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ABSTRACT

In this work, we have used the diamond-like carbon (DLC) also known as hydrogenated
amorphous carbon (a-C:H), silicon doped DLC (a-C:H:Si) thin films deposited by the
plasma enhanced chemical vapour deposition (PECVD) process on silicon substrate and
studied their structural, electrical and electronic properties. The DLCs films were prepared
at different applied bias voltage (Vy) starting from 100V to 600V; whereas the silicon is
doped with DLC thin films using tetramethysilane (TMS) as a precursor at different
standard centimetre cube per minute (sccm). In addition nitrogen doped amorphous
carbon (a-C:Ny) thin films prepared by pulsed laser deposition (PLD) process and studied
their different properties. Different nitrogen concentration (at.%) of a-C:Ny thin films
were deposited on silicon substrate using nitrogen-gas as a precursor. The thicknesses of
all thin films were ~150+15 nm controlled and monitored during deposition process.
Raman spectroscopy of these thin films was measured by using two different laser
excitation wavelengths viz 488 nm and 647 nm respectively. The microstructure and
electronic properties of these samples were investigated by Raman spectroscopy and the
electrical property was studied by current-voltage (I-V) characteristics. Finally, a
correlation among the electrical properties, electronic properties and micro-structure
properties were established based on their sp® and sp? concentration in the thin film

structure.
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Chapter 1

1. Introduction

Carbon is a chemical element having chemical symbol C. This element is the sixth in the
periodic table with atomic mass number twelve. A huge variety of crystalline and disordered
structures such as diamond, graphene, amorphous carbon, fullerene and graphite have been
attributed to the three hybridizations, namely sp?sp® and sp® of carbon[1]. Diamond consists of
carbon atoms with four valence electrons forming in sp* a tetrahedral with. neighboring carbon
atoms. This hybridization forms the strong o-bond. The three valence electrons of graphite lie in
sp’ orbitals which forms o-bonds in a plane while the fourth electron sp? lies perpendicular to the
c-bond in the p, orbital plane. This © orbital forms a weaker & bond with a & orbital on one or
more neighboring atoms. Carbon composed by four sp* valence electrons, two of the four
valence electrons form c-orbitals, each c-bonds directed following the X axis and the other two

electrons form z bonds in the Y and Z directions [1].

1.1 Diamond like carbon

Diamond-like carbon (DLC) films are similar to diamond with a high fraction of sp®
hybridized carbon atoms. They can also contain a large amount of hydrogen depending on the
deposition conditions. These films are classified among the amorphous carbon that can contain
diamond crystallites. These materials do not qualify to be called diamond except if it is proven in
three-dimensional crystalline lattice of diamond. Diamond-like films with free hydrogen content
can be prepared by variety of technique that are: carbon ion beam deposition, ion - assisted

sputtering from graphite or by laser ablation of graphite. Diamond-like Carbon films with high
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content of hydrogen are prepared by chemical vapor deposition. The hydrogen content is often
more than 25 atomic %. The deposition variables used to prepare the samples are (low) total
pressure, hydrogen partial pressure, nature of the precursor and plasma ionization. Radio
frequency, microwaves or Ar ions are those activating the plasma. [2]. DLC has some wonderful
properties comparative to diamond. These are : - high hardness (~ 20-80 GPa), - high elastic
modulus (~200-800 GPa) and - chemical inertness. In addition, it has found widespread
commercial applications, such as elastic modulus due to their - low friction coefficients, - high
wear resistance, - chemical inertness, - a relatively high optical gap, and - high electrical
resistivity. Besides the low capital intensive DLC production methods enhance its scope and yet
enabling a hardness benchmarch close to that of diamond feasibility to numerous applications.
The ratio of sp® to sp® bonding is determined by the methods of deposition if the sp® bonds
fraction reaches a high level (more than 90%), then DLC is called as tetrahedral amorphous
carbon (ta-C). Among the different deposition processes / techniques the plasma enhanced
chemical vapor deposition (PECVD) is prominently used to produce a-C:H (DLC) contain sp®
bonding with lesser hydrogen content. Thus high plasma density (PECVD) reactors are used to
produce DLC with more sp* bonds and less hydrogen content [3].

In this work, we have studied DLC (a-C:H) and silicon doped DLC (a-C:H:Si) films
grown by PECVD process. DLC thin films were prepared at different applied bias voltage (V)
starting from 100V to 600V, in step of 100 Volts the silicon doped DLC were prepared using
tetramethysilane (TMS) as a precursor at different flow rates (sccm), with thicknesses of 150 nm
on Silicon ( 004 ) [4]. We have also studied a-C and nitrogen doped (N: 9-17 at.%) a-C (a-CNy)

with thickness ~50-105 nm. Both N-doped and undoped a-C films were prepared by the pulsed
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laser deposition process on Silicon substrate . However, different properties of these films have
already been studied [5].

The samples prepared at different voltages (Vy), the chamber was full of Ar ion atmosphere and
using an acethylene (C,H,) vapour precursor in an argon ion. The augmentation of V, was
followed by increasing and decreasing the contents of sp® and sp? bond carbon atoms
respectively [6]. The C K-edge XANES,VB-PES and Fourier transform infrared (FTIR) spectra
will be proposed to study the electronic structure, mechanical properties and bonding structure of
silicon doped a-C:H(Si) thin films [7]. X-ray absorption near-edge structure (XANES ) and
valence-band photoelectron spectroscopy (PES) will be also proposed to investigate the
electronic properties of amorphous carbon nitride [8].

In this present work, we have used all the above samples to investigate the microstructure
and electronic properties using Raman spectroscopy measurements, based on the sp* and sp?
content present in the thin film structure. The correlation of the Raman spectroscopy
measurement with the electrical properties of DLC thin films. Microstructure and electronic
characteristics have been studied by using Raman spectroscopy with the help of two different
laser excitation energies namely 488 nm and 647 nm. The electrical properties have studied by
the 1-V characteristic data obtained from the 4140B p.A Meter/DC Voltage Source The main

objectives of this present work are listed below:
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1.2 Objectives of the present study

This work investigates the electronic, electrical and structural properties of under various
deposition condition and doping processes.
The objectives of the present research are itemized as follows:

Q) to investigate the electronic and microstructure of DLC thin films

(i) to study the electrical properties

(ili)  to probe the mechanical properties

(iv)  these properties are greatly influence by microstructure thus there is a correlation

between electrical, mechanical properties and electronic or microstructure

properties of these samples.
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Chapter 2

Literature Review

2.1 General Review

The second part of the last century has seen an extensive and intensive research interests
on diamond and diamond-like carbon (DLC) structures. In this situation, the revolution in the
applications of diamond began when synthetic diamond was produced [9-11]. Due to its extreme
hardness, both natural and synthetic diamonds were used first as a cutting tool and at abrasive
materials. Since then, the commercial interest on Chemical Vapour Deposited (CVD) diamond
films has been driven by its potential application in electronics, coatings, optics and acoustics
[12].

In 1971 Aisenberg and Chabot [13] established that the ion beam method can be used for
the synthesis of thin carbonaceous films also called diamond-like carbon as some of the film
properties resembled of those of diamond. From that time, many methods were reported for the
synthesized thin DLC films [14-16]. It has been shown that, it is possible to produce DLC thin
films having high hardness [17], good thermal conductivity [12], low thermal expansion, low
coefficient of friction and high chemical stability and resistance [18]. Further more highly

transparent DLC films suitable transmission could be synthesized by infrared [12]. For its
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physical properties, DLC thin films were considered as material, which may be applied for some
kind of both passive and active electronics elements.

The term “diamond-like” is frequently applied to many sort of non crystalline or
amorphous carbonaceous films. DLC consists not only of the amorphous carbons (a-C) but also
of hydrogenated alloys ,a-C:H. Later also known as hydrogenated amorphous carbon. Using the
ternary phase diagram of Fig.2.1 the various compositions of amorphous C:H alloys on a ternary
can be displayed. these forms appear in the right hand which is characterised by interconnecting
C-C networks [19]. Deposition methods have been improved to generate a-Cs with rising degrees
of sp® bonding. In this regard thin films deposition ranges from sp? bonding to some way towards
sp® bonding. If the fraction of sp*-bonding exceeds 70 % of sp® bonding carbon is termed as
tetrahedral amorphous carbon (ta-C) and their properties entirely differ from those a-C [20]. A
range of deposition methods, such as plasma enhanced chemical vapour deposition (PECVD)
[21], have been used to prepare ta-Cs. It is seen from Fig.2.1 that the fraction of sp® bonding of
carbon material is obvious not so large, and its hydrogen fraction is rather wide. Thus, a more
sp3-bonded material with less hydrogen which can be generated by high plasma density
(PECVD) reactors is called hydrogenated tetrahedral amorphous carbon (ta-C:H) [22]. The
properties of carbon based materials could be improved through doping by silicon (Si), nitrogen
(N), different metal atoms (Fe, Co, Ni,---) and fluorine (F). The resulting materials are denoted
as Si-C:H, a-C:H-N, Me-C:H and a-C:H-F.

The principal structural difference between the diamond (natural or synthetic) and the diamond-
like systems is the presence and the amount(sometime up to 60 %) of sp? bonding The relation
between the amount of graphitic sp® and aliphatic sp® bonding is one of the most important

features of DLC, which influences the physical properties of DLC films [23-27].
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Fig. 2.1 Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys [19]

2.2 Deposition methods

A large number of processes are available [28-33] for the deposition of DLC films, which
rely on the lower density of sp? relative to sp® bonds. So the application of pressure, impact, or
some combination of these at the atomic scale can force sp® bonded carbon atoms closer together

leading to the formation of the sp* bonds.
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Figure 2.2 Schematics of various deposition systems for DLC [33]

This must be done vigorously enough that the atoms cannot simply spring back apart into
separations characteristic of sp? bonds. Usually techniques either combine such a compression
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with a push of the new cluster of sp® bonded carbon deeper into the coating so that there is no
room for expansion back to separations needed for sp? bonding; or the new cluster is buried by
the arrival of new carbon destined for the next cycle of impacts. It is reasonable to envisage the
process as a "hail" of projectiles that produce localized, faster, nano-scale versions of the classic
combinations of heat and pressure that produce natural and synthetic diamond [ ]. Because they
occur independently at many places across the surface of a growing film or coating, they tend to
produce an analog of a cobblestone street with the cobbles being nodules or clusters of sp®
bonded carbon. Depending upon the particular "recipe” being used, there are cycles of deposition
of carbon and impact or continuous proportions of new carbon arriving and projectiles conveying
the impacts needed to force the formation of the sp® bonds. As a result, ta-C may have the
structure of a cobblestone street, or the nodules may "melt together" to make something more

like a sponge or the cobbles may be so small as to be nearly invisible to imaging.

2.2.1 lon Beam Deposition Methods

In an ion beam deposition system [Fig. 2.2(a-b)] there are two process that use a variable
ion source, namely that made in the gas phase and another created by the sputtering of the solid
target. In the case of DLC a convenient gas phase ion source would be from the ionisation of
hydrocarbon gas such as methane [34-36]. An ion beam is then extracted through a grid from the
plasma source under a bias voltage. The hydrocarbon ion and carbon ion are directed with high
speed in the high vacuum deposition chamber. The beam contains a wide flux of neutral species
at a finite pressure. This may decrease the flux ratio of ions to neutrals to as low as 2-10%.

An appropriate solid phase ion source would be a graphite target. These ions are
sputtered by collision with argon ions. These carbon ions produced are accelerated onto a
substrate surface to deposit the DLC film. A variation of this method is the mass selected ion
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beam, where the beam is passed through a magnetic field and only ions within a certain mass and
energy interval are used for deposition. The disadvantage is the low deposition rate of order

0.001A s and the high cost and size of the apparatus.

2.2.2 Sputtering Process

In dc or rf sputtering (Fig.2.2c), a graphite cathode is sputtered by an Ar plasma [37]. Because
the weak sputter yield of graphite require the use of magnetron sputtering to increase the
deposition rate. Magnets are placed after the target to rotate and to increase the electron mean
path and subsequently increase the degree of ionisation of the Ar ion plasma. The magnetic field
passed across to the substrate, so this causes the Ar ions to also bombard the substrate and
subsequently create an unbalanced magnetron. DC bias is used to vary the ion energy and the
sputter species. To produce a-C:H, a plasma of Ar ions and hydrogen or methane is used and for
a-C:Ny an argon-nitrogen plasma is used.

In another way, an ion beam of Ar sputters from the graphite target to create the carbon flux [37]
and another ion beam of Ar is used to bombard the growing film, to increase the density of sp®
bonding. This method is called ion beam assisted deposition (IBAD) or ion plating. A
disadvantage of sputtering is that it has relatively low ratio of energetic ions to neutral species, so
that it does not produce the hardest DLC films, but it is most used in industries because of its

flexibility.

2.2.3 Cathodic vacuum arc System

In this method an arc is struck in a high vacuum by touching the graphite cathode with a small
carbon striker electrode and removing the striker (Fig. 2.2d). This generates intense plasma with

a high ion density of up to 10* cm™. It uses low voltage and high current supply. The cathode
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spot creates particulates that are filtered by passing the plasma along a toroidal magnetic filter
duct [38]. This is called filtered cathodic vacuum arc (FCVA).The advantages of FCVA is to
produce a highly ionised plasma, and high growth rates of 1 nm/s for a low capital cost. The
disadvantages are that the filtering is not enough for some applications and that the cathode spot

is unstable.

2.2.4 Plasma Enhance Chemical Vapour Deposition Methods (PECVD)

The rf PECVD power is always connected to the capacitor which is coupled to the smaller
electrode on which the substrate is set up, and the other electrode is connected to the earth. The rf
power creates a plasma between the electrodes. As electrons move with a higher speed than ions
in the plasma, a sheath will generate near the electrodes with high ion density. This forms a
positive space charge, thus the plasma generates a positive voltage with regards to the electrodes,
which balances the average electron and ion current to the wall [39]. The sheaths works as
diodes, in order that the electrodes have dc self-bias voltages balanced with their peak rf voltage.
That rf voltage is split between the sheaths of both electrodes as in a capacitative divider, by
virtue of their inverse capacitance. So, dc self-bias voltage changes inversely with the electrode
surface area [39]. The smaller electrode which has smaller capacitance received the wider bias
voltage and has negative value relative to the larger electrode. This becomes the substrate
electrode. The negative sheath voltage augments the speed of the positive ions to create the sp*
bonding on the substrate electrode. For DLC deposition, the plasma must be obtained at the
lowest possible pressure, so that the Ar ion is maximised in the plasma atmosphere. However,
even at 50 mTorr pressure, the ions get only roughly 10% of the film-forming flux. The ions can

reduce their energy by collisions during the acceleration across the sheath .The ion energy
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doesn’t depend anymore on the sheath voltage. It is important to use a low pressure to minimise
these collisions and to maintain a narrow ion energy distribution. The sheath thickness decreases
with increasing pressure [39] and the ion mean free path becomes less than the sheath thickness
at low enough pressures. We still have important ion collision in the sheath at 50 mTorr, so that
there is a large ion energy distribution and the mean ion energy is only about 0.4 of the sheath
voltage [40-42]. It is necessary to use lower pressure, but this is impossible for conventional
PECVD as the plasma will not be deposited anymore on the substrate. The magnetic field can be
applied to compress the plasma at the lower pressure, to increase the electron path length and
ameliorate the yield of ionisation. This allows the apparatus to work with a very small pressure
as 0.5mTorr. The ion mean free path overcomes the sheath thickness and the ion energy now
becomes a narrow distribution [40-42]. This is a principle of plasma beam source (PBS) that has
a magnetic field that confines the plasma then the plasma moves out through a grid at earthed
potential. This repulses the positive ions through the grid, to form a plasma beam which then
deposits on the substrate to form ta-C:H. As the plasma beam is not charged it can be deposited
on insulating substrates [43]. The problem of the simple capacitive coupled PECVD system is
that the ion current and the ion energy depend on the rf drive power. This means that the bias
voltage varies with rf power and pressure, and the mean ion energy varies with the bias voltage.
As we know, the magnetic field compresses the plasma to a part of the anode area. Variation of
the anode position changes the bias voltage and subsequently the ion energy.

It is understood that high- density plasma sources are possible [39]. The plasma density (n,) and
the electron temperature (T.) are two basic properties of the plasma. One of the objectives is to
maximise n,. The plasma electrons have a Maxwellian energy distribution, which defines the

electron temperature, Te. The capacitive coupling at rf frequencies of 13.6 MHz, produces very
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little plasma and then its density is very low, at most ng ~ 10° cm™. When the rf frequency

increases and reaches a VHF or using an inductive coupled plasma (ICP), it improves excitation
of the plasma. In another technique, electron cyclotron resonance (ECR) framework using
microwaves has been used [44-46]. ECR consist of a large static axial magnetic field to make
electrons vibrate at a cyclotron resonance frequency of 2.45GHz. In that condition, the excited
Ar atoms in the chamber meet the reactant gas, collide and transfer energy to the reactant gas.
The latter, then deposits on the substrate. The best rf powered, high plasma-density is mproved
electron cyclotron wave resonance (ECWR) source [47]. The ECWR source produces very high-
density plasma of 10'? cm™ or more. It does not control the ion energy and ion current density
[45]. It has a small ion energy distribution with a width less than to 5%. The ECWR generates ta-
C:H at a much higher growth rate (1.5 nm.s™) compared to the plasma beam deposition( PBS)
and gives uniform deposition over a diameter of 10 cm. It is the first industrialised, high-density
PECVD source for DLC.

The properties of a-C:H depend on the precursor gas used in PECVD. At this time, benzene is
chosen a precursor with low ionisation potential due to its higher growth rate. The deposition rate
rises exponentially with reducing ionisation energy [40]. For mechanical applications, acetylene
has been used to maximise the hardness by minimising the presence of hydrogen. In electronic
application, they have used methane because it is available in high purity, but the growth rate is
lower and gives excessively high hydrogen content. The samples used in this work such as
hydrogenated amorphous carbon and hydrogenated amorphous carbon doped silicon were

deposited by PECVD.
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2.2.5 Pulsed laser deposition (PLD) process

ArF laser generates a very short, high energy pulse, which can vaporise a solid target
materials such as graphite as energetic plasma plume [48, 49-56].The plasma consists of ions
which are directed towards the substrate. The advantage of PLD is that it is an universal
laboratory scale method used for deposition of many different materials, from large temperature
superconductors to hard coatings. This is the technique used to prepare a-C:Nx samples that have

been used in our work (Fig. 2.2f).

2.3 Deposition Mechanism

DLC is dominated by the sp® fraction obtained by a physical process, ion bombardment
[57]. The largest sp® fractions are realised by carbon ions of ion energy (~ 100 eV).

The atomistic description of the deposition mechanism has undergone many
improvements. It starts first by comparing the ion energy ranges and the efficiency for many
processes of C and H ions in solid carbon [58]. Spencer et al. [59] suggested several
mechanisms, for example, the sp® sites appear from the sp®/sp? ratio by a favoured sputtering of
the sp® sites. The sputtering efficiency is a function of an atom’s cohesive energy, which is
roughly the same for the sp?and sp® sites. Spencer [59] proposed that sp® bonding appeared from
the sp*/sp? by preferential sputtering of the sp? sites. This model has some analogue with later
models; however, the shock wave is mostly used for higher ion energies and higher ion masses.
Lifshitz et al. [58] applied Auger analysis of the depth profiles of medium energy C ions incident
on Ni substrates to display that growth was sub-surface. This method is called sub-plantation.
They then suggested that the sp® sites increase by the displacement of sp? sites. This model was

improved by Moller [60] . It has been shown that the privileged displacement is not a correct
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concept and they proposed a displacement threshold [60]. It was noted that the displacement
threshold of graphite is slightly anisotropic. Banhart [61] observed that the small displacement
thresholds are sp? sites. McKenzie et al. [62] proposed that sp? bonded graphite fills 50% more
space than sp® bonded diamond. This situation is clearly shown, with diamond stable at higher
pressures above the Berman-Simon line. It is suggested that the aim of ion beam is to generate a
compressive stress in the film, which will shift the film above the Berman-Simon line and so
stabilise the high pressure diamond (-like) phase [63]. Robertson propose that that the sub-
plantation created a metastable augment in density, which tends to cause the local bonding to
change to sppreferential displacement is not necessary [64-69]. Only subsurface growth in a
limited volume is needed to have sp* bonding. In the atomic range processes, they considered the
elastic collision of ions in materials as the binary collision approximation. The cross- section of
the collisions decreases with the energy. When ion energy become very large, the atomic radius
reduced, then the interstices become larger. At certain energy, the ions cross an interstice and
traverse the surface layer. This ion energy is denoted the penetration threshold E,. The minimum
energy of an incoming ion necessary to lift an atom from a bonded network and create eternal
vacancy-interstitial pair is called the displacement threshold, E4. The surface of the solid behaves
as an attractive potential barrier of height Eg, the surface binding energy and thus the net

penetration threshold for free ions is
Ep ~ Ed-EB (1)

For an amorphous carbon on the surface [70], if ion energy is small, it will not be allowed to
penetrate the surface, thus it will only glue to the surface, and form its lowest energy state which
is sp® If the ion energy is larger than Ep, it has a chance to penetrate the surface, and enter a

subsurface interstitial site. This increases the local density. In the latter, the configuration will be
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changed around that atom with regards to the new density. As it is amorphous, atomic
hybridisations can become more sp? if the density is diminished and more sp® if the density is
improved. The penetration becomes deeper into the solid, when the energy and ion range
increases. A small fraction of ion energy is used to penetrate the surface, and another fraction of

about 30% is dissipated in atom displacement.

2.3.1 Hydrogenated amorphous carbon (a-C: H)

The deposition of a-C:H consist of many processes as shown figure 2.3. The properties
of plasma deposition depends strongly on the bias voltage and hence on the ion energy which
shows that carbon ions are very important element in the deposition of a-C: H. This is not the
case for ta-C as the ion flux fraction is around 10% [71, 72]. The deposition of a-C:H can be
obtained by different source gases such as CH,4, C,H,4, C;H, and CgHg. The film density variation
with bias voltage for each source gas can be plotted on a scale of bias voltage per C atom in the
molecule. After this, the maxima in density are found at a same energy [73]. This shows the
action of the ions is still through sub-plantation. It means the energy of molecular ion incident at
the film surface will be divided into atomic ions and the energy will be spread uniformly. So,
each atomic ion will sub-plant independently with that energy. A complete model of a-C:H is
obtained to describe the chemical process of neutral species and of dehydrogenation [74-86],
plus the physical process of sub-plantation. The plasma deposition consists of three stages that
are: the reactions in plasma (dissociation, ionisation etc.), the plasma-surface interaction and the
subsurface reactions in the film. The plasma reactions are conducted by the energetic electrons
which are defined by the electron energy distribution (EED). These are only important in the

case of high-density plasmas, since the mass spectra of the dissociation pattern of CH,4, C,H, and
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C,H, at different pressures displays that un-dissociated source gas molecules are still majority in

plasma [87].
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Fig. 2. 3 Component processes in the growth mechanism of a-C:H [71,72].

The plasma species which strikes onto the substrate will compose of ions, neutrals and a
large amount of atomic hydrogen ‘H’. It is true that the neutral species partake in the growth as
the mass deposition rate overcomes the rate due to ions alone. The first effect that is observed is
that when the temperature increases, the growth rate decreases. It was explained by the weak
adsorption of the neutrals on the surface and which would desorbs at higher temperatures [74,
75]. The input of each neutral species to the growth rate is a function of their sticking coefficient.
The a-C:H surface is generally covered with C-H bonds, thus it is chemically inert. Di -radicals
and other unsaturated species can be introduce straight into surface C-C or C-H bonds, thus these
species are very active in the film as their sticking coefficients are strong and tend to 1. On the
contrary to methane has very low sticking coefficients of under 10 and the effect is minimised.

The mono-radicals have a smooth effect. They cannot be introduced directly into a bond, they
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can only interact with the film if there is an existing dangling bond on the surface .They will join
with this bond to form C-C bond. The dangling bonds have to be created by displacement of an
H from a surface C-H bond. This can happen by an ion moving an H atom from the bond, or by
an H atom abstracting H from the bond, or by another radical such as CH3 abstracting H from the
C-H bond. Measurement have shown that atomic H' is the most efficient species for abstraction
(30 times faster than CH3) [84]. The CHj3 so adds to this dangling bond. So, the effective sticking
coefficient of CHj; is small, but it becomes strong in the presence of atomic hydrogen [83,
84].This is driving to a synergistic effect of H'atom on the sticking probability of CH3 [84]. For
neutral hydrocarbon species, the effect is not strong and they can only react at the surface. H
atoms are too small; they can penetrate about 2 nm into the film [85]. There, they are able to
remove again H from C-H bonds and form subsurface dangling bonds and H, molecules. Some
of these dangling bonds will be re- saturated by incident atomic H. lons are capable to go deeper
into the film. Carbon and hydrocarbon ions can cause sub- plantation. In addition, the more
important role of ions in a-C:H is to remove H from C-H bonds. This H can then abstract other
H' to form H, molecules, and remove from the film. This is the principal method which causes
the H fraction of PECVD a-C:H to decrease with increasing bias voltage. Some of the atomic H'
does not recombine, but finds dangling bonds to re- saturate [86]. As hydrogen ion mass is small,
they do not strongly interact with C atoms. So, H" ions have the longest range and reach highest
depth into the film [87]. They experience the same reactions as atomic H', but to a greater depth.
Therefore, von Keudell [84] conclude that a-C:H films have three characteristic depths: the
surface itself is controlled by reactions of hydrocarbon and hydrogen species; the upper 2 nm in
which chemistry is controlled by reactions of atomic H', and a larger depth depending on ion

energy in which reactions are controlled by H* ions.
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2.4. Atomic structure and characterisation

2.4.1. Bonding configuration

Carbon has three types of hybridisation, sp®, sp? and sp* as discussed in the introducing section.
There are carbons with four sp* orbitals. They consist of strong o bonds, which form with the
adjacent atoms. Other carbon atoms have three sp® orbitals, to form o bonds ,the fourth p; orbital
forms © bonds with one or more neighbouring m orbital. In sp* configuration, they have two o
bonds along the + x- axis .The two p, bonds are formed in the y and z planes. All C-C bonds and
C-H bonds, in the valence bands, form filled o states, however in the conduction band the c*
states are empty. Their valence and conduction band are separated by a large c—c™* gap [88].

While the = bonds of sp?and sp’ sites are occupied by = states and empty m* states, which are

separated by very small n-n* gap [89, 90] shown in Fig. 2.4. There is a simple model of atomic
structure, based on the properties of o and 7 bonds [91, 92]. It was stated that with a very strong
7 bonding energy, the sp? sites will form 7 bonded clusters within a sp® bond matrix. The cluster
size is in the relationship with the band gap. However, this model does not give a good
estimation of cluster size [93-95]. Nevertheless it is useful for characterisation of the structure in
amorphous carbon [96]. Jacob and Moller [97] were the first to use a ternary phase diagram of
the carbon-hydrogen (C-H) system. Their model established two important parameters that
determine the structure and properties of DLC namely; « The fraction of sp* bonded carbon sites
 the hydrogen content. DLC structural characterisation is essentially based on these two
parameters. The ordering of sp? sites is a third important parameter, principally for the electronic

properties of DLCs.
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Figure 2.4 Schematic DOS of carbon showing o and = states [1]

There are many other methods of characterisation used to determine those structure parameters
such as diffraction, NMR, density and X-ray reflectivity, and so on.

In this work, visible Raman spectroscopy is used to characterise our samples.

2.4.2 Raman spectroscopy

Raman spectroscopy is the most commonly used technique for structural characterisation of
carbon based materials, such as diamond [98, 99], graphites, DLCs and carbon nanotubes [88]. It
is a routine process and non-destructive. A Raman spectrum of diamond consists of a single
Raman active mode Ty at ~1332 cm™. Single crystal graphite consists of a Raman active mode
which is the zone-centre mode at ~1580 cm™, of Eog symmetry labelled G for ‘graphite’.

1

Disordered graphite displays two modes, the first mode at ~1350 cm — assigned to the zone

centre mode of A;q symmetry and this occurs at K- point phonons [100] labelled D for disorder
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and the second mode is G peak that stretches ~1580-1600 cm™. It is surprising that all the
Raman spectra of most disordered carbons is still dominated by these two G and D modes of
graphite, even when there are no clustering graphite [101]. These Raman parameters are very
important to be explained and also to find the way to derive the structural information of DLCs
by using Raman spectroscopy. A large part of the light scattered by carbon based material is
elastically scattered. It is called Rayleigh scattering. A very small part of the light is scattered in-
elastically. It is this scattering which gives information about energy levels of the sample. The
light of an incident photon (w, k) is scattered by the change in polarisability o due to a lattice
vibration. This change in polarisability causes an inelastic scattering of photon (®, k'). It is called
Raman scattering. The polarisation can happen when the electronic ground state is excited by
incident photon into a virtual level at energy E or into real levels at E. The latter case is denoted
resonant Raman scattering [102]. The Raman and IR spectra should be relatively ease and will
resemble each other. This is possible in a-Si [103-105], however this is not always the case for
the Raman spectrum of a-C. The = states lie at lower energy than the o states and therefore are
much more polarisable [89]. Thus Raman cross-section of sp? is larger than that of sp® sites
[106-108]. Even in the case of ta-C, this only has 10-15% of sp® fraction, Raman cross-section of
sp? still more sensible. The G mode consists of the stretching vibration of any pair of sp? sites,
whether in chains or in rings [109]. The D mode is breathing mode of sp? sites only for distorted
six-member rings. Mapelli et al. [110] have made a model in which the force field is based on the
7 bond clusters and polarisability. They said that a short-range field creates a long-range force.
So the polarisability of m states is also long-ranged and the charges are more efficient. In
addition, the long-range polarisability intensifies both G and D modes which are bond stretching

modes. Further, the D mode is intensified more as it is breathing mode of six-fold rings. So the D

35



mode is a double resonance [111]. All these factors increase G and D breathing modes and
eliminate the modes of other symmetries.
The intensity of D mode varies with atomic order. Tuinstra and Koenig [100] proposed that the

ratio of D and G intensity, I1(p)/I(c), is inversely proportional to the cluster size.

(D)
(G

- CchI (2)

LN—

[Where C is a constant and L, is the grain size]
This relationship is the intensity ratios that increase with the number of rings at the border of the
clusters. This relationship is only valid if L_ above 2nm. For values below this the following

relationship is valid [101,112].

ID)_ ;2
1(G) Cla (3)

The intensity ratio decreases when the number of rings per cluster decreases and the fraction of
chain groups increase. For DLC, the grain size is generally below 1 nm, this means the Eq.(3) is
valid.

In conventional PECVD deposited a-C:H, the sp® content increases with increased H content.

The role of H in a-C:H is to saturate the C=C bonds and to convert sp® C sites into sp® =CH, and

=CH sites [101]. The a-C:H has a large sp? content [4,113] that have small band gap and the sp
sites in this material will be strongly arranged in aromatic rings. In this arrangement D peak will
be present in their spectra. For the case where the a-C:H with maximum H content has a high
sp® content, the band gap will be very large and D peaks will not appear. This means that the sp?

sites will arrange in very small clusters. The Raman spectra of a-C: H are understood in the

following way: Some sp® sites of a-C:H are arranged in term of the aromatic rings and others are
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in chains. The H bonds which form bonding chains at olefinic sites start to become like
polyacetylene. All these factors decrease G peak with increase of sp* content in a-C:H. Tamor
and Vassel [114] have established a good relation among the Raman parameters and optical

band-gap of amorphous carbon thin films.

2.4.3 Hydrogen content
The hydrogen fraction of a-C:H can be obtained by the following techniques probe the

nuclear such as nuclear reaction analysis (NRA), nuclear magnetic resonance (NMR) and elastic
recoil detection analysis (ERDA). There are also other methods such as combustion, hydrogen
evolution or IR spectroscopy which have been used for determining hydrogen content. The
nuclear processes are largely used even though they require special facilities and expensive.
Their advantage is that they can derive the H:C ratio without measuring the film thickness. The
NMR requires the proton decoupling utilisation to derive H content by separating the bonds of
carbon and hydrogen [114,115]. It is a unique process able to determine the fraction of each type
of C, its hybridisation and number of bonded hydrogen. The two other methods usually used to
determine hydrogen for a-C:H are the thermal evolution and IR but they are not easy to process.
In thermal evolution, the a-C:H is heated and the amount of H, with some hydrocarbons such as
CH, and C3Hg released. This requires a complete mass spectrometer analysis then it becomes an
accurate method [116,117]. In IR, the IR spectrum of the C-H bonds stretching modes can
be obtained in the range of ~ 2900 cm™after measurement, the background subtracted ,the
integrated weight under curve is derived and the number of H atoms per unit area is determined
by multiplying by an absorption strength ,A.

{0
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The problem of this technique is that A is not a constant. Jacob and Unger [118] tried to
calibrate and found the values A but it is for the simple use. This problem has been resolved by
decomposing the IR band into its component absorption bands and the integrated intensity
multiplied by the appropriate absorption strength A;. Ristein et al. [116] reported on the detail,
using bond absorption strength scaled from molecules. They found the values of H content are

approximately the same with the H evolution on thermal process.

2.5 Electronic structure

2.5.1 The o and zstates

Disordered carbons are composed sp? and sp® sites. The sp* form only the o bonds in the
o= states while the sp? sites have the 7 states and the m* states. They will be treated separately
because their bonds do not have a similar characteristics. The ¢ bonds have two centre-bond
orbitals between neighbouring atoms. All properties are dependent on the n—n* and c—o* states
[119]. The = band can form two-centre bonds such as ethylene and in general = orbital interacts
with ©t states and form a conjugated system that can make a continuous linkage of © bonds as in
polyacetylene or graphite. These bonds are termed conjugated bonds. It is impossible to separate
conjugated bonds into two-centre bonds [120]. This situation creates wider range forces and

larger range polarisabilities [120].

2.5.2 Cluster model

The cluster model is the first useful model which explains in a simple way the electronic
structure and bonding. This is done by taking the Huckel approximation of treating ¢ and = states

separately [91]. The model describes the ¢ and w states at different energies with the & states
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located in an plane orthogonal to the o bonds at sp? sites. This configuration ensures that the
interaction of the m states and o bonds are minimal [89, 90] . The principal effect is that =
bonding promotes a clustering of sp? sites, thus the binding energy of the occupied states is
lowered if a half-filled band creates a gap in this band at the Fermi level, Er. The model requires
that the sp? sites form planar clusters by maximising the m interaction. The m bonded clusters are
controlled by a sp® bonded matrix. Ordering of sp? sites determines the electronic properties and
the optical gap, as their 7 states locate nearest to the Fermi level, while the sp® is correlated to the
mechanical properties [88]. This model works well for micro-crystalline graphite as well as DLC
thin films. However, as-deposited DLC’s are more disordered than this cluster model. The sp?
configuration controls the electronic properties and the optical gap while sp® matrix controls the

mechanical properties. The band gap of aromatic clusters in graphite, the n states have minimum

band energies given by [90, 91].

2Y )
Eg ~ :L,fl_."'z ~ 2} (i) (7)

[Where Y is the closest neighbour V (P;) interaction and M the number of six-fold rings in the
cluster]

M can be linked to the cluster diameter or in plane correlation length L. as M¥L.2. Eq. (7) shows
that the © states of sp® states determine the band gap and the latter varies inversely with the

cluster diameter. Thus, this gap depends only on the sp? arrangement [91].

2.5.3 Network calculations

Direct simulations of networks have produced the best theories of the electronic and

atomic structure of amorphous carbons. These simulations are based on the relationship between
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the density versus the sp* fraction. Beeman et al. [121] carried out the first continuous random

network model of amorphous carbons [88].

AE = Yk, Arf + X ke Ar; Ar; (9)

They created models for a-C with three different sp? and sp® fractions, in order to compare its
effect on the RDF and the structure factor. Later Robertson and O’Reilly calculated the
electronic DOS for these networks and found that the networks with sp® sites were metallic,
which disagree with experiment. This is due to the Keating potential not representing the n
interaction between sp? sites correctly. Stillinger and Weber [122] introduced a number of atomic
potentials for Si and C, where coordination can be varied, and the so -called environmentally-
dependent potentials. The first model for carbon was due to Tersoff [123,124], and he applied
this to generate the first large-scale model of a-C sp? structure. This model gives good agreement
with the experimental RDF. The Tersoff potential is largely used in simulations of ion beam
growth. It is known that the orientation of the m orbitals is needed to get a band gap. Tersoff and
Brenner [125-127] were the first to correctly take into account the n-7 interactions, which allow
aligning of the & orbitals. The Tersoff potential also does not insert a repulsive term between
different sp? layers, which is required to give a graphitic inter- layer spacing. This was corrected
by Heggie [128]. Kelires [129,130] largely used the Tersoff potential to create a number of
models with different sp* fractions, and to calculate various elastic properties of the networks.
The networks of Kelires [129,130] have given valuable information on the elastic properties and
stress in a-C. The empirical electronic potentials were used to carry out several simulations of the
atomic structure. Wang and Coworkers [131,132] proposed an easiest model based on tight-
binding. The model overestimates many sp? sites for the sp* network. Frauenheim et al. [133]

used the empirical core-core repulsive term to give the correct bond length. This method
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provides for a good level of approximation to retain sufficient accuracy. These calculations were
the first to show that the sp? sites in ta-C and a-C:H were principally organised in chains
(olefenic) and in rings (aromatic) in opposition to the cluster model. A later simulation observed
aromatic rings in low density a-C:H. Some author’s [134, 135] realise high quality plane wave
Car and Parrinello calculation on ta-C. However, the calculations were limited to a small cell
size, they found the unexpected result that a few sp® sites formed low order (three-, four -fold)
rings. This is clearly true for the Keating potential. But, the calculations emphasise they exist in
ta-C. Small closed rings exist in the molecules cyclopropane and cyclobutane, and then clearly
some specific small bond angles are found in C systems. The density for given sp* content is
increased by the main effect of low order rings. The small rings have little or no effect on the
electronic structure, because they continuously produce states well away from Eg. These
calculations were spread out to larger networks, higher accuracy and other densities by
McCulloch [136].These networks should be regarded to be the most consistent. Lately, Haerle et
al.[137] produced networks by tight-binding and then optimised them by plane wave methods.
They obtained similar results.

All these simulations have tried to calculate sp® fraction versus density and they compared it with
the experimental result of amorphous carbon networks. Later Bilek et al. [138] found a network

of a-C:H with amazing graphitic ordering of sp? sites.

2.5.4 Optical gap

In the cluster model, it is the orientation of 7 states on the sp” sites that determines the

band gap. It is given by [89].

E;= — (10)
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Where v is the V (p;) interaction and M the number of rings in the cluster

This cluster model does not give a good estimation of the size of the clusters. It is found
that the distortions of cluster determine and affects the size of the band gap. The researchers such
as Frauenhiem and co-workers [139], Chen and Robertson [140], and McCulloch et al. [136]
have found the same result showing that the band gap increased with decreasing sp? content. This
theory gives the same trend with the variation of experimental values of Tauc gap against sp?
fraction for a-C:H, ta-C:H and ta-C films [141 ]. In amorphous semiconductor where there is no
true gap,an arbitrary definition must be used for optical gap. The most important found
experimentally, the two most common are Eqs gap defined as the energy at which the optical
absorption coefficient a is 10* cm1,and The Tauc gap is the intercept of Eg found from the
graph.

a(E)=B(E-E,)’ D

Tagliaferro and co-workers [142] carried out a simple model of the optical transitions.
They have given attributed increasing band gap with decreasing sp® content [143] to a decrease
in the width of the n-n* bands, with a constant n-n* separation. The gap depends generally on the
order of sp?, which need not vary simply with sp® fraction. It means that the gap does not vary
with spcontent all the time. The cluster model does not give good information but it can be
useful in the case of the network of amorphous carbon. Since it consist of an inhomogeneous
mixture of sp® and sp® sites when the local band gap in this network is regarded in term of
distance between clusters [144]. Each configuration of sp® cluster forms a local band gap. The
band gap of a sample is determined by the average of the local band gap of each cluster. The sp®
matrix has a larger gap and behaves as a tunnel barrier between each sp? cluster. The distribution

of sp? gaps forms inhomogeneous disorder [144]. In Raman spectroscopy, the Raman G width is
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a measure of the homogeneous disorder and bond angle distortions within the network. It varies
linearly with compressive stress in as-deposited films. Thus the homogeneous disorder in a-C:H
attains a maximum in the most diamond-like a-C:H at a band gap of around 1.4eV, where the
density, C-C bonding, mechanical hardness and stress all reach a maximum. The homogeneous
disorder in a-C:H polymeric decreases to very small values. On the other hand, the
inhomogenous disorder increases progressively with increasing optical gap in a-C:H. This means
that the cluster size becomes smaller as the gap becomes wider, but the range of cluster sizes

stays large in the large gap of a-C:H [145].

2.6 The Doping of DLC

Any semiconductor can only be used as electronic material when it can be doped to form
either or both p-type and n-type materials. The challenge of DLC doping is due to its large-band
gap . P-type doping has been found to be relatively easy but n-type doping is proving to be a lot
more complicated. P-type doping is usually realised with boron as a dopant [146]. Boron acts as
good acceptor and it is well incorporated into the structure of DLC, analogous with the case in
diamond .Further It has been established that ta-C is slightly p-type doped in character [147].
This behaviour is attributed to vacancy created defects. Again, like diamond the n-type doping of
DLC is more difficult. There have been many studies of nitrogen as an n-type dopant [148-150].
Dopants must fulfil two conditions: moderate solubility and having a shallow energy level. DLC
has a significantly smaller band gap than diamond (ta-C has a maximum band gap of around
5.4eV). This means that the nitrogen donor level should lie closer to the conduction band.
However with nitrogen substitution the site undergoes a distortion which reduces the size of the

band gap. Phosphorus was difficult to dope but success has been reported with a level at about
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0.55eV below Ec [151]. Another problem in amorphous semiconductors is that the density of
trap states must be low enough to ensure that Er is shifted away from the gap states. DLC doped
nitrogen changes some of sp® fraction to sp’ sites and increases the conductivity by the reducing
the width of the band gap while pinning the Fermi level. Further nitrogen forms principally non-
doping (compensated) sites. The poor doping efficiency of nitrogen is partially due to the fact
that it can make so many bonding configurations in a carbon network [152] such as pyridine,
pyrrole and nitrile. Capacitively coupled radio frequency (RF) plasma deposition has been used
to produce p-type doped DLC films using PH3 as a dopant gas, producing films with P content
estimated to be 11% [153]. These films also showed increases in room temperature conductivity
of nearly five orders of magnitude. Golzan et al [154] showed that when films were doped with
3% P, the dopant stabilised the tetrahedral network in favour of a sp® bonded network. The n-
type doping of DLC with sulphur has started to be investigated [155], but to date no conclusive

reports of a successful n-doping have been published.

2.7 Electrical properties

The electrical properties of DLC have been assumed a band structure consisting of only a
mobility gap, where carriers living in gap states are localized [156]. The semiconductor
behaviour is strictly dependents on the mobility gap. But the high densities of localised gap states
give rise to low carrier mobility that degrades the semiconducting properties of the materials.
The room temperature mobility of DLC and ta-C was found within the range of 10™-10"? cm?/Vv
[157]. These films are characterised as high resistivity within the range 10 - 10 '° Q.cm that are
dependents on different deposition conditions [158]. The resistivity of diamond-like carbon

could be reduced by incorporating metals or nitrogen in the films structure [159], but due to low
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doping efficiency there is no evidence that it can form p-n junctions in diamond-like carbon
system. It has been confirmed that the decrease of resistivity by the incorporation of dopants can
be related to graphitization [160] of the films. Nitrogen was found to be a good n-type dopant in
ta-C films that raised the Fermi level from 0.91 eV above the valence band to 0.65eV below the
conduction band at different nitrogen concentration [161]. Doping was emphasised by
substitution in the sp® coordination at low N concentrations and increase of sp? bonding at high N
concentrations [161]. Due to high intrinsic defect in ta-C the doping efficiency is low. The most
probable site hosting an impurity atom is shown to be a graphite-like carbon atom site. The ratio
of sp? sites and sp® sites increase as the number of the impurity valence electrons increases. DLC
and /or ta-C are not established semiconducting materials but it could be used in field emission
displays [162].

The electrical conductivity of the films increases with increasing nitrogen content. Due to
the nitrogen doping in the films, a large amount of C and N atoms can form the C-N bonds, and
as an impurity centre it has activated the conductivity performance films, which leads to the
increase of the electrical conductivity. In addition, the nitrogen content in the films reaches
saturated states, and it appears nonconductive phases, the nitrogen atoms start to decrease the

electrical conductivity [163].

2.8. Mechanical property of DLC

DLC’s are used as protective coating due to their excellent mechanical properties such as
hardness [164]. Ta-C ( 20 -80 GPa) has the second highest hardness of material after diamond(

100 GPa ). Furthermore DLC can be also deposited at room temperature which makes them

45



suitable as good corrosion barriers. DLC is also important in the coating of disks and recording
heads in the magnetic storage technology [164]. The disadvantages of DLC films were their

intrinsic stress and thermal stability but these problems are now resolved.

2.8.1. Elastic properties

Nano-indentation [165] is a technique used to characterise the mechanical property of
DLC thin films. They have used a small diamond tip to penetrate into the film and the force of
displacement curve is measured. They also measure the curve for the unloading cycle. This
technique is used to determine the Hardness and the Young’s modulus. In this technique the
value of Poisson’s ratio must be approximated. As it is known that the indentation depth is
limited to a fraction of the order of 10% of the total film thickness, so the method gives a good
approximation of the hardness, but the uncertainty is larger for the Young’s modulus [166]. The
direct way to measure the elastic moduli is using surface acoustic waves. The technique is called
laser induced surface acoustic waves (LISAW). It allows determination of the Young’s modulus
E and also gives the shear modulus. Another related method to measure moduli is surface
Brilloum scattering (SBS) [167]. In this experiment, the photons from a laser are inelastically
scattered off thermal phonons in the film and detected at an angle, they have obtained frequency
dispersion relation in function of wave number of the phonons. There are many advantages of
this technique. It is non destructive, it can be used on films as thin as 10 nm of DLC. This
technique gives us the Young’ and shear modulus with higher accuracy, and the bulk modulus

and poisons ratio with lower accuracy [168].
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Chapter 3

Experimental Details

3.1. Raman Experimental Arrangement

3.1.1 Introduction

The phenomenon of Raman scattering has been observed in 1928, a long time
ago. The Raman scattering is used on a large scale to study materials since 1960. The Raman
scattering effect is not very strong, only one in 10% photons incident being Raman scattered
(Kagel 1991). This meant that intense incident radiation and very sensitive apparatus had
to be used. These problems have been solved by the commercial availability of lasers, and
the production of very sensitive spectrometers (Adar 2001). These developments have made
Raman spectroscopy readily accessible and one of the most useful and most reliable

techniques of studying and characterizing materials [169].

3.1.2 Experimental Apparatus

3.1.2.1 The Laser

A laser is a source of intense, coherent monochromatic radiation. Two different
excitation wavelengths were used in this work, namely the 488 nm line from a coherent argon

ion laser and the 647 nm line from a Spectra-Physics Krypton ion laser. These belong to the set
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of noble gas lasers, where laser light is produced by the amplification of the electronic

transitions of the ionised states of noble gas atoms.

The gas is enclosed in sealed cylinder, termed a plasma tube, at a low pressure. An

intense electric discharge between two electrodes is used to generate plasma, comprising of

ionised gas particles and electrons. The electrons strike neutral gas particles, causing them

to ionise and become highly excited.
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Figure 3.1 A transition scheme for an Art laser. The first collision ionises the neutral
argon and the next pumps it to an excited state (from the Operational Manual for

the Spectra Physics 2020/2025 lon Laser).
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In the Ar™ laser, in the first collision the electron ionises the argon and the second
collision bring it to an excited state (Figure 3.1). The lifetime is very short at that level and
the ion decays to the 4p energy level without giving out radiation. The 4p energy level has a
relatively long lifetime, allowing the population of a large number of ions in that level. This
condition creates what is termed as population inversion, in which the density of ions in the
higher energy levels surpasses that in the ground state. Population inversion is one of the
required conditions for a laser to operate. The 4p ions then decay into the 4s level, either
spontaneously or by activating a photon of equivalent energy. The transition is radiative and

gives a photon of which the wavelength can be written in following way:

he
A=s
E

where h is Planck’s constant, ¢ the speed of light in the vacuum and E the energy

separation between two different states.
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Figure 3.2 Schematic diagram of a gas laser
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The light energy sent through stimulated emission in the plasma tube is kept in the
optical cavity of the ion laser. Figure 3.2 displays a schematic diagram of the laser optical
cavity. At one site is a high reflector mirror with a reflectivity of 100%, and at the other
site is an output mirror with a reflectivity of slightly less than 100%. The emitted photons
move back and forth between these mirrors and in the process they created more ions to
produce photons. A small percentage of the photons can pass through the output mirror and
these make up the output laser beam coming from the population inversion, photons emitted
by the stimulated emission process are emitted coherently and greatly exceed those emitted
spontaneously that are incoherent. The design of the long optical cavity ensures that the
activated photons are sent out co-linear with the cavity axis, whereas the spontaneous
photons are arbitrarily emitted and hence the relatively few on-axis photons result in a

very weak incoherent noise overlaid on the beam [169].

3.1.2.2 The Raman Spectrograph

Figure 3.3 displays a schematic diagram of the Jobin-Yvon T64000 Raman
spectrometer used in School of Physics. Laser light is diffracted through the spectrometer
by optical mirrors. Raman Spectra were obtained using an Olympus BX40 microscope
attachment which focused the light on the sample. The Spectrometer was operated in single
Spectrograph mode. At point “A” on the diagram is the location of the plasma line filter that
takes out the laser plasma lines by narrow band pass filter and allows only the laser line to be
transmitted into the microscope. Backscattered light returns from the sample through the
microscope into the spectrometer, where it is processed in any one of the three

configurations of the spectrograph. In the single spectrograph mode, the beam is directed to
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a holographic notch filter, at point “ B which strongly filters out the Rayleigh scattered light
but allows the Raman scattered light to pass through. The transmitted light then passes
through an entrance slit and falls on a grating where it is dispersed. Two different types of
grating are available with the spectrometer and might be used interchangeably using the
software. The choice of grating depends on the resolution and spectral range required. The
600lines/mm grating gives a wide spectral range but resolution is reduced, whereas the
1800lines/mm grating has a narrow spectral range but improved resolution. The 600

lines/mm grating was used in this work
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Figure 3.3 Schematic  diagram of the Raman Spectrograph showing the beam
trajectory. (From the Instruction Manual for the Jobin-Yvon T64000 Raman
spectrograph)[169].
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The incident laser beam was focused onto the sample using a 100X objective,
backscattered light dispersed by the grating falls on the charge coupled device (CCD)
detector, which monitors the scattered light and produces a spectrum. The CCD detector is
situated on top of the third (final) stage spectrograph as indicated on the diagram. The CCD is a
rectangular chip consisting of 1024 x 256 pixels, where the light is dispersed along the 1024
pixels and binning of the measured photons takes place along the 256 pixels and each pixel
being a silicon photo-sensor. When scattered light falls on a pixel, photoelectrons are
produced in numbers proportional to the intensity of the radiation. For optimum
performance, the CCD is cooled to 140K by liquid nitrogen. The spectra were acquired and
displayed using Lab Spec V4 software. For the 488 nm measurements the power at the sample
was 1.3mW, and for the 647.1nm measurements the power was 1.38mW. The spectral
resolution was better than 4cm™for both wavelengths. The advantage of the single
spectrograph mode is that it has a higher throughput and offers rapid analysis time. Its
disadvantage is that it cannot be used for Raman bands near the frequency of the laser line.
The readout from the detector goes via the CCD controller to the computer, where the Labspec

software captures the output and displays it for saving and processing [169].

3.2 I-V characteristics of DLC films by 4140B p.A
Meter/DC voltage Source.

3.2.1 Description of the instrument
The HP Model 4140B pA Meter/DC Voltage Source shown in fig.3.4 a high stability pA

Meter with 10™°A (max) resolution coupled with two programmable DC Voltage sources to

secure useability in many application fields. The pA meter has a basic accuracy of 0.5% over
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wide measurement ranges (£0.001x10%? - 1.999 x10?A) allowing stable pA current

measurement at 10™°A (1 count). This is accomplished by using a new unique, variable, digital,
integration method. This stable and fast (less than 35ms at 1nA) measurement technique is very
useful, not only for the measurement of the small outflow currents of semiconductor devices and
the static characteristics of FET, but also for making insulation resistance/leakage,
current/absorption measurements/analyses of capacitance and insulation materials. One of the
programmable DC Voltage sources (V) can work not only as a programmable DC voltage
source, but also as a unique staircase and accurate ramp generator. The DC voltage source has an

output range of =100 V in 100 mV steps or =10V in10 mV steps, and the ramp rate can be set

from 0.001V/S tolV/s at0.001V/s resolution. The sweeps of the staircase and ramp functions
operate, both in the auto sweep mode with a pause key and in the manual sweep mode with down
and up keys. Each programmable DC voltage source (Va and Vg) has a current limiter to avoid

damaging the DUT by excessive current [170].

160534
160550
P/N 8120-1378

—

Figure 3.4 Model4140B and supplied Accessories (From manual HP4140B p.A
Meter/D.C Voltage Source) [170]
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3.2.2 Measurement of I-V Characteristics
The 4140B pA Meter/ DC Voltage is connected with the 3488A Switch/Control unit plate

via BNC connector to source voltage through selected relay configurations and simultaneously
measure the current flowing in the sample through two probe geometry. The voltage from the
HP 4140B was sourced from the V4 output via a female BNC connector to sweep voltage values
to the sample through a selected relay configuration of the HP 3488A switch/control unit.
Current measurement at the other end of the samples was carried out using a Triaxial cable after
grounding the chassis and the force pin of the cable. A HP 3456A Digital voltmeter was
connected in series to read out the voltage output from the terminal V 4 of the HP 4140B device.
All these three apparatus were interfaced using home built Lab View via GPIB control for I-V
characteristics measurements. The first sweep involved the variation of voltage values from +3V
to -3V in steps of 0.01 V, this was later followed by the voltage range sweep from-3V to 0V at a
similar step size of 0.01V. Lastly for completion of the hysteresis loop, a voltage range of 0V to
+3V with a larger step size of 0.1V was selected. The voltage — current (I-V) characteristic was
carried out sequentially after sourcing voltage and simultaneously measuring the current through

the sample using the picoammeter (pA) HP 4140B module.
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Chapter 4

Results and Discussion

4.1 Introduction

Since last few decades, many researches are oriented towards diamond-like carbon
(DLC) films because of their hight application potential in electronic, optical, and wear
protection applications. DLC has properties similar to those of diamond material because the
degree and presence of sp®-bonding configuration. These applications are possible due to the
following material properties of DLCs which are chemical inertness, high hardness, low friction
and high thermal conductivity. Among all deposition process the CVD process is more superior
to any other process. In this study DLC films were prepared using acetylene (20 sccm for all) as
a carbon precursor by plasma enhanced CVD (PECVD) method at different bias voltage in
presence of Ar" atmosphere (10 sccm) [4,6]. Silicon was used as a dopant in the growth of DLC
films (DLC:Si) at different flow rate (sccm) precursor of tetramethylsilane [Si(CHs)s, TMS]
vapor as a Si precursor while keeping all other parameter constant during deposition [4,7]. The
microstructure of DLC and DLC:Si are studied with help of Raman spectroscopy. Raman
spectroscopy is a non-destructive process for structural characterization of any carbon materials.
In this work, we obtained visible Raman spectra of DLC, excited by 488- or 647 nm photons,
which is dominated by the G band and a D band, both of which only depend on sp® - bonded
carbon. The silicon substrate peak measured the different absorption in the sample .The list of

DLC and Si-doped DLCs thin films with their deposition parameters are listed below in table 1.
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Table 1 (a) DLC films deposited at different bias voltage (Vg) and (b) DLC films deposited at
different TMS flow rate at constant bias voltage (400 V). [C2H, = 20 sccm, Ar™ = 10 sccm)]

(a) DLC films deposited on silicon | (b) DLC films deposited on silicon substrate at
substrate at different bias voltage. | different TMS flow rate and at Vg= 400 V.
Type Bias Voltage (Vg) Type TMS flow rate (sccm)
a-C:H 100V a-C:H:Si 5
a-C:H 300 V a-C:H:Si 10
a-C:H 400 V a-C:H:Si 20
a-C:H:Si 30
a-C:H 600 V a-C:H:Si 40

4.1.1 Raman spectroscopy of diamond like carbon (DLC)
The Raman spectra DLC thin films obtained at 488 nm of LASER excitation energy are

shown in Fig. 4.1.1.1 in the range of 1000 - 1800 cm™.Raman peak of the silicon substrate was
observed around 950 cm™. This peak is measuring the transparency of the films close to the
wavelength of 488 nm. It is observed that the spectral features are similar for all spectra. The G-
peak mode and D-peak mode of visible Raman are observed around 1580-1600 cm™ and around

1350 cm™ respectively.
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Figure 4.1.1.1 Raman Spectra of DLC films deposited at different bias voltage [LASER
excitation wavelength Aex. = 488 nm]

The important fact that G and D peaks vary its intensity position, and width. This
continues to dominate the Raman spectra of all the carbon material even those that does not have
graphitic ordering. Overall the spectra shows that the intensity of D-peak gradually decreases
with increase of bias voltage during deposition process indicating the number of defects and
resulting broken symmetry of the basal plane decreases. Here, it is mentioned that all the DLC
films are similar thickness and is ~150+15 nm. However, to obtain the clear evidence for the
presence of D-peak and G-peak in all spectra, we have deconvoluted all Raman spectra into
distinct D-peak and G- peak using two Gaussian’s peak after subtracting a best fitting base line

and are shown in Fig. 4.1.1.2 for the spectra obtained at the LASER excitation wavelength 488
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nm. We have obtained the D-Peak and G-peak positions, their peak width (Wp and W), and

their corresponding Ip/lg ratios. These results are tabulated in table 2 for Raman spectra of

LASER excited wavelength 488 nm.
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Figure 4.1.1.2 Deconvoluted into D-peak and G-peak of Raman Spectra of DLC films
deposited at different bias voltage: (a) 100 V, (b) 300 V, (c) 400 V and (d) 600 V [Aexc= 488 nm]

58



Table 2 Results obtained after deconvolution of the D and G-peaks when excitation energy
of wavelength (A ¢) = 488 nm

Sample Peak Position Width Io/lg ratio
description D-Peak G-Peak Wp We From From
(cm™) (cm™) (cm™) (cm™) Area | Height
DLC 1318.4 1542.2 353 136 0.67 0.34
Vg =100V
DLC 1413.1 1548.0 341 139 0.61 0.25
Vg =300V
DLC 1372.7 1547.0 315 147 0.47 0.22
Vg =400V
DLC 1249.6 1553.0 279 149 0.27 0.14
Vg =600V

Table 2 shows the results obtained from Raman spectra at the excitation wavelength 488
nm of DLC films deposited with acetylene precursor ( C,H, = 20 sccm) at different bias voltage
(V) using PECVD method in Ar* (10 sccm) atmosphere. The results show that the FWHM of G
peak (Wg) increases with increase of bias voltage during deposition process. This indicates the
increase in sp3-fraction in the DLC film structure. The Ip/Ig ratio decreases in terms of both
height and area of the corresponding D-peak and G-peak with the increase bias voltage that
further confirms the formation of higher sp*-content in the films structure and forming more and
more diamond like carbon films. The precursor gas C,H; is used in this PECVD process and it
has a significant effect for the formation of DLC thin films as well as their properties. It is well
known that the acetylene (C;H>) has a small H/C ratio that affects the resulting film. The result
also shows that the G peak positions of DLC films are gradually shifted at higher energy level
(from 1544 cm™ to 1553 cm™), when bias voltage (Vg) increases gradually that reveals the
formation of higher sp®-content. The FWMH of G peak (Wg) increases whereas the D peaks
width (Wp) decrease indicating the decrease of disorderness of the DLC films decreases with

increase of bias voltage during the deposition process. The FWHM (G) studies the structural
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disorder caused by defect of the bond angle and bond length in amorphous carbon films. This
parameter increases with augmentation of the mechanical properties and also with increase of
Csp®-Csp® bonding content in the film. The Ip/lg ratio in terms of height and area is a parameter
which gives the amount of ring-like sp2 clusters and their disorder in a-C:H films. In this case,
the intensity of height and area ratio decreases mentioned above that further implies that the sp
clusters size decreases with the decrease of rings number and their disorder increases. It means
that when the bias voltage increases during deposition process then some sp?-C is converted to
sp3-C that becoming stronger / harder films. The Ip/lg ratio decreases by increasing bias voltage
as given in table 2. These ratios are related with the sp? sites configuration i.e. topological
disorder. The decrease of ratios indicate that the sp? decrease in rings and rise in chains. The
FWHM (G) increase with increase bias voltage. This suggests that the structural disorder and
mechanical properties such as hardness and elastic modulus increase with bias voltage. Thus, the
ring-like sp? transforms to sp* chains and raises the amount of sp®-chains. The increase sp°-
content correlates with the hardness of the films, in agreement with the work done by Tamor and
Vassel [114] by using Raman spectroscopy with visible excitation wavelength 514 nm of a-C:H.
We also studied the Raman spectroscopy of these DLC films using the LASER excitation
wavelength of 647 nm as shown in figure 4.1.1.3. We have followed the similar fitting process
(as used in the above case: DLC films at the Aec = 488 nm) for the decomposition of all Raman
spectra into D-Peak and G-peak. Figure 4.1.1.4 obtained similar results as found in earlier case
(Aexc = 488 nm). Overall it is found that the sp>- and sp>bonded carbon atoms increased and
decreased respectively, when Vg increased from 100 to 600 V indicating the formation of more
diamond-like carbon films. We have observed the effects of the excitation two different LASER

wavelength (Aexc = 488 nm and Aexc = 647 nm) on the G-peak position and their peak-widths,
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FWHM (Full Width Half Maximum). The Raman G-peak position and its width one dependent
on the LASER excitation wavelength. The variation of dispersion of the G-peak using different
excitation wavelength in DLC films is tabulated in Table 3. The G-peak increases in more
disordered carbon and the dispersion increases with the degree of disorder in amorphous carbon.
The FWHM of the G-peak is inversely proportional to excitation energy due to the gap variation
of the DLC films. larger band gap is excited by a wider excitation energy at the same wave-
number. The width of the peak also increases because of the variation in the number of sp? C and

sp® C atoms closest neighbors.
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Figure 4.1.1.3 Raman Spectra of DLC films deposited at different bias voltage [Aexc = 647 nm]

61



(a) Diamond Like Carbon(DLC) @ V=100V
A, =647 nm
— Spectrum
—O— Total fitting
D-peak(1281.5 cm™)
—(O— G-peak(1522.0 cm )C“

FTAY

.\.llr‘llkl

$
£ »cﬁw
- a
] O
P n AT
* el
g I D-peak
£

Intensity (arb. unit)
*%

1000 1200 1400 1600 1800

Raman shift (cm™)

1000 1200 1400 1600

(c) Diamond Like Carbon(DLC) @ V =400V
A, =647 nm
— Spectrum
—O— Total fitting
D-peak(1274.1 cm™)
—O— G-peak(1523.0 cm;w
A

Raman shift (cm™)

1000 1200 1400 1600 1800

(b) Diamond Like Carbon(DLC) @ V=300V
A, =647 nm
Spectrum
—O— Total fitting 4
D-peak(1297.1 cm™) va
—O— G-peak(1529.0 cm’ ) »Aj

Raman shift (cm™)

(d) Diamond Like Carbon(DLC) @ V=600V
A =647 nm

exc
Spectrum

—(O— Total fitting v
D-peak(1289.2cm™) "

—O— G-peak(1531.0 cm';l@b

o
.
/W\’N D-peak
A
”IMM ,OI
: o
V ™ OOOo &
1000 1200 1400 1600 1800

Raman shift (cm™)

Figure 4.1.1.4 Deconvoluted into D-Peak and G-peak of Raman Spectra of DLC films
deposited at different bias voltage: (a) 100 V, (b) 300 V, (c) 400 V and (d) 600 V [Aexc= 647 nm]
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Table 3: Results obtained after decomposition into two Gaussian peaks viz D-peak and G-
peak when LASER excitation energy of wavelength (A ¢) = 647 nm

DLC thin films prepared hexc = 448 nm hexc = 647 Nm

at different Vg G-Peak (cm™) G-Peak (cm™)
V=100V 1543 1522
V=300V 1548 1529
V=400V 1547 1523
V=600V 1553 1531

X NMR,EELS [114,145]

® C.H [101]

B CHA4[114,145]
Present work

Figure 4.1.1.5 Variation of the Raman 1(p)/I(s) ratio of DLC thin films with sp-content at
LASER excitation wavelength Aey. = 488 nm [184]
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Figure 4.1.1.6 Variation of G-peak position shift of DLC thin films with sp®-content at
LASER excitation wavelength = 488 nm [145]

We have estimated the sp* fraction of all DLC films with help of statistical results of
Io/Ig Versus spiconcentration [219] curve as shown in Fig.4.1.1.5. In this figure we have used the
In/lg ratio values obtained from the Raman data when LASER excitation wavelength (Aexc) is
488 nm. This sp® values also obtained from the G-peak position as shown in Fig. 4.1.1.6, where
we have used the G-peak shift from the Raman spectrums when excitation wavelength (Aexc) IS
647 nm. It is found that the trends of both values are similar and the values are well matching
each other. Ferrari et al. [184] plotted the statistical Tauc Gap (eV) values Ip/lg ratios in carbon
materials. From this data curve we have also obtained the Tauc Gap results (Eg) as shown in Fig.
4.1.1.7. It is found that the Eq (eV) is increases with decrease of Ip/lg ratios when bias voltage
increases in our DLC thin film during the deposition process that further confirms for the

formation of sp*-rich carbon films
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Figure 4.1.1.7 Variation of 1(p)/lI(g) ratio of DLC thin films with optical Tauc gap [145]
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Figure 4.1.1.8 Variation of Tauc gap of DLC thin films with sp>fraction [145]

In the DLC film structure from the statistical data plots between Tauc gap (eV) and sp>fraction
as shown in Fig. 4.1.1.8. Again from the obtained sp®-fraction we can also estimate the density
(gm/cm®) of these DLC films as shown in Fig. 4.1.1.9. In each figure (Figure 4.1.5 to Figure
4.1.1.9), this present results are plotted with green star mark that are comparable with other
literatures results. Moreover, all the parameters (obtained results) that we have obtained for DLC
thin films deposited at different bias voltage in PECVD process from the Raman spectra are

tabulated in table 4 given in the next page.
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Figure 4.1.1.9 sp® fractions in function of density for different simulations of a-C networks.
data from Kelires [129,130], Wang et al.[131], Jungnickel et al. [133], Drabold et al. [134],
Galli et al. [137,138], Marks et al. [160,161], and McCulloch et al.[ 136].

We also estimated the stress of DLC films from the statistical data plots between stress (GPa) and
sp® fraction as shown in Fig. 4.1.1.10 and tabulated in table 4. It shows that the stress of the DLC films

increases with increase of bias voltage during deposition of the films.
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Figure 4.1.1.10 sp® fractions in function of stress for different ta-C and a-C:H films.

Table.4 Different parameters of DLC thin films obtained from the Raman spectra when
excitation LASER wavelength Acx. = 488 nm.

DLC films | G-peak Io/lg sp° sp’ Density | Taucgap | Stress
width ratio | (+0.05) | (x0.05) | (gm/cm®) (eV) (GPa)
Vg =100V ((3.26) 0.65 0.47 0.47 2.73 1.47 5.03
Vg =300V 139 0.61 0.50 0.46 2.78 1.48 5.36
Ve =400V 147 0.47 0.69 0.42 3.16 1.57 7.98
Ve =600V 149 0.27 0.81 0.35 3.37 1.76 9.71
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4.1.2 Raman spectroscopy of Silicon doped Diamond Like Carbon (DLC:Si)

There is great interest in doping Diamond-like carbon (DLC) films to manipulate their

electronic properties. In this work, Si-doped DLC films are investigated.

Silicon doped Diamond Like Carbon (DLC:Si) @ (V,=400V)

G-Peak
xex = 488nm

TMS Flow rate
— 5scem
20scem
30sccm
40sccm

Intensity (arb. unit)

D-Peak {4

o ]
pani? ™Y

s/

1050 1200 1350 1500 1650
Raman Shift (cm'l)

Figure 4.1.2.1 Raman Spectra of silicon doped DLC (DLC:Si) films deposited at different
TMS flow rate with bias voltage 400 V [LASER excitation wavelength Aex. = 488 nm]
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Figure 4.1.2.2 Deconvoluted into D-Peak and G-peak of Raman Spectra of DLC:Si films
deposited at constant bias voltage (Vg= 400 V) and at different TMS flow rate (a) 5 sccm, (b)
20 sccm, (c) 30 sccm and (d) 40 sccm [Aexc= 488nm]
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The Silicon doped Diamond Like Carbon (DLC:Si) thin films dealt in this work were
synthesized by the PECVD method on the Si <100> substrate at a bias voltage of 400 V [4]. The
silicon dopant of where controlled at different concentration using different tetramethylsilane
(TMS) flow rate (5-40 sccm) during deposition process along with C,H,. During the deposition
process C,H, is injected inside the deposition chamber at a flow rate of 20 sccm in Ar’
atmosphere (10 sccm). The structural property is studied by the Raman spectroscopy using two
different LASER excitation of wavelength viz 488 nm and 647 nm. Fig.4.1.2.1 shows the Raman
spectra of silicon doped DLC films (DLC:Si) at different TMS flow rate (5-40 sccm) that are
obtained at the LASER excitation wavelength of Ae = 488 nm. The deconvolution into G-peak
and D-peak of each spectrum using Gaussian lines are also shown in figures 4.1.2.2(a-d).

In general the spectral features are similar but the G-peak is shifted towards lower Raman
frequency when TMS flow increases from 5 sccm to 40 sccm during the deposition process. This
shift in peak position was identified after deconvolution into D-peak and G-peak using two

Gaussian peaks. The deconvoluted results are tabulated in table 5.

Table 5: Results obtained after decomposition Raman spectra of DLC:Si films into D-peak

and G-peak when LASER excitation energy of wavelength (A ) = 488 nm.

Sample Peak Position Width In/lg ratio
DLC:Si D-Peak G-Peak Wp Wg From
(cm™) (cm™) (cm™) (cm™) Area
TMS=5 scecm 1281 1510 259.2 143.3 0.44
TMS=20 sccm 1243 1487 263.0 146.3 0.42
TMS=30 sccm 1222 1471 219.4 161.0 0.37
TMS=40 sccm 1223 1463 199.1 162.0 0.51
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It is also observed that the width of G-peak (FWHM) is increasing whereas the width of D-
peak (FWHM) reduces on increasing of TMS flow rate. This change of G- peak positions and
peak width indicates that the mechanical and tribological properties are changing. Due to
increase of TMS flow rate changing from 5 sccm to 40 sccm during deposition process , the
hydrogen contents increases along with incorporation of silicon in the DLC film structure. This
causes the change of all those parameter that obtained from the Raman results and could be
explained by the creation of disorder in the DLC:Si films structure. The ratio of Ip/lg is also
decreasing with increase of TMS flow up to 30 sccm and then increases at 40 sccm TMS flow
during deposition process. This decrease of Ip/lg ratio suggests that Si-doping diminishes the
average size of the sp>-bonded clusters and creates the sp> bonded clusters in the Si-DLC films.
The development of sp® chemical bonds and the suppression of aromatic sp?-bonded clusters on
Si addition were also observed by Zhao et al. from the analysis of x-ray photoemission

spectroscopy (XPS).
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Figure 4.1.2.3 Raman Spectra of silicon doped DLC (DLC:Si) films deposited at different
TMS flow rate with bias voltage 400 V [Aexc = 647 nm]
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Figure 4.1.2.4 Deconvoluted into D-Peak and G-peak of Raman Spectra of DLC:Si films
deposited at constant bias voltage (Vg= 400 V) and at different TMS flow rate (a) 5 sccm, (b)
20 scecm, (c) 30 sccm and (d) 40 sccm [Aexc= 647 nm]
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The Raman spectra of silicon doped DLC films (DLC:Si) at different TMS flow rate (5-40
sccm) obtained using the laser excitation wavelength A = 647 nm has been studied as shown in
Fig.4.1.2.3. The deconvolution into G-peak and D-peak of each spectrum using Gaussian
function are shown in figures 4.1.2.4(a-d) and their results are tabulated in table 6. The fitted
results (table 5) shows that the G-Peak shifted towards lower Raman frequency; whereas D-peak
shifted towards higher Raman frequency with increasing tetramethylsilane (TMS) flow rate
during deposition process. In the same time FWHM of the G-Peak increases; whereas D-peak
width decreases. These results show an increase in the structural disorder and the clusters of sp?
are converted in chains of sp® bonding in the Si-DLC film. It is also observed that the dispersion
of G-peak is arises when laser excitation energy is changes from 1.91 eV (674 nm) to 2.42 eV
(488 nm) and is caused by the resonant selection of sp® chains of variety sizes at different

excitation energies.

Table 6: Results obtained after decomposition Raman spectra of DLC:Si films into D-peak

and G-peak when LASER excitation energy of wavelength (A &) = 647 nm.

Sample Peak Position Width Ip/lg ratio
DLC:Si D-Peak G-Peak Wp We From
(cm™) (cm™) (cm™) (cm™) Area
TMS=5 sccm 1246.6 1460.8 262.8 152.3 1.41
TMS=20 sccm 1272.1 1454.3 177.3 143.5 1.05
TMS=30 sccm 1234.6 1427.3 157.1 196.6 0.43
TMS=40 sccm 1307.3 1437.4 130.5 172.4 0.16

The decrease of Ip/lg ratio for both excited energy shown in figure 4.1.2.5 confirms the

samples become more diamond like carbon films on Si-doping. Si-doping decreases the average
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size of the sp® clusters and creates the sp® bonded clusters in the Si-DLC films. It shows that at

40 sccm the Ip/lg ratio is abruptly changed when an excited wavelength of 488 nm was used as

shown in figure 4.1.2.5 with error bar.
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Fig. 4.1.2.5 (Ip/lg) ratio (obtained from the D-Peak and G-peak area) with tetramethysilane

(TMS) flow rate with excitation Laser wavelength Aex. = 488 nm and Aeyc = 647 Nm

However, these DLC and DLC:Si thin films deposited in PECVD method are good

quality films and could be used in different application. In this further work, the parameters used
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will be improved, the choice of the best substrate and the combination of compounds can give a

superior quality of DLC thin films.

4.1.3 Nitrogen Doped amorphous carbon (a-CNx)

A few decades ago many studies were directed towards the addition of nitrogen to
amorphous carbon (a-C) for two reasons; the synthesis of crystal of carbon nitride as a superhard
compound (C3N4} [171] and the electronic doping of a-C. This work investigates the conversion
of a-C and hydrogenated a-C (a-C:H) to good semiconductors by incorporating nitrogen.
Meyerson and Smith [172] found that a-C:H could be doped n- and p-type by phosphorus and
boron, respectively, in a same way to a-Si:H. They said that there was true substitutional doping
by reversing the thermo-power sign because the conductivity varied from n- type to p-type [173].
Jones and Stewart [174] found that nitrogen increases the conductivity of a-C:H. This
observation were collaborated by many other groups [174-180]. However, it is found that the
increase of conductivity due to decrease of the band gap but no due to the shift in Fermi level
[177]. In this present study, the Nitrogenated amorphous carbon thin films at different nitrogen
concentration (at %) were prepared using pulsed laser deposition (PLD) system. The pulsed laser
deposition (PLD) system composed of a Ti-sapphire laser (A= 800 nm) with a frequency of 1
KHz and a full width at half maximum (FWHM) of 50 fs. The laser beam was directed to an
angle of incidence of 45° to the target. The distance between the substrate and target was 4 cm.
The depositions were carried out at room temperature. The preparation of the films depends on
nitrogen pressure. The depositions run into the chamber were pumped down to nearly 9.8 x10°°
mbar. A laser fluence of 0.64 J /cm? was spread to clean a graphite target (purity 99.999%).
Nitrogen was deposited into the chamber with a mass flow controlling the background nitrogen

pressure. Films were deposited at different nitrogen pressures ranging from 1x10~ until 0.7
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mbar. The deposition time for depositing these films was around 15 min and the thickness ranged
around 150 nm for a-C with low nitrogen concentration (start by 0 - 4at.% N) and the thickness
was nearly 95-115 nm when the higher nitrogen concentration (9 -17 at.% N) was used [178].
We have studied the microcrystalline structure of these films by Raman spectroscopy using two
different excitation LASER wavelengths viz. 488 nm and 647 nm respectively. Fig.4.1.3.1 shows
Raman spectra of nitrogen doped a-C films (a-CNx) with 488 nm excitation wavelength. It is
very clear from the spectra and is that the spectra become more asymmetric when incorporated
nitrogen at% is higher into the films structure. The intensity of the D-band becomes more intense

with increase of nitrogen concentration in the film structure.

Nitrogenated amorphous carbon (a-CN,) @ A_=488nm

a-C:N _(0%)
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Fig. 4.1.3.1 Raman spectra of different at% N-doped amorphous carbon (a-CNx) obtained at the
LASER excitation wavelength Aex = 488 nm
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Figure 4.1.3.2 Deconvoluted into D-Peak and G-peak of Raman Spectra of a-CNy films
deposited at different nitrogen concentration (at %) (a) 0 at%, (b) 4 at %, (c) 9 at % and (d) 14

at % [Aexc= 488 nm]
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We have deconvoluted each spectrum into two Gaussian peaks using two Gaussian
distributions and linear background to fit both the D-peaks and G peaks as displayed in Fig.
4.1.3.2 (a-d). The G band was located at 1580 cm* in the zone of E,y mode and D band located
at 1350 cm ! in the zone mode Ay , only appear in the presence of disorder. Then, the Raman
spectra of nanocrystalline and amorphous carbon are influenced by G and D peaks which can
vary their intensities, widths, and positions. The scattering of sp’ sites was the one controlling the
presence of G and D bands within a-C. Since the p states have a lower energy than the s states
becoming much more polarizable. It has been reported that the sp® sites give a much larger
Raman cross section (around 50—230 times larger than sp® sites) [179]. Raman spectra of carbon
nitride films are divided in three different approaches, which created confusion. The first [180-
183] approach reported that both the D and G peaks are fitted with two Gaussian distribution
functions and a linear background. Breit-Wigner—Fano (BWF) and a Lorentzian [184,185] is the
second approximation used for fitting of the G and D bands, respectively. The last approach
[186, 187] is based on three Gaussian line shapes attributed to D, G, and nitrogen (N) bands,
respectively. In this report, we have only used first approach for simplicity approach. The results
of fitting procedure are shown on table 6 as functions of the nitrogen content in the films. The G-
peak and D-peak positions are shifted at higher frequencies with increase of nitrogen
concentration. The full width at half maximum (FHWM) of the G peak and D-peak is decreased
and increased respectively indicating the formation of more and more graphitic a-CNx thin films.
The Ip/lg ratio also increases as a function of nitrogen that further confirms for the formation of
more disorder films. An Ip/lg ratio of 0.51 (0.43) was calculated for the film deposited without
incorporated N,. With increase of nitrogen to 17 at% we have observed the intensity ratio

reaches the value of 2.01 (0.96). The G peak became narrower when they have more
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incorporated the nitrogen content. Those are explained by the creation of large size of clusters in

the a-C and are good agreement with the other researchers [8].

Table 7: Raman band Parameters obtained after deconvolution of Raman spectra of
nitrogenated amorphous carbon films at different N-at% when excitation wavelength is
hex= 488nm.

Sample Peak Position Width Io/lg
description D-Peak G-Peak Whp W From Area From
(cm™) (cm™) (cm™) (cm™) Height
DLC:N(0%) 1340 1549 225.4 187.0 0.51 0.43
DLC:N(4%) 1336 1549 320.0 165.7 0.77 0.40
DLC:N(9%) 1363 1561 264.7 144.0 1.44 0.77
DLC:N(17%) 1388 1563 2915 135.1 2.01 0.96

We also studied the Raman spectra of Nitrogenated amorphous carbon films (a-CNx) at
different concentration (N at %) using the laser excitation wavelength A = 647 nm and is shown
in Fig.4.1.3.3. The deconvolution into G-peak and D-peak of each spectrum using Gaussian lines
are shown in figures 4.1.3.4(a-d) and their results are tabulated in table 7. The fitted results (table
7) shows that the G-Peak shifted towards lower Raman frequency; whereas D-peak shifted
towards higher Raman frequency with increasing nitrogen concentration (N-at%) during
deposition process. In the same time FWHM of G-Peak decrease; whereas D-peak width
increases like previous results obtained when excitation wavelength was used 488 nm. These
results indicating the disorder decrease and the amount of sp? clusters increases. It is also
observed that the dispersion of G-peak is arises when laser excitation energy is changes from
1.91eV (674 nm) to 2.42 eV (488 nm) .1t is caused by the resonant selection at the different sizes

of sp’ chains using different excitation energies.

81



Nitrogenated amorphous carbon (a-CN )

aCN_(N: at %)
0 at%
— 4 at%
9 at%
— 17 at%

Intensity (arb. unit)

Vn‘ h
+

1050 1200 1350 1500 1650 1800
Raman Shift (cm™)

Fig. 4.1.3.3 Raman spectra of different at% N-doped amorphous carbon (a-CNXx) obtained
at the LASER excitation wavelength A = 647nm

Table 8: Raman band Parameters obtained after deconvolution of Raman spectra of
nitrogenated amorphous carbon films at different N-at% when excitation wavelength is
hex= 647 nm.

Sample Peak Position Width Io/lg
description D-Peak G-Peak Wp W From From
(cm™) (cm™) (cm™) (cm™) Area Height
DLC:N(0%) 1209.5 1487.7 317.9 283.5 0.32 0.28
DLC:N(4%) 1333.4 1507.9 397.6 246.0 1.56 0.97
DLC:N(9%) 1350.5 1546.3 281.9 196.2 1.71 1.19
DLC:N(17%) 1355.4 1626.6 345.8 267.5 1.90 1.47

Table 8 shows the Ip/lg ratio is proportional to nitrogen content at two excitation

wavelengths. the number and size of sp? sites clusters increase when the Ip/lg ratio also rise .
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Figure 4.1.3.4 Deconvoluted into D-Peak and G-peak of Raman Spectra of a-CNy films
deposited at different nitrogen concentration (at %) (a) 0 at%, (b) 4 at %, (c) 9 at % and
(d) 14 at % [Aexc= 647 NM]
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4.2 Electrical properties of diamond like carbon (DLC) and
amorphous carbon (a-C) films

Diamond-like carbon (DLC) and amorphous carbon thin films are groups of materials
with high interest because of these numerous applications. Its properties are more influenced by
the method of deposition and the deposition parameters. Obviously, the electrical properties of
DLC films prepared by PECVD method is function of the preparation conditions. The electrical
conductivity of DLC films is largely related to deposition conditions. The electrical properties
also could be change by doping process. The obtained results about the electrical conduction of
DLC and DLC: Si hetero-structures are described and discussed in the following sections. Both
of them are different in properties from the electron transport through localised states in the DLC
films. The conductivity could be increased using nitrogen doping in amorphous carbon films (a-
CNx). Here, the voltage-current (V-1) relationships are studied for the DLC, DLC:Si and
amorphous nitrogenated carbon (a-CNXx) thin films. The voltage (V) and current (1) data were
measured using 4140B pA Meter /DC voltage source interfaced to a computer via a locally
designed LABVIEW software program. These measurements were carried out in a set of voltage
varying and steps. In this work, we focused on the conductivity / resistivity behaviour of those

thin films.

4.2.1 Voltage-Current (V-1) relationships of Diamond like carbon (DLC) thin
films

As it is mentioned above that the conductivity of DLC films widely is dependent on the
process parameters such as; deposition process, rf. power, substrate temperature and bias voltage.
In this study, the DLC films are deposited under various bias voltage, starting from 100V - 600V

in steps of 100 V by plasma enhanced chemical vapour deposition (PECVD) process.
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The voltage — current relationship of DLC films is presented in different ways as shown
in Fig. Fig.4.2.1.1-4. In general, all presented V-l curve displayed that the conductivity
diminishes when the bias voltage increase in the DLC films during deposition process. All the
above figures clearly indicates that the DLC films becoming more and more sp®-rich films when
biasing voltage is increases gradually during deposition process and hence the conductivity is
decreases gradually. The conductivity of DLC films is mainly depends on sp-content. Higher
sp?-content is responsible for high conductivity. We also observed in Raman spectroscopy results
that Ip/lg ratio decreases with increases of bias voltage i.e. increasing sp>-content and hence

decrease the conductivity is well agreed with this V-I results.
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Fig.4.2.1.3 Current-Voltage characteristics of Au/DLC/Au structure for various bias
voltage deposited DLC thin films [(V) vs In (1)]
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4.2.2. 1-V Characteristic of Silicon doped DLC (DLC:Si)
The conductivity of Si doped DLC films is determined by the deposition ion energy

process parameter such as, rf. power, substrate temperature, bias voltage. In this study the

properties of DLC films deposited at 400V bias voltage and at different tetramethylsilane (TMS)

flow rate for Si-doping in the film structure by the plasma enhanced chemical vapour deposition

(PECVD) process are investigated.
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It is observed from the I-V characteristics curve [see Fig. 4.2.2.(1-4)] that the
conductivity of disordered Si-doped diamond-like carbon (DLC) thin films depend not only on
properties of the conductive clustered sp? phase and the insulating sp® matrix (or sp%/sp° ratio) but
also on the presence of Si—-H, and C—H, species in the film. In this earlier report [Ray et al. JJAP]
It is found that there is an apparent crossover between space charge limited current (SCLC) and
the Frenkel effect due to impurities incorporated during the fabrication of Si-DLC films. The
flow of current occurs through tunneling from one conductive cluster (sp?> C=C) to another
separated by an insulating matrix (sp® C-C).

In the above figures the conductivity is decreases with increase of TMS flow rate up to 30
sccm but after that at 40 sccm the conductivity is slightly improved. The Si can have only sp®
bonds, higher residual compressive stress could be expected when Si is incorporated into DLC.
The compressive stress in the DLC films remaining due to increase of C-C sp®bond [188]. The

number of C-C sp® bonds increased as the Si content increases, resulting in a lower conductivity.

4.2.3 1-V characteristic of nitrogen doped amorphous carbon (a-CNx) films.

Nitrogen-doped amorphous carbon films (a-C:Nx) were deposited on silicon by PLD
process using different way of deposition with CH, and nitrogen. The structure and electrical
properties of the films were studied upon incorporation of nitrogen. The electrical properties of
a-C: Nx films can range between a semimetal to that of a insulator. We can obtain semiconductor
behaviour when we have a mobility gap, but the high density of localized gap states conducts to
low mobilities and significantly deteriorate the semiconducting properties of materials. The films
have high electrical resistivities and have a large range of values, from 10 to 10 Q cm,

depending on the deposition conditions.
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The electrical resistivity of amorphous carbon is mostly decreased by many orders of
magnitude through doping with metals or nitrogen. It is well known that nitrogen doping in a-C
films forms a n-type by changing the position of the Fermi from 0.91 eV above the valence band
and 0.65 eV below the conduction band [189]. The measurement of electrical resistivity was
done at room temperature by a two-point probe resistance measurement method. Fig.4.2.3.(1-3)
shows the I-V characteristic of a-CNXx thin films at different nitrogen concentration. Since from
OV to 3V the graphs are linear i.e the conductivity was obtained by using Ohm’s law. As
nitrogen (N at%) concentration increase, the current (the slope increase) also increase and it
reaches the maximum at higher N-concentration. The conductivity of a-CNx thin films increase
with the formation of sp? rings cluster due to the increase of localized hopping states. During

nitrogen doping N-H, C-N, and C=N bonds increased when the N, concentration is also
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augmented. The creation of the C-N and C=N bond in the samples is at the basis of
augmentation of the electrical conductivity [190]. Raman spectra revealed two peak D and G
bands, and the D band was more strong than the G band. The optical band gap diminished when
the N, concentration augments that further confirms for more conductive a-CNx film. The ratio
of intensity of the D and G peak increases with higher nitrogen concentration, which explain by
the more presence of sp® cluster [191] in this films and is responsible for the enhancement of
conductivity of the a-CNx films. We conclude that at higher nitrogen concentration, a-C films
show the augmentation of graphitic characteristics producing higher conductivity and optical

band gap is found a narrow in our present study.
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Chapter 5

Conclusion and proposed future

work
The Raman parameters of DLC (a-C:H), silicon doped DLC (a-C:H:Si) and nitrogen

doped amorphous carbon(a-C:N) obtained after deconvolution of each spectrum into D and G-
peaks. It is observed that the sp?-content for DLC (a-C:H) and Si-DLC films decreases and
increases the number of sp® hybridized carbon atoms when bias voltage (Vg) increases. This
result implies the formation of more diamond like carbon films collaborative with the decrease in
conductivity. In case of DLC:Si films, the films becoming more diamond like carbon when TMS
flow rate increases from 0 — 30 sccm and after that at 40 sccm flow rate the films become
slightly graphitic in nature because the number of sp® hybridized carbon atoms slightly increases
and hence formation of graphite DLC films. The increase silicon concentration decreases Ip/l
ratio and convert sp? clusters to sp® chains presumably the formation of SiC compound and
nanostructures with increasing Si concentration. In case of a-CNx films the sp?-content increases
with increases of nitrogen doping and becoming more graphitic in nature that reveals the
improvement of conductivity.

The electrical conductivity of DLC films is found to decrease with an increase in the bias
voltage. This decrease has been attributed to the formation of higher number of sp*-hybridized
carbon atoms in the film structure networks with increasing Si-doping concentration. When bias
voltage increases during deposition process of DLC films, sp® hybridized carbon atoms
increases. As consequence (a result) the conductivity decreases gradually with the bias voltage.
These results are consistent with the stress (GPa) estimated from the statistical data plotted with
sp® versus stress as shown in figure 4.1.1.10 as discussed above. In this figure our results are
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highlighted and compared with the other stress value obtained by different researchers. Again,
when silicon is doped in DLC films, then sp? hybridized carbon atom converted into sp®
hybridized carbon atom and the samples becoming more DLC; However nitrogen doping in
amorphous carbon sp* hybridized carbon atom converted into sp® hybridized carbon atom and
the films become more graphite in nature and hence the conductivity increases significantly.

In future we will propose to measure and study scanning electron microscopy (SEM) and
X-Ray diffraction (XRD) for surface morphology .Further ,we will also propose to measure X-
Ray photoemission spectroscopy (XPS) for the study of the electronic and bonding structure of

these materials. At the end, we will determine the fraction of hydrogen in each sample.
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