulate the process variables to a set-point.

It should be noted that the lack of a closed-loop system also introduces

inaccuracies while regulating the analog knobs. The top lid of the chamber

needs to be opened each time for sample insertion, as a load-lock, or an

auxiliary chamber, does not exist. This also causes exposure to oxygen and

other contaminants during each run. It can be challenging to maintain all

of the process parameters exactly the same during each run.

Generally, the sputtering process can be divided into four stages, which

are: (1) the start-up phase, (2) the rf argon plasma cleaning process, (3) the
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3.3. Sputtering preparation of thin-film carbon

Table 3.1: Deposition parameters for the PECVD prepared samples, AW128,
AW129, and AW130.

Sample
Step
name

Duration
(min)

Power
(W)

Argon
flow

(sccm)

Hydrogen
flow

(sccm)

Hexane
flow

(sccm)

TMS
flow

(sccm)

AW128

Create
gas flow

15 0 5 8 0 0

Hydrogen
cleaning

600 250 4 4 0 0

Argon
cleaning

600 250 4 0 0 0

TMS
layer

600 120 8 0 0 5

DLC
layer

1800 200 2 0 4 0

Shut off
everything

17 0 0 0 0 0

AW129

Create
gas flow

15 0 5 8 0 0

Hydrogen
cleaning

600 250 4 4 0 0

Argon
cleaning

600 250 4 0 0 0

TMS
layer

600 120 18 0 0 18

DLC
layer

1800 200 18 0 17.9 0

Shut off
everything

17 0 0 0 0 0

AW130

Create
gas flow

15 0 5 8 0 0

Hydrogen
cleaning

600 250 4 4 0 0

Argon
cleaning

600 250 4 0 0 0

TMS
layer

600 120 18 0 0 18

DLC
layer

1800 200 18 0 17.9 0

Shut off
everything

17 0 0 0 0 0
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Table 3.2: Deposition parameters for the PECVD prepared samples, AW133,
AW135, and AW143.

Sample
Step
name

Duration
(min)

Power
(W)

Argon
flow

(sccm)

Hydrogen
flow

(sccm)

Hexane
flow

(sccm)

TMS
flow

(sccm)

AW133

Create
gas flow

15 0 5 8 0 0

Hydrogen
cleaning

600 250 4 4 0 0

Argon
cleaning

600 250 4 0 0 0

TMS
layer

600 120 18 0 0 18

DLC
layer

1800 200 18 0 17.9 0

Shut off
everything

17 0 0 0 0 0

AW135

Create
gas flow

15 0 5 8 0 0

Hydrogen
cleaning

600 250 4 4 0 0

Argon
cleaning

600 250 4 0 0 0

TMS
layer

600 120 9 0 0 9

DLC
layer

1800 200 9 0 9 0

Shut off
everything

17 0 0 0 0 0

AW143

Create
gas flow

15 0 5 8 0 0

Hydrogen
cleaning

600 250 4 4 0 0

Argon
cleaning

600 250 4 0 0 0

TMS
layer

600 100 12 0 0 12

DLC
layer

1800 100 12 0 12 0

Shut off
everything

17 0 0 0 0 0
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3.3. Sputtering preparation of thin-film carbon

Figure 3.3: A pictorial representation of the components of a sputtering
deposition system. Created by Ashraf Ahsan, used by permission. The
online version of this figure is depicted in color.
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3.3. Sputtering preparation of thin-film carbon

Table 3.3: Deposition parameters for the PECVD prepared sample, AW145.

Sample
Step
name

Duration
(min)

Power
(W)

Argon
flow

(sccm)

Hydrogen
flow

(sccm)

Hexane
flow

(sccm)

TMS
flow

(sccm)

AW145

Create
gas flow

15 0 5 8 0 0

Hydrogen
cleaning

600 250 4 4 0 0

Argon
cleaning

600 250 4 0 0 0

TMS
layer

600 120 18 0 0 18

DLC
layer

1800 150 18 0 17.9 0

Shut off
everything

17 0 0 0 0 0

sputtering stage, and (4) the shut-down sequence. The samples in use had

to be mechanically polished with a bung machine initially. This is done

so as to ensure a shiny and smooth surface, which directly relates to the

glossiness of the resultant carbon thin-films. Two types of ultrasonic baths

came into action here, where the first mixture is hot water with all purpose

cleaner for about 20 minutes so as to get rid of the dirt accumulated while

polishing. The latter contains pure acetone so as to remove residual organic

components, if any. In order to allow the substrates to dry in a streak-free

way, the samples are then swung on a cord. Overall, these steps ensure

that the samples are not touched by human hands during and following the

cleaning process.

As depicted in Figure 3.4, the vacuum chamber consists of an rf plate,

which can be covered with a shutter, a target with a shutter in front, a

rotational ring holder, a temperature gauge, and a heater. The substrates

are then kept in this vacuum chamber by applying a vacuum pressure of

1.3 × 10−4 Torr so as to reduce the amount of oxygen. It is not possible
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3.3. Sputtering preparation of thin-film carbon

Figure 3.4: The basic components inside of the sputtering apparatus. This
image is from Laumer [44], used by permission. The online version of this
figure is depicted in color.
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3.3. Sputtering preparation of thin-film carbon

to entirely remove contamination, hence, an argon based plasma cleaning

process is carried out in order to clean the substrate of oxygen on a molec-

ular level. The chamber is then filled with an argon gas flow of around 75

sccm, which is ionized with an rf power of 200 W at 13.56 MHz. Argon

ions bombard the surface to remove foreign molecules without any chemical

reaction. The surface becomes rough after this bombardment, and this im-

proves the adhesion. After this rf cleaning process for about 85 minutes, a

water drop can slide perfectly down the surface without sticking, unlike the

uncleaned surfaces. The process begins with the polishing and the cleaning

of the substrates followed by ultrasonic cleaning.

After pumping down the chamber, an rf cleaning process is carried out.

The rf cleaning is suspended to start pre-sputtering in the system. The gun

shutter is opened when the pre-sputtering ends. It is then time to stop the

sputtering and switch-off the turbo pump followed by the cool-down process.

All switches are turned-off before opening the chamber. As described in

this section, the samples were placed inside the chamber after cleaning the

substrate. The power and gas supplies were then turned-on, followed by the

pumping down to a vacuum level of about 1.3 × 10−4 Torr. The rf argon

plasma process was then started and when the surface has been cleaned,

the samples were then allowed to cool down. The sputtering process was

then initiated by allowing an argon gas flow of 12.5 sccm with a deposition

pressure of 1 mTorr. Eventually, a proper shut-down sequence was carried

out followed by the venting of the chamber in order to complete the coating

process. During this whole process, the parameters that can be manually

controlled are the choice of using a dc power excitation at 200 W or an

rf power excitation at 200 W, the gas flow rates, the deposition times, the

temperature of the substrate, and the distance between the sputtering gun to
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3.4. Raman spectroscopy

the substrate. Each sample is labeled according to the experimental number

for the deposition run used for the preparation of the carbon thin-films.

The samples that were prepared for the purposes of this study, using the

above mentioned method, and their corresponding deposition parameters,

are provided in Table 3.4.

3.4 Raman spectroscopy

3.4.1 Machine and parameters

The Raman spectra reported in this thesis have all been acquired using

the LabRAM HR Raman Confocal Microscope, this apparatus being shown

in Figures 3.5 and 3.6, which has both helium-cadmium and helium-neon

lasers, both manufactured by Horiba Scientific. This machine supports ex-

citation using source wavelengths which are set to 325.000 (HeCd laser with

power output of 2 - 50 mW), 441.557 (HeCd laser with power output of 14 -

180 mW), and 632.817 nm (He-Ne laser with power output of 17 mW). Two

calibrations are needed for the purposes of these measurements. The first

one involves a calibration of the spectral axis and the second one requires

the user to run a standard crystalline silicon sample to make sure that the

peak is located exactly at 520.7 cm−1, as shown in Figures 3.7 and 3.8.

To acquire a given Raman spectrum, it is necessary to check the switch

box power indicator, which should be on at all times, and can be found on

the backside of the box, as seen in Figure 3.6. The laser must be turned-on

using the laser keys, which remains inside the keyhole during the operation.

It takes a minute for the current to ramp up to 0.8× 100 mA, during which

the light inside the laser tube can be seen and the fan starts to run. The red

indicator should stay on and within two minutes the system should produce
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Table 3.4: Deposition parameters for the sputtered samples.

Steps
Samples

MS115 MS213 MS217

Sputtering
target materials

Carbon Carbon Carbon

Gun-substrate
distance (mm)

60 50 50

Power
(W)

rf 200 rf 200 dc 200

Gas flow during
sputtering (sccm)

12.5 12.5 12.5

Duration of
pumping gas out
(min)

62 75 86

RF cleaning
duration (min)

30 30 30

Pre-sputtering
duration (min)

5 5 5

Pre-sputtering
temperature (◦C)

30 32 17

Sputtering
duration (min)

120 120 120

Sputtering
temperature (◦C)

76 72 70
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3.4. Raman spectroscopy

Figure 3.5: The front view of the LabRAM HR Raman confocal micro-
scope that was manufactured by Horiba Scientific. This image is captured
by Ashraf Ahsan, used by permission. The online version of this figure is
depicted in color.
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Figure 3.6: The back-view of the LabRAM HR Raman confocal microscope
by Horiba Scientific. This image is captured by Ashraf Ahsan, used by
permission. The online version of this figure is depicted in color.
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Figure 3.7: The sample placement for Raman spectroscopy. This image is
captured by Ashraf Ahsan, used by permission. The online version of this
figure is depicted in color.
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Figure 3.8: This image shows the sample placement and the working posi-
tion for the LabRAM HR Raman confocal microscope by Horiba Scientific.
The author is presented in this image, captured by permission. The online
version of this figure is depicted in color.
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laser light. An indicator bar can be pushed or pulled to get the desired UV

or visible Raman measurement, respectively. Meanwhile, the computer and

the monitor attached to it should be turned on to open LabSpec 5. It is

advised to check the height of the optical lenses before mounting the sample

in order to avoid scratches on both surfaces. The lens can be raised by

turning the knob towards the user. The top light, which is also known as

the reflection light, needs to be turned-on. It is possible to switch to camera

mode and a microscopic image can be seen by clicking on the Video icon on

the LabSpec 5 tool-bar.

As the laser might be too strong at times, it is required to use a density

filter in order to lower the laser light intensity and to see the surface fea-

tures under white light illumination. The density filter numbers represent

the optical density OD = log (power transmission factor), where 0 refers to

the absence of a density filter, D 1 refers to 10 %, D 0.6 refers to 25 %, D

0.3 refers to 50 % transparency, respectively. After completing the exper-

iment, the lens must be raised to unload the sample. The laser must be

turned-off and the data must be saved before turning off the computer. The

parameters which can play a key role in Raman spectroscopic results are the

excitation source wavelength, the magnification of the lens, the observation

time, the number of cycles for the experiment, the filter size, the spot size,

the grating, the numerical aperture, the applied power, the spectral resolu-

tion, and the Raman-shift range. Table 3.5 gives the list of the parameters

to be considered when acquiring a given Raman spectrum.
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Table 3.5: Parameters for the Raman analysis on the samples.
Deposition

type
Sample

Wavelength
(nm)

Filter Cycle
Time
(sec)

Magnification Hole Grating

PECVD

AW128
325 0 1 150 40 250 2400
442 D 0.3 3 20 50 250 2400
633 - 3 20 100 - 1800

AW129
325 0 1 150 40 250 2400
442 D 0.6 3 20 50 250 2400
633 - 3 20 100 - 1800

AW130
325 0 1 200 40 250 2400
442 D 0.6 3 20 50 250 2400
633 - 3 20 100 - 1800

AW133
325 0 1 100 40 250 2400
442 D 0.6 3 20 50 250 2400
633 - 3 20 100 - 1800

AW135
325 0 1 200 40 250 2400
442 D 0.6 3 20 50 250 2400
633 - 3 20 100 - 1800

AW143
325 0 1 150 40 250 2400
442 D 1 3 20 50 250 2400
633 - 3 60 100 - 1800

AW145
325 0 1 200 40 250 2400
442 D 1 3 20 50 250 2400
633 - 3 20 100 - 1800

PVD

MS115
325 D 0.3 3 200 40 250 2400
442 D 0.6 3 20 50 250 2400
633 - 2 20 20 - 1800

MS213
325 0 1 150 40 250 2400
442 D 1 3 20 50 250 2400
633 - 3 20 20 - 1800

MS217
325 0 1 200 40 250 2400
442 D 1 3 20 50 250 2400
633 - 3 20 20 - 1800
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3.5 Data processing

3.5.1 Baseline correction

Experimental measurements are susceptible to noise and Raman mea-

surements are also affected by the presence of a baseline1. Researchers in

the field have adapted a common practice in order to compensate for the

presence of this baseline, known as baseline correction. Baseline correction

is performed before any further spectral analysis. The process of baseline

correction is described below.

The baseline observed in the spectral response of any experimental mea-

surement is corrected by subtracting the so-called baseline from the unpro-

cessed data. The Raman spectra of all of the samples considered in this

analysis have been measured from 800 to 2000 cm−1. It is observed that se-

lecting the baseline, spanning from 1000 to 1800 cm−1, yielded satisfactory

baseline correction. This range was suggested by Zhao et al. [82]. For the

purposes of this research, a simplified process of baseline correction, which

includes the drawing of a straight line from around 1000 cm−1 to about 1800

cm−1, as suggested by Zhao et al. [82], was employed in order to subtract

the baseline from the unprocessed Raman spectra. Different researchers

have used their own approach to this problem, but the essence remains the

same, and the data is baseline corrected by removing the baseline caused by

the noise present from the unprocessed data.

1The baseline arises from dust in the air, electronic noise, imperfections in the optics,
the presence of the underlying substrate, and a variety of other factors.
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3.5. Data processing

3.5.2 Peak fitting

The general consensus in the field of Raman spectroscopy related to

carbon thin-films is that the sp2 and sp3 bond contents are roughly propor-

tional to the integrated area or the amplitude of their corresponding peaks.

The integrated intensity ratio of the D- (∼ 1350 cm−1) and G-peaks (∼

1580 cm−1) provide insights into the sp2 to sp3 bonding ratio within car-

bon thin-films. If it is accepted that sp2 bonds lead to the appearance of

the G-peak and that sp3 bonds lead to the presence of D-peak, then the

overall baseline corrected data must be the sum of both these peaks. Conse-

quently, peak fitting provides a means of identifying the fraction of sp2 and

sp3 bonding.

A variety of peak fitting profiles are available and the nature of the

observed peaks governs one’s choice of peak profile selection. Based on the

amount of noise in the Raman spectra of thin-films of carbon, the peaks are

often assumed to be Gaussian functions, i.e., the form of each peak is of the

form

Ae−(x−m)2/2σ2
, (3.1)

where A denotes the amplitude of the peak, m refers to the peak location,

and σ provides a measure of the peak breadth. Therefore, I fit the acquired

Raman spectral data to the sum over two Gaussian peak, i.e.,

ADe
−(x−mD)2/2σ2

+AGe
−(x−mG)2/2σ2

, (3.2)

to the baseline corrected Raman spectra, where the peak amplitudes of the

D- and G-peaks are denoted as AD and AG, respectively, the peak locations

are represented by mD and mG, and their breadths are represented by σD
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3.5. Data processing

and σG.

Assuming that the baseline corrected data corresponds to the sum over

two selected Gaussian fitted peaks, as seen in Eq. (3.2), the analysis is

performed within the framework of the least-squares-error analysis, i.e., it

aims to minimize the difference between the baseline corrected data and the

sum over the two peaks through the selection of the fitting parameters, i.e.,

AD, AG, mD, mG, σD, and σG, so as to minimize this error.

Several researchers assert that peak magnitudes should be considered

to study thin-film bonds, whereas others believe that the peak integration,

or the area underlying the peaks, instead should be focused upon. For the

purposes of this thesis, both approaches are considered. In particular, the

integrated intensities, ID/IG, as well as the peak amplitudes, AD/AG, are

considered; where

ID =

∫ ∼1800 cm−1

∼1000 cm−1

[Ae−(x−mD)2/2σ2
D ] dx, (3.3)

for the D-peak, and

IG =

∫ ∼1800 cm−1

∼1000 cm−1

[Ae−(x−mG)2/2σ2
G ] dx, (3.4)

for the G-peak.

In this thesis, I aim to determine if there is a relationship between

AD/AG and ID/IG and, if such a relationship exists, if it is related to the

source wavelength.
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Chapter 4

Analysis

4.1 Overview

Thin-films of carbon are presently being used for military, decorative,

and industrial applications [25, 46, 57]. The deposition conditions used for

the preparation of these thin-films of carbon have been shown to play a crit-

ical role in determining the properties of the resultant materials. Depending

on the particular application at hand, the right deposition technique should

be employed. If hardness is a priority, for example, it is essential to deposit

hydrogen-free forms of thin-film carbon [57]. In the case of wear-and-tear

resistant applications of thin-film carbon, however, CVD processes, which

mostly lead to hydrogenated forms of thin-film carbon, offer better perfor-

mance [83].

Raman spectroscopy is often used in studies of thin-film carbon. In

Raman spectroscopy, an incident beam of light interacts with the vibrating

molecules of the sample under investigation. A certain fraction of these

interactions will engage in inelastic interactions, the energy of the photons

within the emitted light being less than or greater than those in the incident

light. This increase or decrease in the energy of the photons within the re-

emitted light (as compared with the incident light) leads to a shift in the

corresponding wavelength. It is this shift in the wavelength of the light that
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4.1. Overview

is measured in a determination of a given Raman spectrum.

The form of the Raman spectrum is determined by a variety of fac-

tors. The dependence of the Raman spectra on the source wavelength,

while widely recognized, has yet to receive much attention in the thin-film

carbon scientific literature. This is regrettable, as materials, such as thin-

film carbon, are known to exhibit very different responses based on the

source wavelength. In this analysis, I aim to quantitatively examine this

dependence. Hopefully, through such a study, a greater understanding of

the Raman response of thin-film carbon will be developed.

In this chapter, I aim to quantitatively examine how the spectral form

of the Raman response of samples of thin-film carbon vary in response to

changes in the source wavelength. In order to do this, the Raman spectra,

associated with a wide variety of thin-film carbon samples, are considered.

The particular focus of this analysis will be on the relationship between the

D- and G-peak amplitude ratio and the corresponding integrated intensity

ratio, with a critical examination as to whether or not such a relationship

exists. The dependence of this relationship on the source wavelength will

also be examined.

This chapter is organized in the following manner. The expected vari-

ations in the Raman responses are discussed in Section 4.2. Then, in Sec-

tion 4.3, a brief description of the examined samples is given. In Section 4.4,

the procedure employed in order to perform a Raman analysis is then pre-

sented. Then, the unprocessed Raman spectra, baseline identification, and

the peak fitting process followed by their interpretation, is discussed in Sec-

tions 4.5, 4.6, and 4.7, respectively, for the representative samples, AW128

and MS115. Finally, a summary of the acquired Raman results is presented

in Section 4.8.
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4.2. Variations in the Raman response

4.2 Variations in the Raman response

The source wavelength plays a critical role in determining the form of the

Raman spectral response. First, the interactions that occur with the various

peaks that are present within thin-film carbon are critically dependent upon

the source wavelength, the cross-section associated with each peak being a

function of the source wavelength and the peak location, i.e., certain peaks

may be more enhanced than others. Second, the transmission of the optical

signals through a given material attenuate, and this rate of attenuation de-

pends upon the source wavelength. In Figure 4.1, the spectral dependence

of the optical absorption coefficient, associated with a representative sam-

ple of thin-film carbon, is depicted. The result suggests that the Raman

response associated with the larger source wavelength will be able to probe

deeper regions of thin-film carbon while the Raman response associated with

a smaller source wavelength will only be able to probe the surface regions of

thin-film carbon2. Thus, different source wavelengths probe different regions

of thin-film carbon.

In order to set the stage for the type of study that will be conducted, the

case of thin-film silicon is introduced. In Figures 4.2 and 4.3, I depict Ra-

man spectra corresponding to a layer of hydrogenated nano-crystalline sili-

con (nc-Si:H), prepared using a modified very-high-frequency glow-discharge

technique. In Figure 4.2, the Raman spectral response of the nc-Si:H sam-

ple corresponding to a 532 nm source light is depicted, this light only probing

2Based on the spectral dependence of the optical absorption coefficient depicted in
Figure 4.1, it is estimated that the penetration depths corresponding to a light source at
325, 442, and 633 nm are about 100, 1000, and 5000 nm, respectively. Given that our
thin-films of carbon are about 5 µm in thickness, this suggests that the different Raman
sources are probing different regions of the thin-film. Thus, variations in the corresponding
Raman spectra are to be expected.
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4.2. Variations in the Raman response

Figure 4.1: A representative optical absorption spectrum associated with
thin-film carbon [84]. Digitized by Ashraf Ahsan, used by permission. The
online version of this figure is depicted in color.
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4.2. Variations in the Raman response

Figure 4.2: The Raman spectrum of a nc-Si:H sample excited using a
532 nm source wavelength [85]. Digitized by Ashraf Ahsan, used by permis-
sion.
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4.2. Variations in the Raman response

Figure 4.3: The Raman spectrum of a nc-Si:H sample excited using a
632.8 nm source wavelength [85]. This spectrum corresponds to the same
sample of thin-film silicon as that depicted in Figure 4.2. Digitized by Ashraf
Ahsan, used by permission.
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4.3. Description of the examined samples

the top layer of the nc-Si:H. A probing of the sample using a 633 nm source

light yields a very different Raman spectral response, as is seen in Figure 4.3.

This source light instead probes the bulk of the thin-film silicon layer. So,

large differences in the Raman spectral response are found for the case of

nc-Si:H using different source wavelength, these being observed by contrast-

ing Figure 4.2 with Figure 4.3. It is expected that a similar variation will

occur for the case of thin-film carbon.

Clearly, variations in the Raman spectral response of a given sample

of thin-film carbon, subjected to different source wavelengths, are to be

expected. Variations in the spectral dependence of the Raman spectrum

of a given sample in response to changes in the source wavelength arise

from variations in the cross-sections that occur and variations in the optical

absorption coefficient. The thin-films of carbon exhibit a large spectral

variation in the dependence of the optical assumption coefficient, and this

dependence is expected to have implications in terms of the form of its

Raman spectra. In particular, large source wavelengths, corresponding to

lower photon energies, are able to penetrate deeper into a given sample, and

thus, probe different regions of a given thin-film. The goal of this analysis is

to examine Raman spectra corresponding to thin-film carbon samples using

a variety of source wavelengths and to determine how this impacts upon the

relationship between AD/AG and ID/IG, if such a relationship exists at all.

4.3 Description of the examined samples

A large number of thin-film carbon samples were available for this study,

these samples being prepared by Mr. Jonathan Laumer. Some of the thin-

film carbon samples were prepared through the use of PECVD, others being
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4.3. Description of the examined samples

fabricated through magnetron sputtering. The Raman spectra, correspond-

ing to each thin-film carbon sample that was examined for the purposes of

this analysis, was determined by me. For each sample considered, these Ra-

man spectral measurements were performed, one for each available source

wavelength. Variations in the form of the Raman spectra are observed

amongst the form of the corresponding thin-film carbon Raman spectra

acquired for the purposes of this analysis.

In order to make the analysis manageable, I selected samples of thin-film

carbon that corresponded to the most easily interpretable Raman responses.

In particular, seven PECVD prepared samples and three magnetron sput-

tering prepared samples of thin-film carbon are chosen for the purposes of

this analysis, pictures of these samples being shown in Figures 4.4 and 4.5.

All samples of thin-film carbon had been deposited onto titanium rings.

The Raman spectrum associated with each sample is determined using the

three different available source wavelengths, i.e, 325, 442, and 633 nm, the

two later wavelengths being commonly found in the scientific literature. All

of the measurements are taken by projecting the Raman source beam onto

the middle of the sample. This was done in order to avoid the influence of

boundary effects that might be expected at the periphery of the thin-film

carbon coatings.

Thin-film carbon samples selected for the purposes of this analysis were

chosen for the clarity of their Raman response. It should be noted, however,

that some of the samples considered possessed Raman spectra that were

challenging to baseline correct. Most of these samples had a baseline with

a large slope. A picture of such a sample, and the corresponding Raman

spectral response, are depicted in Figures 4.6 and 4.7, respectively. This

large baseline slope is believed to be related to its high hydrogen content,
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4.3. Description of the examined samples

(a) AW128. (b) AW129.

(c) AW130. (d) AW133.

(e) AW135. (f) AW143.

(g) AW145.

Figure 4.4: The seven PECVD prepared samples analyzed for the purposes
of this work. Sample AW128 is the reference sample. These figures being
captured by Ashraf Ahsan, used by permission. The online version of these
figures is depicted in color.
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4.3. Description of the examined samples

(a) MS115.

(b) MS213.

(c) MS217.

Figure 4.5: The three magnetron sputtering prepared samples analyzed for
the purposes of this work. Sample MS115 is the reference sample. These
figures being captured by Ashraf Ahsan, used by permission. The online
version of these figures is depicted in color.
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4.4. Step-by-step guide to Raman data processing

as was suggested by Baby et al. [86].

For the purposes of this analysis, representative Raman spectra, corre-

sponding to the reference samples that had been produced through PECVD

and rf magnetron sputtering depositions, i.e., samples AW128 and MS115,

respectively, are presented in this analysis. One of the reasons is to keep the

analysis concise. The other reason is that these two samples show consis-

tent behaviour for all of the source wavelengths considered in this analysis

and represent trends noted for the other samples deposited using the same

techniques.

4.4 Step-by-step guide to Raman data processing

The Raman spectra, obtained through the use of different excitation

source wavelengths, corresponding to the thin-films of carbon considered in

this analysis, have all been acquired using a LabRAM HR system. This ma-

chine is equipped with an internal helium-neon laser, along with two individ-

ual helium-cadmium lasers which have been mounted on an extended chassis

at the back of the system, this machine being manufactured by Horiba Sci-

entific. The excitation source wavelengths considered are 325, 442, and 633

nm. The spectral data have all been acquired from 800 to 2000 cm−1. I se-

lected baselines that nominally span from about 1000 to around 1800 cm−1

and I found that I was able to obtain reasonably satisfactory baseline cor-

rection as a result. Typically, for the determination of the baseline, a line is

drawn over the spectral range considered and then this baseline is removed

from the uncorrected spectral data in order to perform baseline correction.

Once the Raman spectra have been acquired and baseline correction has

been performed, peak decompositions are pursued. In particular, I fit all of
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4.4. Step-by-step guide to Raman data processing

Figure 4.6: A picture of sample AW147. This is a picture of a representa-
tive thin-film carbon sample with a high baseline slope. This figure being
captured by Ashraf Ahsan, used by permission. The online version of this
figure is depicted in color.
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4.4. Step-by-step guide to Raman data processing

Figure 4.7: The unprocessed Raman spectral data associated with sample
AW147 for the source wavelength set to 442 nm. Created by Ashraf Ahsan,
used by permission. The online version of this figure is depicted in color.
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4.5. Unprocessed Raman spectral data

the acquired Raman spectral data with a sum over two peaks, one repre-

senting the D-peak, the other representing the G-peak. For the purposes of

this particular analysis, it will be assumed that the two observed peaks are

Gaussian functions, although it should be noted that other peak functional

forms could also be selected. From this peak fitted data, a number of param-

eters are acquired corresponding to the individual peaks, such as the peak

amplitude, the peak integrated intensity, the mean positions of both the D-

and G-peaks, the ratio of the peak amplitudes, i.e., AD/AG, and the ratio

of peak integrated intensities, i.e., ID/IG, respectively, being determined for

each thin-film carbon sample considered in this analysis.

4.5 Unprocessed Raman spectral data

The unprocessed Raman spectra, corresponding to the PECVD prepared

reference sample, AW128, are depicted in Figures 4.8, 4.9, and 4.10, these

spectra being determined using the 325, 442, and 633 nm Raman sources,

respectively.

The spectral data between 1000 and 2000 cm−1 are plotted, as this is the

region over which the important peaks required for this analysis are evident.

The D- and G-peaks, at around 1350 and 1580 cm−1, respectively, are dis-

tinctly noted in Figures 4.8, 4.9, and 4.10. As suggested by Zhao et al. [82],

these peaks represent the presence of sp2 and sp3 carbon bonding, respec-

tively. Two distinct peaks can be clearly observed when the sample under

consideration, AW128, is probed using the 325 nm source wavelength. It is

observed that when probed using the 442 nm source wavelength, however,

that the Raman spectrum exhibits a larger D-peak. This trend continues

with the 633 nm source wavelength, a much larger D-peak being observed
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4.5. Unprocessed Raman spectral data

Figure 4.8: The unprocessed Raman spectral data associated with sample
AW128 for the source wavelength set to 325 nm. The locations of D-peak
and G-peak are indicated with the arrows. Created by Ashraf Ahsan, used
by permission. The online version of this figure is depicted in color.
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4.5. Unprocessed Raman spectral data

Figure 4.9: The unprocessed Raman spectral data associated with sample
AW128 for the source wavelength set to 442 nm. The locations of D-peak
and G-peak are indicated with the arrows. Created by Ashraf Ahsan, used
by permission. The online version of this figure is depicted in color.
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4.5. Unprocessed Raman spectral data

Figure 4.10: The unprocessed Raman spectral data associated with sample
AW128 for the source wavelength set to 633 nm. The locations of D-peak
and G-peak are indicated with the arrows. Created by Ashraf Ahsan, used
by permission. The online version of this figure is depicted in color.
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4.5. Unprocessed Raman spectral data

for this case, i.e., it almost merges with the G-peak for this particular case,

making it challenging to distinguish between the two separate peaks. It

should be noted that both the D- and G-peak positions of the benchmark

sample, AW128, tend to decrease in wave-number, i.e., exhibit a horizontal

shift towards the left, in response to an increase in the Raman source wave-

length; the locations of the D- and G-peaks are indicated with the arrows

in Figures 4.8, 4.9, and 4.10.

Unprocessed Raman spectra, corresponding to the rf magnetron sputter-

ing reference sample, MS115, are depicted in Figures 4.11, 4.12, and 4.13,

these spectra being determined using the 325, 442, and 633 nm Raman

sources, respectively. The spectral data between 1000 and 2000 cm−1 are

plotted, as this is the region over which the important peaks required for this

analysis are apparent. The D- and G-peaks, around 1350 and 1580 cm−1,

respectively, are noted in Figures 4.11, 4.12, and 4.13. As was mentioned

before, according to the suggestion of Zhao et al. [82], these peaks repre-

sent the presence of sp2 and sp3 carbon bonding, respectively. While the

spectral data acquired with the 325 nm source wavelength exhibits greater

levels of noise than that associated with the other Raman spectra, two dis-

tinct peaks are clearly observed for this source wavelength corresponding to

this particular sample, MS115. It is observed that when probed using the

442 nm source wavelength, the Raman data is less noisy and shows a larger

D-peak. This trend continues with the 633 nm source wavelength, a much

larger D-peak being observed for this case, this particular spectral data be-

ing smooth compared with the other Raman spectra; I take this to suggest

that this spectrum corresponding to this particular sample is the one with

the least noise amongst the three spectra considered. It should be noted that

both the D- and G-peak positions of the benchmark sample, MS115, tend
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4.5. Unprocessed Raman spectral data

Figure 4.11: The unprocessed Raman spectral data associated with sample
MS115 for the source wavelength set to 325 nm. The locations of D-peak
and G-peak are indicated with the arrows. Created by Ashraf Ahsan, used
by permission. The online version of this figure is depicted in color.
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Figure 4.12: The unprocessed Raman spectral data associated with sample
MS115 for the source wavelength set to 442 nm. The locations of D-peak
and G-peak are indicated with the arrows. Created by Ashraf Ahsan, used
by permission. The online version of this figure is depicted in color.
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4.5. Unprocessed Raman spectral data

Figure 4.13: The unprocessed Raman spectral data associated with sample
MS115 for the source wavelength set to 633 nm. The locations of D-peak
and G-peak are indicated with the arrows. Created by Ashraf Ahsan, used
by permission. The online version of this figure is depicted in color.
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to decrease in wave-number, i.e., exhibit a horizontal shift towards the left,

in response to an increase in the Raman source wavelengths; the locations

of the D- and G-peaks are indicated with the arrows in Figures 4.11, 4.12,

and 4.13.

4.6 Identification of the baseline

Prior to peak decomposition, a given Raman spectrum must be baseline

corrected. This involves identifying the baseline itself and then removing

it from the corresponding spectrum. There are a number of ways through

which baseline correction can be performed, the essence being the same for

all. A simplified one, which involves the drawing of a straight line from

about 1000 cm−1 to around 1800 cm−1, as suggested by Zhao et al. [82], is

employed here. Subsequently, a process of normalization is performed on the

baseline corrected data. It involves the linear mapping of every amplitude

value to a normalized amplitude, where the highest value is mapped to 1

and the lowest value to 0 [87]. Baseline identification, corresponding to the

normalized Raman spectra, for the case of the PECVD deposited reference

sample, AW128, are depicted in Figures 4.14, 4.15, and 4.16, for the spec-

tra acquired using source wavelengths 325, 442, and 633 nm, respectively.

Baseline identification, corresponding to normalized Raman spectra, for the

case of the magnetron sputtering reference sample, MS115, are depicted in

Figures 4.17, 4.18, and 4.19, for the spectra excited using the source wave-

lengths 325, 442, and 633 nm, respectively.

The normalized and baseline identified Raman spectral data correspond-

ing to the PECVD reference sample, AW128, are depicted in Figures 4.14,

4.15, and 4.16 for the spectra acquired using the Raman source wavelengths
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325, 442, and, 633 nm, respectively. The normalized and baseline identified

Raman spectral data corresponding to the magnetron sputtered reference

sample, MS115, are depicted in Figures 4.17, 4.18, and 4.19, for the spectra

acquired using the source wavelengths 325, 442, and 633 nm, respectively.

All of the other normalized and baseline identified Raman spectra, corre-

sponding to the other thin-films of carbon considered in this analysis, exhibit

a similar behavior.

4.7 Peak fitting and interpretation

With the Raman spectral data baseline corrected and normalized, one

can now decompose these spectra into a sum over two peaks, one repre-

senting the D-peak and the other representing the G-peak. Typically, this

is done by fitting a sum over two peaks to the baseline corrected and nor-

malized experimental spectral data. A least-squares fit criterion is usually

employed in resolving the two-peak fittings, the peak fitting parameters,

corresponding to the magnitude, the position, and the breadth of the peaks,

being selected in such a manner so as to minimize the difference between the

sum over the two peaks and the experimentally acquired baseline corrected

and normalized spectra. Thus far, researchers have fit thin-film carbon Ra-

man spectral data using Gaussian, Gaussian-Lorentzian, Lorentztian, and

many other types of peak fitting profiles. The nature of the Raman peaks

governs the type of fitting profile that should be employed [88].

Based on the amount of noise observed in the Raman spectra, the Gaus-

sian fit was determined to be adequate for the purposes of this particular

analysis. Within the context of this selection, the form of each peak is of
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4.7. Peak fitting and interpretation

Figure 4.14: Baseline identification for the case of the normalized Raman
spectral data associated with sample AW128 for the source wavelength set to
325 nm. Created by Ashraf Ahsan, used by permission. The online version
of this figure is depicted in color.
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Figure 4.15: Baseline identification for the case of the normalized Raman
spectral data associated with sample AW128 for the source wavelength set to
442 nm. Created by Ashraf Ahsan, used by permission. The online version
of this figure is depicted in color.
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Figure 4.16: Baseline identification for the case of the normalized Raman
spectral data associated with sample AW128 for the source wavelength set to
633 nm. Created by Ashraf Ahsan, used by permission. The online version
of this figure is depicted in color.
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Figure 4.17: Baseline identification for the case of the normalized Raman
spectral data associated with sample MS115 for the source wavelength set to
325 nm. Created by Ashraf Ahsan, used by permission. The online version
of this figure is depicted in color.
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4.7. Peak fitting and interpretation

Figure 4.18: Baseline identification for the case of the normalized Raman
spectral data associated with sample MS115 for the source wavelength set to
442 nm. Created by Ashraf Ahsan, used by permission. The online version
of this figure is depicted in color.
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Figure 4.19: Baseline identification for the case of the normalized Raman
spectral data associated with sample MS115 for the source wavelength set to
633 nm. Created by Ashraf Ahsan, used by permission. The online version
of this figure is depicted in color.
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4.7. Peak fitting and interpretation

the form

Ae−(x−m)2/2σ2
, (4.1)

where A denotes the amplitude of peak, m refers to the peak location, and

σ provides measure of the peak breadth. Therefore, for the purposes of this

analysis, the sum over two Gaussian peaks, i.e.,

ADe
−(x−mD)2/2σ2

+AGe
−(x−mG)2/2σ2

, (4.2)

is fit to the baseline corrected normalized Raman spectra, where the peak

amplitudes of D- and G-peaks are denoted as AD and AG, respectively, the

peak locations are represented by mD and mG, and the peak breadths are

σD and σG, respectively.

Peak fittings, for the baseline corrected and normalized Raman spectra,

corresponding to the PECVD reference sample, AW128, are depicted in

Figures 4.20, 4.21, and 4.22, these spectra being acquired using the 325,

442, and 633 nm Raman sources, respectively; Figures 4.8, 4.9, and 4.10

depict the corresponding unprocessed Raman spectra. The results acquired

are representative of that expected for the case of thin-film carbon, i.e., a

broad D-peak followed by a sharp and narrow G-peak.

Peak fittings, for the baseline corrected and normalized Raman spectra,

corresponding to the magnetron sputtering reference sample, MS115, are

depicted in Figures 4.23, 4.24, and 4.25, these spectra being determined

using the 325, 442, and 633 nm Raman sources, respectively; Figures 4.11,

4.12, and 4.13 depict the corresponding unprocessed Raman spectra. The

results acquired are representative of that expected for the case of thin-film

carbon, i.e., a broad D-peak followed by a sharp and narrow G-peak.
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Figure 4.20: Raman interpretation of AW128 obtained using a 325 nm laser
wavelength with baseline removal. The baseline corrected and normalized
Raman spectral data associated with sample AW128 is depicted. A peak
fitted result, corresponding to this baseline corrected and normalized data,
is depicted, the peaks being Gaussian in nature. Created by Ashraf Ahsan,
used by permission. The online version of this figure is depicted in color.
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Figure 4.21: Raman interpretation of AW128 obtained using a 442 nm laser
wavelength with baseline removal. The baseline corrected and normalized
Raman spectral data associated with sample AW128 is depicted. A peak
fitted result, corresponding to this baseline corrected and normalized data,
is depicted, the peaks being Gaussian in nature. Created by Ashraf Ahsan,
used by permission. The online version of this figure is depicted in color.
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Figure 4.22: Raman interpretation of AW128 obtained using a 633 nm laser
wavelength with baseline removal. The baseline corrected and normalized
Raman spectral data associated with sample AW128 is depicted. A peak
fitted result, corresponding to this baseline corrected and normalized data,
is depicted, the peaks being Gaussian in nature. Created by Ashraf Ahsan,
used by permission. The online version of this figure is depicted in color.

96



4.7. Peak fitting and interpretation

Figure 4.23: Raman interpretation of MS115 obtained using a 325 nm laser
wavelength with baseline removal. The baseline corrected and normalized
Raman spectral data associated with sample MS115 is depicted. A peak
fitted result, corresponding to this baseline corrected and normalized data,
is depicted, the peaks being Gaussian in nature. Created by Ashraf Ahsan,
used by permission. The online version of this figure is depicted in color.
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Figure 4.24: Raman interpretation of MS115 obtained using a 442 nm laser
wavelength with baseline removal. The baseline corrected and normalized
Raman spectral data associated with sample MS115 is depicted. A peak
fitted result, corresponding to this baseline corrected and normalized data,
is depicted, the peaks being Gaussian in nature. Created by Ashraf Ahsan,
used by permission. The online version of this figure is depicted in color.
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Figure 4.25: Raman interpretation of MS115 obtained using a 633 nm laser
wavelength with baseline removal. The baseline corrected and normalized
Raman spectral data associated with sample MS115 is depicted. A peak
fitted result, corresponding to this baseline corrected and normalized data,
is depicted, the peaks being Gaussian in nature. Created by Ashraf Ahsan,
used by permission. The online version of this figure is depicted in color.
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4.8. Discussion

As was mentioned in Section 4.6, selecting the baseline, spanning from

around 1000 cm−1 to about 1800 cm−1, provides a satisfactory baseline

correction for both of the benchmark samples, i.e., AW128 and MS115.

4.8 Discussion

The dependence of the integrated intensity ratio, ID/IG on the amplitude

intensity ratio, AD/AG, is now examined. In Figures 4.26, 4.27, and 4.28,

the dependence of ID/IG on AD/AG, for the samples considered in this

analysis, is considered.

Results corresponding to each sample considered, for the three different

source wavelengths employed, i.e., 325, 442, and 633 nm, are plotted in

this figure. It is noted that there is indeed a relationship corresponding

to each source wavelength. It is noted that increased AD/AG corresponds

to increased ID/IG, for all source wavelengths considered. In particular,

a linear least-squares error fit demonstrates a linear relationship between

AD/AG and ID/IG. In particular, least-squares fits demonstrate that

ID
IG

= 5.2
AD
AG

+ (−0.87), (325 nm) (4.3)

ID
IG

= 3.54
AD
AG

+ (−0.49), (442 nm) (4.4)

ID
IG

= 2.59
AD
AG

) + (−0.43), (633 nm) (4.5)

where Eqs. (4.3), (4.4), and (4.5), correspond to the source wavelengths 325,

442, and 633 nm, respectively. The slope of this relationship decreases as

the source wavelength is increased, as can be seen in Figure 4.27. It is also

noted that the data points for the 325 nm measurements are the most tightly
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Figure 4.26: The relationship between the AD/AG and ID/IG, for both
PECVD and rf and dc magnetron sputtering prepared samples of thin-film
carbon. Created by Ashraf Ahsan, used by permission. The online version
of this figure is depicted in color.
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4.8. Discussion

Figure 4.27: Relationship for the slope of the amplitude ratio of D- and G-
peaks with the integrated intensity ratio of D- and G-peaks for both PECVD
and rf and dc magnetron sputtering samples, for each source wavelength.
The online version of this figure is depicted in color.

Figure 4.28: Relationship for the adjusted R-squared value of the slopes of
the amplitude ratio of D- and G-peaks with the integrated intensity ratio
of D- and G-peaks for both PECVD and rf and dc magnetron sputtering
samples, for each source wavelength. The online version of this figure is
depicted in color.
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distributed about the corresponding linear least-square fit. The variations

about this linear relationship get more scattered as the source wavelength is

increased. Hence, the 633 nm data points are less tightly distributed about

the corresponding linear least-squares fit result compared to the 325 nm mea-

surements. The relationship for the adjusted R-squared value of the slopes of

the amplitude ratio of D- and G-peaks with the integrated intensity ratio of

D- and G-peaks for both PECVD and rf and dc magnetron sputtering sam-

ples, for each source wavelength, has been statistically evaluated to measure

how closely the data are located to the linear least-squares fit, as can be seen

in Figure 4.28. It should be noted that an adjusted R-squared of 1 means

that all the data points are exactly on the line of best fit3. From Figure 4.28,

it is seen that the proportion of variance in the ID/IG can be correlated and

predicted from the AD/AG, where the 325 nm source wavelength produces

a stronger correlation compared with the 442 nm source wavelength, which

in turn tends to produces a stronger correlation compared with the 633 nm

source wavelength.

The thin-film carbon literature suggests that both ID/IG and AD/AG

are directly related to the material properties of the thin-films of carbon.

Table 4.1 contains the important parameters corresponding to the PECVD

samples. The table consists of the sample numbers, the powers supplied to

the chamber during the TMS layer deposition step, and the DLC layer step

for deposition. The Raman spectral data, corresponding all three source

wavelengths that are considered, including the mean positions of the D- and

G-peaks, followed by the integrated intensity ratio, ID/IG, and the amplitude

3The adjusted R-squared evaluation corresponds to a modification of that correspond-
ing to the R-squared evaluation that is applicable to cases with a large number of predic-
tors in the model. This is the case here. Further details are adequately discussed in the
literature [89].
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ratio, AD/AG, respectively, of the peaks presented in this table. Similarly,

Table 4.2 provides information on the sample names, the duration of the

pumping out of the existing or previous gases from the deposition chamber,

the pre-sputtering and sputtering temperatures inside the chamber, followed

by the integrated intensity ratio, ID/IG, and the amplitude ratio, AD/AG,

respectively, of the peaks for all three Raman source wavelengths.
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Table 4.1: Parameters for evaluating the PECVD samples.

Sample

TMS
layer
power
(W)

DLC
layer
power
(W)

Wave-
length
(nm)

D-peak
position
(cm−1)

G-peak
position
(cm−1)

Integrated
intensity

ratio
(ID/IG)

Amplitude
ratio

(AD/AG)

AW128 120 200
325 1406 1593 1.45 0.46
442 1393 1579 2.02 0.68
633 1376 1564 3.44 1.35

AW129 120 200
325 1403 1591 1.31 0.42
442 1391 1575 1.66 0.61
633 1374 1558 2.77 1.22

AW130 120 200
325 1406 1591 1.36 0.44
442 1397 1576 1.59 0.60
633 1366 1554 2.69 1.27

AW133 120 200
325 1406 1592 1.38 0.47
442 1395 1575 1.67 0.65
633 1369 1555 2.46 1.20

AW135 120 200
325 1407 1593 1.27 0.45
442 1397 1575 1.56 0.62
633 1370 1553 2.35 1.19

AW143 100 100
325 1393 1590 0.99 0.30
442 1384 1562 1.12 0.41
633 1319 1501 2.74 0.93

AW145 120 150
325 1402 1589 1.16 0.38
442 1387 1568 1.30 0.51
633 1354 1542 2.06 1.08

Table 4.2: Parameters for evaluating rf and dc magnetron sputtering sam-
ples.

Sample

Pump
down

duration
(min)

Pre-sputtering
temperature

(◦C)

Sputtering
temperature

(◦C)

Wave-
length
(nm)

D-peak
position
(cm−1)

G-peak
position
(cm−1)

Integrated
intensity

ratio
(ID/IG)

Amplitude
ratio

(AD/AG)

MS115 62 30 76
325 1437 1591 3.21 0.77
442 1409 1581 2.78 0.96
633 1371 1580 3.26 1.22

MS213 75 32 72
325 1423 1597 2.80 0.67
442 1400 1590 2.84 0.85
633 1385 1560 2.43 1.14

MS217 86 17 70
325 1416 1594 1.84 0.54
442 1408 1575 1.88 0.69
633 1348 1541 1.51 0.91
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Conclusions

Through an examination of the Raman spectra associated with a num-

ber of representative carbon thin-films, these thin-films having been pre-

pared by another researcher [44], it has been established that the amplitude

ratio, AD/AG, is related to the corresponding integrated intensity ratio,

ID/IG. The samples of thin-film carbon had been prepared through the use

of PECVD and rf and dc magnetron sputtering. The slope of this relation-

ship was shown to be determined by the source wavelength, larger source

wavelengths corresponding to a lower slope. The scatter about the linear fit

was found to increase as the source wavelength is increased4.

Recommendations for further work include the gathering of more samples

from each deposition technique along with an increase in the number of

source wavelengths to conduct Raman spectroscopy. It might be of interest

to employ other techniques, such as X-ray photoelectron spectroscopy, to

measure the elemental configuration, and a scanning electron microscope

to observe the surface topography and thickness of the carbon thin-films.

Gradually, the effects of different interlayers and the adhesion strength will

need to be measured depending on the substrate type and geometry. The

hardness test of all of the samples need to be conducted using a nanoindenter.

Finally, further deposition techniques needs to be explored. This will have

4One limitation to the results is the fact that I am not exactly sure as to how broad a
sampling over the thin-film carbon genome was actually performed.
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to be done in the future.
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