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Abstract

The present work aims towards the fabrication and characterization of diamond-
like carbon (DLC) and graphitic thin films and few-/multi-layer graphene via pulsed
laser deposition (PLD) technique. DLC thin films deposited via PLD were found to be

hydrogen-free and can be used for high temperature applications.

The structural characterization of all the films fabricated via PLD was performed
by Raman spectrometer. The intensity of the excitation laser source while recording the
Raman spectrum of DLC films plays a crucial role in the correct measurement of film
quality. Thus, in order to assess the appropriate laser intensity, the Raman spectrum of a
particular pulsed laser deposited DLC film was recorded as a function of excitation laser
intensity in the range of 11-382 kW/cm?. It was observed that upto the laser intensity of
114 kW/cm?, there was not much significant changes in the Raman spectra while above
this, the spectra was drastically modified indicating the effect of focal heating and these
changes in the film are of permanent nature. Thus, the Raman spectra reported in the
entire thesis were recorded at a laser intensity of 114 kW/cm?.

The effect of deposition parameters; substrate temperature, laser fluence and the
background helium gas pressure on the DLC film was undertaken in detail. It was
observed that the low substrate temperature favoured the formation of carbon film
dominated by sp® bonding while the film deposited at higher temperature, 700 °C and
above, exhibited the graphitic nature. The variation in sp® fraction of the DLC thin film
was more pronounced in case of helium pressure as compared to that of laser fluence.
The sp® fraction of DLC thin films fabricated at RT was observed to be increasing with
the increase in helium pressure from 0.05 mbar to 1 mbar. The higher pressure of helium
gas was observed to favour the structural ordering of graphitic thin films deposited at
750 °C. Highly ordered graphitic thin film was observed at helium pressure of 10 mbar.
The linear optical properties of DLC and graphitic thin films were studied by
spectroscopic ellipsometer and results were found to be in agreement with that of Raman
studies. Graphene layers were also fabricated in oxygen ambient of 0.1 mbar and at laser

fluence of 5.0 J/cm?. The line shape of 2D band of Raman spectra showed the signature



of multilayer graphene at RT and few-layer graphene at the substrate temperature of 700
°C. Thus, the desired quality of the carbon based thin films devoid of hydrogen can be

easily fabricated simply by selecting the appropriate deposition parameters.

The 7 bonds associated to sp? bonding in DLC and graphitic thin films provide
the nonlinear optical behaviour. To study the optical nonlinearity in DLC and graphitic
thin films, conventional Z-scan setup was modified by replacing the photodiode detector
with the charge-coupled device camera. The modified setup facilitates the advantage of
obtaining the open aperture and closed aperture Z-scan data in a single scan. Another
advantage of this setup is in optimization of the aperture size for closed aperture Z-scan
measurement without repeating the experiment so as to obtain the nonlinear refractive
index coefficient with minimal contribution of nonlinear absorption. DLC and graphitic
thin films showed the positive nonlinearity. The NLR coefficient of carbon thin films

was found to be increased with the sp? content.
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Chapter 1

Introduction

Diamond-like carbon (DLC) thin films have great importance in the field of
research and industry due to the relatively low cost of production and properties similar
to that of diamond. It exhibits a unique combination of properties; extremely high
hardness, low friction coefficient, high wear-resistance, excellent chemical and
electrochemical stability, good thermal conductivity, high transmission in the infra-red
region, etc. [1-6]. As a protective coating, DLC films are applied on cutting tools,
magnetic storage disks, biomedical coating, optical windows, moving components of a
machine, etc. [7-10]. DLC films are also appearing as a promising candidate for anti-
reflection coating on solar cells [11]. The high thermal conductivity makes it a suitable
coating material as a heat sink for semiconductor devices [12]. DLC film is a mixed
structure of sp®, sp? and sp bonding of carbon atoms [2]. The sp* bonding confers the
properties of diamond whereas sp? fraction extends the graphite-like properties. The
content of sp hybridized carbon bonds is very low and has hardly any effect on the
properties of DLC films. Due to the mixed structure, it is amorphous in nature. The
various structures of amorphous carbon can be visualized through a ternary phase
diagram of carbon as a function of sp?, sp® and hydrogen contents, shown in Figure 1.1,
proposed by Jacob and Moller in 1993 [2, 13]. In this diagram, sp*, sp” and H content are
represented by the top, left and right vertices of the triangle, respectively. Amorphous

carbon with disordered graphitic materials; rich in sp? bonds such as carbon soot, chars,
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glassy carbon and evaporated amorphous carbon (a-C) lie towards lower left corner. The
lower right corner of the ternary diagram represents the hydrogen abundant region.
Hydrocarbon polymers are located next to the hydrogen abundant region. The locations

of other amorphous carbon are also shown in ternary diagram, Figure 1.1.

sp3

diamond-like

Sputtered a-C(:H)

glassy carbon

graphiticC

ta:C

ta-C:H

HC polymers

H

a- C(:H) — hydrogenated amorphous carbon
ta-C:H —hydrogenated tetrahedral amorphous carbon
HC - hydrocarbon

Figure 1.1: Ternary diagram for amorphous carbon-hydrogen alloy.

no films

The properties of various forms of carbon are listed in Table 1.1 [2, 14-23].

Table 1.1: Properties of various form of carbon

3

: sp 5 Density Band Hardness
Materials sp° (%) | H% 3
(%) (g/cm”) | gap (eV) | (GPa)
diamond 100 0 0 3.515 5.5 100
graphite 0 100 0 2.267 0
Ceo 0 100 0 1.6
graphene 0 100 0 1.8 0
glassy carbon 0 90-100 0 1.3-1.55 0.01 3
Graphite-
lik evaporated carbon 0 90-100 0 19 0.4-0.7 3
ike
sputtered carbon 5 90-100 0 2.2 0.5
ta-C 80-88 | 10-20 0 3.1 2.5 80
Diamond- hard a-C:H 40 30-40 | 1.6-2.2 1.1-1.7 10-20
like soft a-C:H 60 40-50 | 1.2-1.6 1.7-4 <10
ta-C:H 70 30 2.4 2.0-25 50

The properties of film containing high sp®sp? ratio resemble more of diamond

and thus the film is referred as ‘DLC’ thin film. In 1970, Aisenberg and Chabot reported
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the fabrication of DLC film using lon Beam Deposition technique, possessing properties
similar to that of diamond having refractive index greater than 2.0 [24]. Later in 1973,
the same group demonstrated the industrial applications of DLC coating on stainless
steel and plastic eyeglass lens [25]. The DLC coated steel blades for paper slitting
operation were found to be 100 times longer than that of uncoated one [25]. The plastic
eyeglass lens coated with DLC films was observed to be 3-6 times more scratch resistant
than that of the uncoated one [25]. In 1976, Whitmell and Williamson reported hard
insulating films of DLC having Vickers hardness of more than 2000 and thickness of the
order of um on variety of metallic substrates using direct current (DC) based glow
discharge [26]. Holland and Ojha prepared hard insulating carbon films on dielectric
substrates using radio frequency (RF) glow discharge method [27, 28]. Enke et al.
reported the fabrication of DLC films having low friction coefficients ranging from 0.01
to 0.19 using RF plasma deposition method [29, 30]. In 1980s, Bubenzer et al.
demonstrated the application of a-C:H films as an anti-reflection coating on IR optical
components at a wavelength of 10.6 um [31, 32]. The deposition of smooth, hard and
dense carbon films having thickness around 200 nm have been reported using laser-arc
technique [33, 34]. The refractive index of these films was ranging from 2.05 to 2.50
[34]. The fabrication of carbon films rich in sp* content have also been reported via mass
selected ion beam, sputtering, cathodic arc, pulsed laser deposition (PLD), chemical
vapor deposition (CVD) and plasma enhanced chemical vapour deposition (PECVD)
techniques [2, 35-46]. The optical band gap of DLC films prepared by cathodic arc
technique is reported in the range of 2.1 to 2.4 eV and corresponding variation in
refractive index from 2.67 to 2.46 [40]. DLC films obtained by PLD technique have
shown optical band gap between 1.5 and 1.9 eV and an index of refraction of 2.5 [41].

The optical band gap of DLC films fabricated by PECVD technique is reported in the

Page | 3



Chapter 1

range of 1.10 to 2.48 eV [46].

The carbon film consisting of dominating sp? bonded carbon atoms is termed as
graphitic thin films. Graphitic thin films attracted attention in the field of research
because of its good thermal and electrical conductivity, high transparency,
biocompatibility, etc. [47-53]. The high thermal conductivity leads to its usage as a
coating for thermal management application [54]. The high electrical conductivity makes
it a promising candidate for transparent electrodes [55, 56]. These films have been also
investigated as a coating for heart valves and other forms of prosthesis [52, 57].
Fabrication of graphite thin film, having thickness from nm to um, on Ni substrate using
CVD method was reported by Yudasaka et al. in 1994 [58]. The well-ordered graphitic
films grown by CVD technique was also reported by Obraztsov et al., in 2007 [59].
Recently, pulsed laser deposition and magnetic sputtering techniques have also been
used to fabricate the graphitic thin films [60-62].

Graphene, an another allotrope of carbon, is a material of great interest in the
field of research and industry due to some of its unique properties. It is optical
transparent and possesses high electron mobility, high young’s modulus, thermal
conductivity, etc. [55, 63-66]. All these properties lead to its potential applications as
transparent electrodes, field emission display, biosensors, energy storage, touch screen,
photovoltaic devices, photo detectors, etc. [67-73]. Graphene is a thermodynamically
stable single atomic plane of sp? bonded carbon atoms (o bonds) and considered as the
building block for carbon allotropes of all other dimensionalities; graphite (3D), carbon
nanotubes (2D) and fullerenes (OD). A stack of graphene layers, bonded by Vander Waal
forces (z bonds), forms graphite. The in-plane and inter-plane bond length of graphite is
0.142 nm and 0.341 nm, respectively. Graphene sheets rolled up into cylindrical surface

with diameter of the order of a nanometer are called carbon nanotube [74]. Another
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nanostructure of sp? network is its spherical lattice, known as fullerene [74]. The first
experimentally produced graphene was reported by Novoselov et al. in 2004 by
mechanical exfoliation of highly oriented pyrolytic graphite [75]. Graphene was also
obtained by sublimating Si from silicon carbide at high temperatures (>1100 °C) [76].
Further, Graphene has been prepared by several other techniques viz.; CVD, PLD,
chemical synthesis, etc. [67, 77-86]. In 2009, Reina et al. demonstrated the growth of
single- to few-layer graphene over a large area on Ni surfaces via CVD technique and
transferred the films onto arbitrary substrates [87]. The high quality transparent few-
layer graphene (FLG) onto Ni substrate at the substrate temperature in the range of 1100-

1300 °C using PLD technique was reported by Zhang et al. in 2010 [88].

1.1  Pulsed laser deposition technique

Pulsed laser deposition is a simple and versatile technique for the growth of wide
variety of thin films of metals, semiconductors, ceramic, composite etc. [89-96]. Some of
the advantages offered by PLD technique over other deposition techniques are listed
below:

(a) Stoichiometric growth of thin films [97-100].

(b) Control over the physical and chemical properties of thin film by proper choice
of deposition parameters; laser wavelength, pulse duration, laser fluence,
deposition temperature, background gas pressure, target to substrate distance, etc.
[43, 101-107].

(c) Fabrication of hydrogen-free DLC films [43, 108].

(d) Growth of multicomponent and multilayer thin films [109-111].

The PLD films deposited using shorter laser wavelength possess low surface

roughness [94, 102]. The laser fluence affects the lattice constant and defect structure of
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the grown films [97, 99]. The elevated substrate temperatures favours the transformation
of target stoichiometry onto the film as well as it enhances the uniformity over deposited
area [90]. The presence of background gas encourages the formation of nanoparticles and
epitaxial growth [91, 92]. The size of particulates on the film surface also can be
controlled by the target to substrate distance [94, 95]. The PLD films sometime could be
rough due to the deposition of large sized particulates or the liquid droplets particularly
in case of pure metallic films. This can be avoided by suitably adjusting the deposition
parameters [89]. Another limitation of PLD technique is non-uniform deposition over
large area which can be overcome by rastering of substrate or scanning the laser beam
over the target or both [109, 112].

PLD technique was first proposed by Smith and Turner in 1965 [113]. Later,
since 1980 this technique had emerged as a powerful deposition tool for the fabrication
of various materials, multilayer, nanostructures.

The schematic diagram of PLD system is shown in Figure 1.2. It consists of a
multiport vacuum chamber having a programmable target holder, substrate holder and
viewport for focusing the laser beam onto the target. The PLD chamber is initially
evacuated to a base pressure of ~ 10° mbar and if required, it can be pressurised with the
desired background gas. In PLD technique, a high power pulsed laser is focused onto a

Lens

\ Laser beam

Substrate holder

|=

Target holder

Figure 1.2: Schematic of pulsed laser ablation chamber.
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target through a view port, as shown in Figure 1.2. Normally, nano-second pulsed lasers;
Nd:YAG or excimer lasers, are used for thin film fabrication which provides the
irradiance of >10® W/cm? [89, 95, 97-99, 104, 114]. In this regime, the laser energy
induces multi-photon ionization of the target material [115]. This results in the formation
of laser induced plasma (LIP) of the target material consisting of ions, electrons and
neutrals. At the early stage of the laser pulse, the plasma plume expansion depends on
the ambient gas pressure, laser fluence, laser focal spot on the target, etc. [91, 94, 95,
116-118]. The expanding plasma adjacent to the target surface interacts with the later
part of laser pulse and absorbs the laser energy via inverse bremsstrahlung process
leading to further ionization of the plasma species as well as increases its temperature
[91, 115]. At such high temperature, the plume pressure increases to more than 5-10
bars. The pressure gradient between the plasma plume near the target surface and the
chamber ambient drives the plasma species away from the target with the expansion
velocity of the order of 10%-10° m/s [117, 119-122]. After termination of the laser pulse,
the thermal energy is converted into kinetic energy and the plasma cools down rapidly.
In case of gaseous ambient, the gas molecules may undergo ionization through collision
of highly energetic plasma species. If the laser intensity is sufficiently high then there is
also a direct ionization of ambient gas atoms/molecules. During the expansion, the target
plasma undergoes dynamical and chemical changes due to the interaction with the
plasma of ambient gas and/or gas molecules which is followed by the formation of
molecular species [118, 123, 124]. These molecular species condenses and nucleates
onto substrate (placed at a few centimetres away from the target in the direction of
plasma expansion) which favours the film growth. The growth of the thin film depends
on the LIP dynamics, substrate surface energy as well as the lattice orientation of the

substrate. The growth mechanism of thin film in PLD can be understood by the
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thermodynamic parameters; substrate temperature (T) and plasma flux supersaturation

(Am). These two parameters are related by Am=k,T In(R/R,), where k; is Boltzmann
constant, R is actual deposition rate and R, is equilibrium deposition rate [125]. In PLD

process, the plasma flux supersaturation is of the order of 10° J/mol. Such high degree of
supersaturation leads to two dimensional nucleation with monoatomic height which
favours the layer by layer growth of the film. The high kinetic energy of plasma species
provides the formation of good quality thin films even at room temperature (RT)
compared to that of other techniques. In addition, the film properties are governed by
various deposition parameters; laser wavelength, irradiance of the laser onto the target
surface, target to substrate distance, nature of ambient, ambient gas pressure, substrate

temperature and quality of the target [94, 95, 102, 105-107].

1.2 Characterization of carbon thin films

1.2.1 Raman spectroscopy

Raman spectroscopy is a powerful and non-destructive tool for the
characterization of crystalline, nanocrystalline and amorphous carbon [126-128]. The
single crystal graphite exhibits Raman peak at ~1575 cm™, which is attributed to the
Raman active E;; mode of graphite [129]. This Ezy; mode of graphite is commonly

referred to as the G band, which appears in all sp? hybridized carbon materials including

(@) (b)
Figure 1.3: lllustration of Vibration mode of (a) G band and (b) D band.
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amorphous carbon, graphene, carbon nanotube etc. The vibration mode of G band
involves in-plane bond-stretching motion of pairs of sp® carbon atoms as shown in
Figure 1.3 (a) [126]. The Raman spectrum of diamond has a Raman shift of ~1332 cm™
corresponding to T,y zone centre mode [130]. Amorphous carbon containing
microcrystalline graphite shows Raman shift at ~1355 cm™ other than the G band. This
Raman mode of amorphous carbon corresponds to A;g sSymmetry and is assigned as the D
band, activated from the structural disorder due to the finite crystallite size [126, 131].
The D band involves in-plane breathing mode in carbon rings as shown in Figure 1.3 (b)
[126]. The visible Raman spectra of nanocrystalline and amorphous carbon are
dominated by G and D bands of sp? sites. This is due to the larger cross section of 7
states of sp? sites [132, 133]. In amorphous carbon, the Raman shift of G band always
lies in the range of 1500-1630 cm™. The peak position, line width and the intensity of G
and D bands depend on the ratio of sp® and sp® bonded carbon atoms.

Raman spectra of graphite, few-layer graphene, natural diamond, DLC film and

glassy carbon are shown in Figure 1.4-1.8, respectively.

4 G band

Graphite

2D band

Raman Intensity (arb. units)

i

1000 15l00 2000 2500 3000
Raman Shift (cm™)

Figure 1.4: Raman spectrum of graphite.
The Raman spectrum of Figure 1.4 shows the G band at ~1580 cm™ and 2D
band at ~ 2730 cm™ as first- and second-order Raman features, respectively, of graphite

[134]. The absence of D band at ~1350 cm™ reflects that the graphite is defect-free.
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Figure 1.5 shows the Raman spectrum of FLG fabricated by PLD technique [135]. The

spectrum consists of D, G and 2D bands at 1355 cm™, 1584 cm™ and 2730 cm™,

respectively. As 2D band originates from the in-plane breathing mode of carbon rings

like D band but involves two phonons in the process and hence the Raman shift for 2D

band is twice that of the D band. The symmetry of 2D band around the peak, Figure 1.5,

compared to that of graphite (Figure 1.4) is a signature of FLG. In addition to these

bands, the Raman spectrum of FLG has a weak (less intensity) band at ~ 2450 cm™

termed as G* band which is due to the two phonon process [136].

— G band —— Few-layer Graphene
(2]
2 |
3
g
=
>
2 1 2D band
L
kS
=
(4]
= D band
@ G* band
1000 1500 2000 2500 3000

Raman Shift (cm™)
Figure 1.5: Raman spectrum of few-layer graphene.

The Raman spectrum of natural diamond is shown in Figure 1.6 which has a

prominent peak at ~1333 cm™ (FWHM: ~ 3 cm™) corresponds to the triply degenerate

zone centre optical phonon in Toq symmetry [130].

Raman Intensity (arb. units)

-

L

—— Diamond

)
1200 1300

L
1400

Raman Shift (cm™)
Figure 1.6: Raman spectrum of natural diamond.
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In case of DLC, Raman spectrum shows a broad band centred at ~1550 cm™ with
an asymmetric tail extending towards lower wavenumber, Figure 1.7 [137, 138]. The
downward shift of the Raman peak of G band w.r.t. the graphite, 1575 cm™, is due to the
decrease in average C-C bond angle and is proportional to the percentage of sp* bonded
carbon atoms [139]. The peak position of G band shifts towards higher wavenumber with
the decrease in excitation laser wavelength for disordered carbon [137]. The estimation
of sp®/sp’ ratio of carbon bonding in DLC films can be made by using Equation (1.1)
[140].

sp® content =—0.07 + 2.50x Dispersion(G)[cm™ / nm] +0.06 (1.1)

4 ——— Diamond-like carbon

Raman Intensity (arb. units)

800 1000 1200 1400 1600 1800 2000
Raman Shift (cm")

Figure 1.7: Raman spectrum of DLC thin film.
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Figure 1.8: Raman spectrum of glassy carbon thin film.
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Glassy carbon is a graphitized material with high defects. It is characterized by
the distinct D and G Raman bands which are broader than that of graphite. Due to defects
in glassy carbon and its highly graphitic nature, its Raman spectrum, Figure 1.8, exhibits
several other bands; D', (D+D") and 2D'. The D' band is one phonon process and appears
at ~1620 cm™ which can be distinguished from G band after deconvolution [141]. 2D'
band (~3206 cm™) is overtone of D' band and is due to the two phonon process whereas

(D+D'") band (~2940 cm™) is a combination of D and D' bands [141].

1.2.2 Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis spectroscopy refers to transmission/absorption/reflectance spectroscopy
in the ultraviolet-visible spectral region and is used to determine the absorption
coefficient and band gap of a thin film. The UV-Visible spectrum of the films having
thickness greater than 100 nm shows the interference fringes which is used to determine
the film thickness and refractive index using Swanepoel envelope method [142]. Thin
film of highly reflecting surface and thickness less than 100 nm show transmission
spectrum which are normally free from any signature of interference fringes and hence
absorption coefficient obtained from the transmission or the absorption spectrum possess
large errors and the film thickness can't be measured. For such samples, spectroscopic
ellipsometer is used for the determination of absorption coefficient and other optical

constants with precision.

1.2.3 Spectroscopic ellipsometry

Spectroscopic ellipsometer (SE) is a powerful tool to determine the absorption
coefficient, film thickness, optical band gap energy and refractive index of the reflecting
films [143, 144]. It is even applicable to the thin films of very small thickness (< 100

nm) where Swanepoel envelope approximation can't be applied due to non-appearance of
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the interference fringes or poor fringe visibility of UV-Visible transmission spectrum. In

this technique, the change in polarization state of the reflected light with respect to the

E. —incident electric field vector v

E. — incident electric field vector for s-polarization
E ., —incident electric field vector for p-polarization
E. —reflected electric field vector

E. —reflected electric field vector for s-polarization
Ep— reflected electric field vector for p-polarization
¢ —angle of incident of plane polarized light

tany —amplitude ratio between p-and s-polarization

A — phase difference between p-and s-polarization

Figure 1.9: Reflection of polarized light on film-substrate surface and geometrical interpretation
of ellipsometer parameters (y, 4).

incident light is measured as a function of frequency (or wavelength). Figure 1.9 shows

the schematic of working principle of an ellipsometer. The parameters y’ is defined in

/

are the amplitude of reflection coefficient for p- and s- polarizations, respectively. For

Figure 1.10 and is given astany =|r,|/|r.|, where |r,|= ETp E?p and |r,|= és/g

IS

linearly polarized incident light oriented at 45°, Eis and therefore,

/

perpendicular components of the electric field vector of the light wave with respect to the

E,

E,|/|Es|- The p- and s- polarized light waves are the parallel and

tam//z‘rp‘/|rs|=

plane of incidence. The another parameter ‘A’ determines the phase difference between
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reflected p- and s- polarized light waves, A =5, —d, where Jp and Js are the phase of

reflected p- and s- polarized light waves, respectively.

Figure 1.10: Geometrical interpretation of parameter rp and ry

The ellipsometer parameters “y’ and ‘A’ are related to each other by Equation

(1.2) which is known as ellipsometer equation [145].

r .
pzr—p:tan w exp(iA) (1.2)
where, p is Fresnel reflection coefficient. From the Equation (1.2), the pseudo dielectric
function is obtained using Equation (1.3) [145].

&(w) =sin® ¢{1+tan2 ¢(1—_p} }

+p (1.3)

where, ¢ is the angle of incidence of the plane polarized light with respect to the sample
surface as depicted in Figure (1.9). From Equation (1.3), real and imaginary part of the
dielectric constant can be defined as &(w)=¢ (w)+ig,(w).The pseudo dielectric
function contains the substrate features along with that of thin film which can be
separated out by using appropriate dispersion model. For amorphous carbon film, various
dispersion models have been used including Tauc Lorentz, Forouhi Bloomer (FB) model
and modified FB model (mFB) [146-148]. The refractive index ‘n’, extinction coefficient

‘k> and absorption coefficient ‘e’ can be obtained from complex dielectric function &
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and & using Equations (1.4)-(1.6), respectively [145]:

n= {%[51 + (512 +&; )1/2}}1/2 (1.4)
K :{%[—gl +(512 +&b )1,2}}1’2 (1.5)

oa=— (1.6)

The mFB model includes all the possible band transitions of amorphous structure

and hence adopted to fit the SE data of DLC films in the present thesis [149].

1.2.4 Fourier transform infrared spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a technique for investigating
the bonding structure based on the absorption of infrared photons by the molecule. In the
amorphous carbon, an absorption band appears in the range of 900-1800 cm™ which is
due to the delocalized z-electrons associated with sp? bonded carbon atoms [150-153].
The absorption band in the range of 2800-3300 cm™ is a signature of the presence of
hydrogen [154]. The vibration modes of C-H bond for sp® and sp? configurations lie in

the range of 2850-2955 cm™ and 2975-3085 cm™, respectively [2, 154]. The sp bonded

1.00+

0.99

0.98

Transmittance

0.97

1000 2000 3000 4000
Wavenumber (cm'1)

Figure 1.11: FTIR spectrum of hydrogen-free DLC thin film.
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C-H vibration mode has a center at 3300 cm™ [2]. The IR spectrum of hydrogen-free
amorphous carbon is shown in Figure 1.11 where there is hardly any appearance of the

band in the range of 2800-3300 cm™.

1.2.5 X-ray diffraction

X-ray diffraction (XRD) is a non-destructive technique for characterizing the
crystalline material and investigating atomic arrangement, crystallite size and type of
crystallinity. As DLC is amorphous in nature, the XRD spectra of the film deposited on
glass substrate shows a broad peak lying in the range of 26 ~10°-30° which is originating
from the substrate [155]. However, the XRD spectra of DLC films having diamond
crystallites exhibit diffraction peaks at ~43.20°, ~74.06°, ~89.90° and ~95.57° whereas

the graphitic crystallites shows the diffraction peaks at ~26.30° and ~50.36° [156, 157].

1.3 Optical nonlinearity in carbon based thin films

Nonlinear optical properties of materials are of great importance in various
optical devices [158-161]. Carbon nanostructures; carbon nanotubes, graphene, graphene
oxide, carbon black, onion-like carbon, fullerenes, diamond, etc. exhibit nonlinear
optical (NLO) properties [158, 162-170]. The single wall carbon nanotubes showed the
reverse saturation absorption behaviour at the laser wavelength of 532 nm and exhibits
negative value of nonlinear refractive index coefficient, n, [162]. Multiwall carbon
nanotubes in ethylene glycol (0.4 mg/ml) exhibit reverse saturation effect and positive
value of n, under picosecond laser (532 nm) illumination [163]. Few-layer graphene
fabricated by CVD exhibits saturation behaviour under the irradiance of picosecond laser
at a wavelength of 1550 nm [164]. Diamond exhibits positive nonlinear refractive index
coefficient (ny) at a laser wavelength of 1064 nm and 532 nm whereas in case of laser

wavelength of 355 nm and 266 nm it shows negative n, [168]. The reverse saturation
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absorption is reported in linear carbon chains at a wavelength of 532 nm from
nanosecond laser [169]. The NLO behaviour of carbon materials enable them to act as an
optical limiter [158, 159]. The optical limiting in carbon black suspension, onion-like
carbon, fullerenes and diamond nanoparticles have been reported in the literature [158,
166, 167]. The optical limiting action is the result of a number of mechanisms which
includes nonlinear absorption, nonlinear scattering and nonlinear refraction [158, 171,
172]. One of the most important applications of optical limiting property is to protect the
optical elements, human eyes and optical sensors from intense laser beam [173-175].
Another application of NLO behaviour of graphene and carbon nanotube is in mode
locking of a laser [160, 176-178].

A variety of techniques have been developed to measure the nonlinear optical
properties of materials. These techniques include nonlinear interferometry, degenerate
four-wave mixing, ellipse rotation, Z-scan technique and beam distortion measurements
[161, 179-182]. The first three techniques are sensitive but require relatively complex
experimental setup whereas the beam distortion measurement is relatively less sensitive
and need detailed wave propagation analysis. Z-scan technique involves comparatively
simple experimental setup. The Z-scan technique, proposed by Sheik-Bahae et al. in
1989, is a single beam scan method and based on the spatial beam distortion during beam
propagation through the nonlinear medium [181]. In this technique, the sample is
translated longitudinally along the optic axis of a focused Gaussian laser beam. The
translation of the sample leads to the change of irradiance at the sample, resulting in
changes in the intensity dependent optical properties. The intensity transmitted through
the sample is recorded as a function of sample location ‘z’ with respect to the focal plane.
The plot of transmitted intensity as a function of ‘z’ gives the information about the order

of the nonlinearity as well as its sign and magnitude. The technique includes open
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aperture (OA) and closed aperture (CA) Z-scan measurements which determine
nonlinear absorption (NLA) coefficient and nonlinear refractive index (NLR) coefficient,
respectively. The experimental setup is explained in Chapter 2, Section 2.2. In the
present thesis, the conventional Z-scan setup was modified so as to obtain the OA and

CA data from the single scan. The details are presented in Chapter 6.

1.4 Organization of present thesis

DLC thin films and graphene have numerous applications. To preserve the
quality of DLC coating at high temperature, it should be hydrogen-free and therefore the
present thesis aims towards the fabrication of hydrogen-free DLC films having higher
fraction of sp® bonded carbon atoms via PLD technique. Different forms of DLC films
are distinguished by Raman spectroscopy. To extract the information for the carbon
bonding ratio and its configuration, the Raman spectrum should have high signal to noise
ratio which can be achieved by using the high laser intensity in Raman system. But
excessive laser intensity may cause the local heating in the focal region and the film may
undergo thermally induced structural modification and therefore the information
extracted from the Raman spectrum will be deviated compared to that of the as-deposited
film. Therefore, the present thesis also includes the effect of laser intensity on the Raman
spectrum and hence structural changes in DLC film.

Graphene, another important allotrope of carbon, fabricated by most of
techniques involves the catalytic metal and then transferring it on the desired substrate
which induces defects. It is very important to reduce the defects in graphene for practical
applications. Hence, in the present thesis, single step fabrication of few-/multi-layer
graphene on glass substrate via PLD is demonstrated. The work is extended to the study

of NLO behaviour of DLC and graphitic thin films. To study the NLO behaviour of the
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PLD film, the conventional Z-scan setup was modified by replacing the photodiode
detector with CCD camera and the hard aperture by the synthetic aperture using a matlab

program.

The present thesis is organized into following eight chapters:

Chapter 1, the first chapter “Introduction”, contains the overview of the literature
survey on DLC films and graphene, basic of PLD technique, various characterization

tools and the nonlinear optical properties of carbon materials.

Chapter 2, “Experimental details”, describes the PLD setup used for fabrication of DLC
and graphitic thin films and few-/multi-layer graphene. It also briefly demonstrates the
modified Z-scan setup to measure the NLA and NLR coefficients of carbon films. The
basic information of various commercial instruments used for the characterization of

PLD films is also included in this chapter.

Chapter 3, “Effect of cw laser irradiation on DLC films”, presents the effect of laser
intensity during recording of Raman spectra and degree of graphitization of DLC film
with laser irradiation to assess the optimum laser intensity to be used without any

significant structural modification of DLC film due to heating effect of the laser.

Chapter 4, “Characterization of pulsed laser deposited DLC and graphitic thin films”,
includes the effect of substrate temperature, background helium pressure and laser

fluence on sp® content of DLC films as well as their linear optical properties.

Chapter 5, “Fabrication and characterization of few- and multi-layer graphene via PLD
technique”, documents the deposition parameters and characterizations of few- and

multi-layer graphene.
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Chapter 6, “Modified Z-scan setup using CCD camera”, demonstrates CCD as a
detector for recording the open as well as closed aperture Z-scan in a single scan to

measure NLA and NLR coefficients.

Chapter 7, “Optical nonlinearity in pulsed laser deposited DLC and graphitic thin
films”, includes the measurement of NLA and NLR coefficients of DLC and graphitic

thin films by modified Z-scan setup.

Chapter 8, the last chapter “Conclusion” summarizes the salient features of the present
research work. It also discusses the possibilities of future exploration of the present

research work.
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Chapter 2

Experimental details

Pulsed laser deposition (PLD) technique is widely used for the growth of large
variety of thin films [1-11]. The properties of PLD thin films are strongly influenced by
the Kinetics of the laser produced plasma species which in turn can be controlled by a
number of deposition parameters [12-18]. In the present thesis, PLD technique was used
to deposit the DLC and graphitic thin films over a large range of deposition parameters;
substrate temperature, laser fluence and helium gas pressure, to identify the optimum
condition for sp® and sp? dominated films. The effect of substrate temperature on the
deposition of graphene layers in presence of oxygen gas as the background is also
studied. PLD films were characterized by Raman spectrometer, Spectroscopic
ellipsometer, Fourier transform infrared spectrophotometer, Atomic force microscope
and Stylus profilometer. Graphene layers were also subjected to Transmission electron
microscope and Field emission scanning electron microscope. The nonlinear absorption
(NLA) and nonlinear refractive index (NLR) coefficients were measured by in-house
developed modified Z-scan setup.

In this chapter, the experimental details of PLD setup, modified Z-scan setup and

all the other characterization tools employed for PLD films are presented.

2.1 Pulsed laser deposition (PLD) setup
The schematic of PLD setup and its photograph used for deposition of DLC

films, few- and multi-layer graphene and graphitic thin films is shown in Figure 2.1 and
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Figure 2.1: Schematic of PLD setup.
2.2, respectively. It consists of a 12" diameter ultra-high vacuum compatible multiport
stainless steel chamber. The graphite target was mounted on a motorized target carrousel
and was inserted inside through one of the 150 CF port of the vacuum chamber. The
substrate (glass and silicon) was mounted on a substrate holder assembly having
provision of resistive heater to control the substrate temperature in a programmable
manner. The substrate holder assembly was mounted on another 150 CF port of the
ablation chamber opposite to the target carrousel. The target to substrate separation was
maintained around ~3 cm. The PLD films of carbon were deposited on glass and silicon
substrates. Prior to deposition, the vacuum chamber was evacuated to a base pressure
~10"® mbar using turbo molecular pump (Pfeiffer, Hi Pace 300 C) connected to the
bottom 100 CF port of the vacuum chamber, as shown in Figure 2.1. The turbo
molecular pump was backed by a rotary pump (Pfeiffer, DUO 10 MC). The pressure

inside the ablation chamber was monitored using a compact cold cathode gauge (Pfeiffer,
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Figure 2.2: Photograph of (a) PLD setup and (b) target-substrate configuration.
IKR 251) for low pressure regime (10 mbar — 107 mbar) and pirani gauge (Pfeiffer,
PCR 280 and Hind HiVac, HPS-2) for high pressure regime (10° mbar - 10 mbar). The
second harmonic of a Q-switched Nd:YAG laser (Quanta-System, HYL-101; 532 nm, 8
ns, 10 Hz) was used to fabricate the DLC thin films and graphene layers whereas the
third harmonic of a Q-switched Nd:YAG laser (Quanta-Ray, INDI-HG; 355 nm, 8 ns,
10Hz) was used for the deposition of graphitic thin films. The laser beam was focused
onto the graphite target by a convex lens of focal length of 35 cm. The focusing of the

laser beam furnishes the laser induced plasma of carbon from graphite target which
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expands in the presence of background gas and finally deposited onto the substrate
placed parallel to the target. The DLC and graphitic thin films were deposited in vacuum
as well as in the presence of helium gas. Few- and multi-layer graphene were deposited
in the oxygen gas ambient at a pressure of 0.1 mbar. The ambient gases were purged into
the deposition chamber through a 16 CF port via gas flow controller, shown in Figure
2.2. The flow rate was maintained in the range of 20-30 standard cubic centimetres per

minute (sccm).

2.2  Characterization of PLD thin films
All the samples fabricated via PLD in the present work were subjected to various

characterizations as briefed below:

2.2.1 Atomic force microscopy (AFM)

The atomic force microscope (Aligent, 5500 series) was used in non-contact
mode using silicon cantilever to image the surface morphology of PLD films. The Root
mean square (RMS) Surface roughness and average grain sizes of PLD films were

estimated using software “WSxM 5.0 Develop 7.0” [19].

2.2.2 Field emission scanning electron microscopy (FESEM)

The surface morphology of the graphene samples were also captured by FESEM
(ZEISS sigma) which was operated at an accelerating voltage of 3 to 5 keV. The films
were coated with very thin gold layer in a separate vacuum chamber prior to loading
them inside the vacuum column of FESEM to avoid the charging effect during

measurement.
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2.2.3 Transmission electron microscopy (TEM)

To capture the TEM images of graphene, it was deposited onto the uncoated Cu
mesh grid. The measurements were performed with TEM (Jeol, JEM 2100) using
electron source at accelerating voltage of 200 keV. The TEM images and SAED pattern
were analysed for inter-spacing distance using software “Gatan digital micrograph” of

TEM instrument.

2.2.4 Raman spectroscopy

To unveil the proportion of sp® and sp? bonding and to assess the disorder, Raman
spectra of PLD films were recorded by the micro-Laser Raman spectrometer (Horiba
Jobin Yvon, LabRam HR800) using a holographic grating of 1800 groves/mm. He-Ne
laser (633 nm) and Ar-ion laser (488 nm and 514 nm) were used as an excitation source.
The laser beam was focused on the sample using an objective lens, 100X, to a spot size

of ~1 pm diameter on the film surface.

2.2.5 Fourier transform infrared spectroscopy (FTIR)

In the present thesis, a single beam FTIR spectrometer (Perkin Elmer BX) was
used to record the IR transmission spectra of DLC films to assess the hydrogen content
in it. For FTIR measurement, DLC films were deposited onto undoped silicon (100)
wafer. The spectrometer was operated with a resolution of 4 cm™ and the spectra were

averaged over twenty scans for each sample.

2.2.6 Spectroscopic ellipsometry
A rotatory polarizer ellipsometer (Semilab GES5-E) was used to measure the
linear refractive index, absorption coefficient, thickness and optical band gap of the PLD

films. As the DLC films are amorphous in nature, the spectra were fitted to modified
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Fourohi-Bloomer (mFB) model. To fit the spectra, the structure of the sample was
modelled to three interfaces: (1) air/film, (2) film/substrate and (3) substrate/air, as
shown in Figure 2.3. Transmission spectra were also recorded using ellipsometer to

estimate the optical band gap of DLC films.

air

film

i

air

Figure 2.3: Schematic of structure adopted for dispersion model.

2.2.7 Stylus profilometer

Thickness of PLD films was also measured directly using profilometer (Veeco
DekTak 150). In this instrument, the stylus tip, made up of silicon carbide, is pulled in
contact mode along the masked-unmasked interface of the film surface at constant
velocity. At the interface, the displacement of tip experiences a step which is the measure
of the film thickness. The vertical resolution of the profilometer is in A and that of the
lateral resolution is 1 um. To prevent destruction of the film surface, the load on the
sample was kept 3 mN. The thickness of all samples presented in thesis was the average

value of the measurement over the five different locations.

2.3  Modified Z-scan setup
To study the nonlinear optical (NLO) properties of pulsed laser deposited films,

Z-scan technique was employed by modifying the conventional setup [20]. Figure 2.4
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and 2.5 show the schematic of in-house assembled modified Z-scan setup and its

photograph, respectively.

Iris
Lens Sample diaphragm

He-Ne Laser ——H CCD
TS |]

Z <> +Z ND filter

TS — Translation stage
Computer [——

Figure 2.4: Schematic of modified Z-scan setup.

Iris diaphragm CCD

Figure 2.5: Pﬁotograph of modified Z-scan setup.

A He-Ne laser (Melles Griot, 05-LHP-927, 632.8 nm) was focused by a convex
lens of the focal length of 5 cm on the sample. The transmitted beam from the sample
was imaged on a CCD detector (PCO, PixelFly), kept at a distance of ~25 cm from the
focusing lens. A neutral density (ND) filter was placed in front of CCD to avoid its
saturation. An iris diaphragm of aperture size ~6 mm was placed before the ND filter to
suppress the scattered light entering into the CCD. The images of the transmitted beam
were recorded by scanning the sample 20 mm on either side of the focal position of the

lens. For recording the open aperture Z-scan curve, the transmitted intensity through the

Page | 43



Chapter 2

thin film was obtained by integrating the gray values of the recorded images. The same
images were used to obtain the data for CA Z-scan by applying a suitable synthetic
aperture onto the image using the Matlab program. The measurement details on NLA

and NLR coefficients using this modified Z-scan setup is detailed in Chapter 6.

Conclusion

In this chapter, the pulsed laser deposition setup to fabricate DLC and graphitic
thin films as well as graphene layers and the modified Z-scan setup developed, to study
the NLO properties of PLD films are discussed. The various characterization instruments
employed to study the structural and optical properties of PLD films are also presented

briefly.
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Effect of cw laser irradiation on DLC films

One of the most powerful technique to characterise the carbon films is Raman
spectroscopy [1]. It is a nondestructive technique and very sensitive towards the bonding
of carbon atoms [2-4]. The single crystal graphite exhibits Raman shift at ~1575 cm™,
which is attributed to the Raman active Exy mode of graphite [5]. This Exy mode of
graphite is commonly referred to as the G band, which appears in all sp® hybridized
carbon materials. Amorphous carbon containing disordered graphite has G band,
positioned in the range 1580-1600 cm™ along with another band at ~1355 cm™, which is
assigned as the D band. The D band is activated from the structural disorder due to the
finite crystal size [6]. The D band along with the integrated intensity ratio of D band to G
band, Ip/lg, gives the information of disorder in the DLC film. The dispersion of G band
can be used for quantitative estimation of sp* contents [7].

The Raman spectrum is recorded by normally focusing a cw laser beam onto the
sample under consideration. The substantially large laser intensity on the DLC film
causes local heating in the focal region. This may result in stress and structural relaxation
in the film [8-10]. These structural relaxations in the film create defects and the
corresponding Raman spectrum shows signatures of higher disorder compared to that of
actually present in as-deposited DLC film [11]. Whereas at low irradiance, the effect
may be less pronounced and the disorder induced, if any, may be reversible but at high
intensities the focal region of the film may undergo the permanent changes. Therefore,

the laser intensity becomes a crucial parameter in recording the Raman spectrum of DLC
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film as low intensity results in poor signal to noise ratio whereas higher intensity changes
the film properties. The longer exposure of high laser intensity anneals the film
sufficiently which causes transformation of sp® bonded carbon atoms into sp® phase
permanently [12, 13].

In this chapter, the effect of laser intensity on the Raman spectrum of pulsed laser
deposited DLC (PLD-DLC) film is documented to emphasize the importance of
optimum laser intensity for Raman measurement without effecting the bonding structures
of the film. The structural changes in the DLC film while recording the Raman spectra as
a function of excitation laser intensity are assesed from features of G and D bands; peak
position, FWHM and Ip/lg ratio. For this, Raman spectra were deconvoluted by multiple
peak fitting using Gaussian Function. Further, the study has been extented to validate the
permanent nature of structural changes by laser annealing of DLC film at higher intensity
in the range of 127-382 kW/cm? for 5 min and recording the Raman specta at lower laser
intensity of 114 kW/cm?. Following this analysis, the Raman spectra of DLC film on Si
substrate is also presented to confirm that the accumulated heat is the main cause for the

structural changes in DLC film during Raman measurement.

3.1  Experimental details

The DLC films used to study the effect of excitation laser intensity while
recording the Raman spectrum were deposited on corning glass and silicon (undoped)
substrate at room temperature (RT) via pulsed laser deposition (PLD) technique. For this,
a second harmonic of a Q-switched Nd:YAG laser was focused onto the graphite target
inside the PLD chamber, evacuated to a base pressure of ~ 10 mbar. The details of the
PLD setup for thin film deposition is described in Chapter 2, Section 2.1. The film was

deposited for 30 min at a laser fluence of ~11.7 J/cm?. The thickness of the deposited
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film was measured using Stylus profilometer as well as via ellipsometric measurement
(Table 4.4, chapter 4) and was found to be in the range of 110-120 nm. The Raman
spectra as a function of excitation laser intensity were recorded using an Argon ion laser
at a wavelength of 488 nm. The spectra were recorded in the range of 800-2000 cm™. To
study the effect of laser annealing on the structural changes in PLD-DLC film, the
spectra were recorded at a laser intensity of 114 kW/cm? after laser annealing the film for

5 min each in the intensity range of 127-382 kW/cm?.

3.2  Effect of laser intensity while recording the Raman spectra of PLD-DLC

thin film

Figure 3.1 shows the normalized Raman spectra of DLC thin film recorded as a
function of laser intensity in the range of 11-382 kW/cm?. The Raman spectra in the
intensity range of 11-114 kW/cm?, Figure 3.1 (a), are almost similar and exhibit a broad
G band centered at ~1550 cm™ with an asymmetric tail extending towards lower
wavenumber. The downward shift of the Raman peak for G band w.r.t. that of graphite,
1575 cm™, is due to the decrease in average C-C bond angle and is proportional to the
percentage of sp® bonded carbon atoms [14]. The variation in deconvoluted spectra with

the increase in laser intensity upto 114 kW/cm?, Figure 3.2 (a) and (b), is small but it is
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Figure 3.1: Raman spectra of DLC film as a function of laser intensity.
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Figure 3.2: Deconvoluted Raman spectra of DLC thin film as a function of laser intensity;

(a) 11 kW/cm?, (b) 114 kW/cm?, (c) 254 kW/cm? and (d) 382 kW/cm?.

not of permanent nature and could be retrieved by lowering the laser intensity. The

spectra recorded at higher laser intensities; 127 kW/cm?® and above, Figure 3.1 (b),

exhibit the pronounced changes in the film. The major distinction in this range of

intensities as compared to that of lower intensity range (11-114 kW/cm?) is the

emergence of D and G bands distinctly, as shown in Figure 3.1 (b). The emergence of D

band is the characteristic of the increase in formation of aromatic rings in sp® clusters

while the emergence of G band reflects the reorganization of the carbon atoms towards

graphitic configuration. Hence, the Raman spectra recorded at higher laser intensities

reflect the structural changes of DLC film towards sp? rich carbon film.
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The visible Raman spectroscopy is more sensitive to sp? sites of carbon atoms
compared to that of sp® sites as visible photons preferentially excite z-sites [15, 16].
Therefore, the deconvoluted Raman spectra depict the dominating G and D bands
corresponding to the sp® sites of carbon atoms. The G band corresponds to the zone
center phonons of Eyy symmetry whereas the D band is induced by structural disorder
and attributed to the breathing mode of A;g symmetry due to the phonons near the K zone
boundary [17, 18]. The origin of third band in the range of 1100-1210 cm™, Figure 3.2
(a-d) could be due to the presence of interfacing amorphous carbon matrix of olefin sp®
sites to diamond-like structures [17]. An additional Raman band (D' band) at ~1600 cm™
is observed at laser intensity of 318 and 382 kW/cm?, Figure 3.2(d), which is attributed

to microcrystalline graphite [19].

Table 3.1: Raman band position, FWHM of G and D bands and Ip/Ig ratio of DLC thin film as a

function of laser intensity

Laser Position of G | Position of | FWHM of | FWHM of D
intensity band D band G band band Io/lg
(kW/cm?) (cm™) (cm™) (cm™) (cm™)

11 1551 1381 198 194 0.39
28 1553 1384 198 199 0.40
57 1556 1388 193 203 0.46
114 1557 1387 185 212 0.59
127 1558 1387 183 218 0.84
191 1569 1396 159 280 1.66
254 1571 1389 149 293 221
318 1566 1362 162 269 2.19
382 1562 1360 171 234 1.69

From deconvoluted Raman spectra, peak position of G and D bands,

corresponding FWHM and Ip/lg ratio, were obtained and listed in Table 3.1 as a function
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of laser intensity. At lowest laser irradiance, 11 kW/cm?, the G band of DLC film was
observed to be shifted towards the lower wavenumber (~1551 cm™) from its position in
graphitic films which is reported at ~1583 cm™ [20]. The corresponding Ip/lg ratio was
found to be ~0.39. The shift of G band towards lower wavenumber and the low value of
Ip/lg ratio suggest the higher sp*/sp? bonding ratio of carbon atoms in PLD-DLC film
[21]. Further, the higher concentration of sp® bonds of carbon atoms was confirmed by
the dispersion of G band, Figure 3.3. The G band dispersion is only observed in
disordered carbon materials and is proportional to the degree of disorder [6]. The peak
position of G band shifts towards higher wavenumber with the decrease in excitation
laser wavelength for disordered carbon. In the present study, the dispersion rate of G
band was measured using three different laser wavelengths (488 nm, 514 nm and 633
nm) and found to be ~0.34 cm™/nm, Figure 3.3(b), which corresponds to more than 60%

of sp® content [6, 7].
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Figure 3.3: (a) Dispersion of G band (b) Dispersion rate of G band.

To further unveil the effect of excitation laser power on Raman spectra, all the
three observed Raman bands are shown separately, Figure 3.4 (a)-(c), for various laser

intensities. The percentage contribution of each band in the Raman spectra in the range
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of 800-2000 cm™ is plotted in Figure 3.5 as a function of laser intensity. The percentage

change in the integrated intensity of deconvoluted bands and the total integrated intensity

(in the range of 800-2000 cm™) at various intensities of laser used to record the Raman

spectra w.r.t. that of lowest one, 11 kW/cm?, are listed in Table 3.2.
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There was a gradual decrease in integrated intensity of G band (Ig) with the

increase in laser intensity in the range of 11-114 kW/cm? to a maximum of ~10%

whereas that of the other bands, D band and Band-3 (~1210 cm™), it increased by ~35%
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Table 3.2: Percentage Change in integrated intensity of Raman spectra of PLD-DLC film and

their deconvoluted bands as a function of laser intensity w.r.t. laser intensity of 11 kW/cm?.

L aser Change in integrated Change in Change in Change in
intensity intensity of | inteq rated | inteq rated -integ r-ated
(kwem?) convoluted spectra intensity of G intensity of D intensity of

(%) band, I (%0) band, Ip (%) Band-3 (%)

11 -- -- -- --

28 1.22 -0.72 3.18 5.52

57 2.56 -3.35 14.57 6.89
114 4.93 -10.36 35.22 17.41
127 16.69 -11.07 89.44 13.04
191 18.70 -33.80 178.09 -20.41
254 27.87 -39.49 238.29 -31.09
318 40.41 -35.31 259.68 -21.66
382 43.53 -26.44 215.44 -17.32

and ~17% , respectively, Figure 3.5. The changes in integrated intensity of these bands
were also reflected by the change in respective FWHM and Ip/lg ratio as listed in Table
3.1. The changes in the position of G and D bands with the laser intensity are marginal
upto the laser intensity of 114 kW/cm? The FWHM of G band reflects the structural
ordering of sp? phase of carbon atoms in the DLC film. In this intensity range, FWHM of
G band was observed to be decreased from 198 cm™ to 185 cm™ with the increase in
laser intensity, Table 3.1, which may be due to the improvement in ordering within the
sp? clusters. Another reason for the decrease in FWHM of G band could be the release of
compressive stress of the film on exposure of laser beam during measurement [4].
During recording of Raman spectra, the heating in the focal region raises the temperature
locally which results into releasing the stress in the film. The relaxation of stress could
also be due to the generation of topological defects such as odd rings; 5-fold and 7-fold

rings of carbon atoms [22]. These topological defects give the higher value of Ip/l¢ ratio.
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The increase in Ip/lg ratio was observed to be from 0.39 to 0.59 with increase in laser
intensity from 11 kW/cm? to 114 kW/cm?, respectively. The corresponding increase in
FWHM of D band was observed to be from 194 cm™ to 212 cm™. The increase in
FWHM of D band and Ip/lg ratio with laser intensity indicate the overall increase in
disorder due to the local heating in the focal region.

The increase in Ip/lg ratio inspite of improvement in the ordering of sp? clusters
in the film was observed with the increase in laser intensity. The Ip/lg ratio and the
FWHM of G band together give the rough estimation of cluster size in a-C films. The
larger value of FWHM of G band (4v > 50 cm™) and the smaller value of 1o/l ratio is
indicative of a cluster size smaller than 10 A. The G band appears from the graphitic
sites only and become ordered at higher laser intensity during Raman measurement as
reflected by the decrease in its FWHM. The disorder increases in non-graphitic sites with
the increase in laser intensity which increases the Ip/lg ratio inspite of reduction in
defects in sp? clusters.

The marginal changes observed during recording of Raman spectra with the
increase in laser intensity upto 114 kW/cm? are reversible. As the laser intensity
increased beyond 114 kW/cm?, D and G bands appeared to be resolved, Figure 3.1 (b).
The increase in Ip/lg ratio with the laser intensity was observed, indicating the evolution
of more sp? aromatic rings in DLC film. The increase in Ip/lg ratio was small upto laser
intensity of 127 kW/cm?, but beyond that it was substantial, Table 3.1. This indicates that
the effective conversion of sp® to sp> commences above 127 kW/cm? of laser intensity.
The thermal energy provided by the laser in this range is sufficient to convert the
metastable carbon bonds of DLC film to more stable sp® bonding state. As a result,
diamond-like amorphous matrix shrinks while sp® clusters grow with the increase in laser

intensity. The increase in sp? clusters with laser intensity can be further confirmed by
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observing the enhancement in integrated intensity for all the three bands (G + D + D),
Figure 3.5, as all these bands are due to sp? sites only. The peak position of G band
continued to shift to higher wavenumber with the increase in laser intensity upto 254
kW/cm?, Table 3.1. The upward shift of G band signifies the aggregation of sp® clusters
into larger domain as well as ordering among them. As the laser intensity was increased
beyond 254 kW/cm? the downward shift of the G band was observed, indicating the
fragmentation of sp® clusters into smaller domain. It may be due to the sufficient rise of
temperature in the focal region of the film surface at such high laser intensity to break
the bond or fragment into smaller clusters of sp®. There is also increase in disordered
orientation of sp® clusters as reflected by the decrease in Ip/lg ratio and increase in
FWHM of G band for the laser intensity beyond 254 kW/cm? Table 3.1. At laser
intensity of 382 kW/cm?, the slight decrease in overall integrated intensity (G + D + D'
bands) was observed impling the reduction in sp? sites which could be due to damage of
these sp” sites at such high laser intensity resulting from local heating.

The integrated intensity of G band (lg) was observed to decrease whereas that of
the D band (Ip) increased with the laser intensity, Figure 3.5, in the range of higher
intensity above 127 kW/cm?®. The total integrated intensity of the Raman spectra in the
range of 800-2000 cm™ was observed to increase with the intensity of laser used to
record Raman spectra indicating the increase in sp? clusters. The blue shift in G band
position and the decrease in corresponding FWHM further confirm the increase in sp?
clusters with the increase in laser intensity while recording the Raman spectra. These
changes were irreversible as was confirmed by recording the Raman spectra later at a

reduced laser intensity of 114 kW/cm?.
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3.3  Effect of laser annealing on structural changes in PLD-DLC thin film
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Figure 3.6: Raman spectra of DLC thin film recorded at 114 kW/cm? after laser annealing for 5
min in the intensity range 127-382 kW/cm?.

The effect of laser intensity while recording the Raman spectra of DLC film is
described in Section 3.2. It was observed that in the laser intensity range of 11-114
kW/cm?, the effect is less pronounced and reversible whereas the structural changes
occurred at laser intensities above 114 kW/cm? are prominent and irreversible. To
validate it further, the DLC film was annealed for 5 min at each laser intensity in the
range of 127-382 kW/cm? and then Raman spectra were recorded at 114 kW/cm?, as this
laser intensity doesn't bring any significant changes in the carbon bonding within the
laser exposed area of the film. The Raman spectra of laser annealed DLC film are shown
in Figure 3.6. The spectra displayed the features similar to those of respective as-
deposited film of Figure 3.1 (b), confirming that higher intensity of laser is capable of
bringing the permanent structural changes in DLC film. The Raman spectra of DLC film
recorded at a laser intensity of 382 kW/cm? and the one recorded at 114 kW/cm? after
laser annealing at the intensity of 382 kW/cm? are shown in Figure 3.7 (a). The

corresponding deconvoluted Raman spectrum of the annealed film is shown in Figure
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Figure 3.7: (a) Comparison of Raman spectra of as-deposited thin film and that of after laser
annealing at intensity of 382 kw/cm? and (b) corresponding deconvoluted Raman spectrum of

laser annealed DLC thin film.
3.7 (b). A nearly similar emergence of G and D bands in both the situations implies the
same bonding structure, the only difference is in the peak position of G band. The peak
position of G band was observed to be shifted by ~19 cm™ towards higher wavenumber
after laser annealing. During Raman measurement, at high laser intensity, the film is
under the process of annealing and the structural arrangements are not stable. But after
laser annealing, the localized sp? clusters rearranged in the ordered graphitic domain thus
causing the upward shift of G band along with decrease in its FWHM as depicted in

Figure 3.8. Table 3.3 lists the peak position of G and D bands, respective FWHM and

Table 3.3: Raman band position, FWHM of G and D bands and Ip/lg ratio of laser annealed
DLC thin film

Annealing Peak Peak FWHM of | FWHM of Io/lg
Laser intensity | position of G | position of D G band D band
(kWem) band (cm™) | band (cm™) (cm™) (cm™)

127 1558 1397 182 210 0.66

191 1570 1385 164 254 1.26

254 1579 1380 150 299 2.26

318 1582 1378 145 265 2.17

382 1580 1377 143 240 1.87
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Figure 3.8: Comparison of band parameters of G and D bands at high laser intensity and after
laser annealing.

In/lg ratio (recorded at laser intensity of 114 kW/cm?) as a function of the laser intensity
used for annealing. These band features were compared with those of as-deposited film
at respective laser intensities (Figure 3.1 (b)) and plotted in Figure 3.8. The peak
position of G band was found to shift to higher wavenumber and approaching towards
that of graphitic film with the increase in annealing laser intensity. The FWHM of G
band was also observed to decrease with the laser annealing. At annealing laser intensity
of 382 kW/cm?, the FWHM was 143 cm™ which is significantly lower than that of as-
deposited film (~185 cm™ recorded at laser intensity of 114 kW/cm?). The upward shift
in G band and decrease in its FWHM are an indication of the rearrangements of sp? sites
towards graphitic order. The Ip/l ratio was found to be increased from 0.66 to 2.26 with
the annealing laser intensity from 127 kW/cm? to 254 kW/cm?, respectively, Table 3.3.
The increase in FWHM of D band and Ip/l¢ ratio with laser intensity further confirm the
formation of more sp? rings. With further increase in laser intensity (318 and 382
kW/cm?), the FWHM of D band and Ip/Ig ratio were observed to decrease from 299 to
240 cm™ and 2.26 to 1.87, respectively. This implies the decrease in aromatic rings in sp?

clusters which may be due to the conversion of rings into chains (small graphitic planes).
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Figure 3.9: Integrated intensity ratio, Ip/lg, of as-deposited film and after laser annealing.

The localized heating at high laser intensity provides the sufficient thermal
activation energy to reform the bonds. This gives rise to the ordering of carbon atoms in
sp? phase which is reflected by reduction in FWHM of G band as well as that of D band,
Table 3.3. The Ip/lg ratio after laser annealing was also compared with that of as-
deposited film at respective laser intensities, shown in Figure 3.9, and found to be
following the same trend. Figure 3.8 and 3.9 show that all the changes were irreversible
confirming the permanent conversion of sp® bonded carbon atoms to sp? clusters in DLC

thin film at high laser intensity.

3.4  Effect of substrate on structural modification of DLC thin film at high laser
intensity
At higher laser irradiation, the structural transformation of DLC film from
diamond-like to graphite-like occurs due to localized accumulation of heat in the focal
region. Since the film thickness is in nanometer (~120 nm) range only, the substrate
plays an important role to accumulate the heat during Raman measurement. To study the
substrate effect, DLC film was deposited on silicon substrate simultaneously along with

the glass substrate. The Raman spectra of laser annealed DLC thin film on silicon
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substrate as a function of laser intensities in the range 127-382 kW/cm? is shown in

Figure 3.10.
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Figure 3.10: Raman spectra of DLC film on silicon substrate at various laser intensities.

The laser annealed DLC film on corning glass substrate indicates the graphitization,
Figure. 3.6, with the increase in laser intensity whereas the film deposited on silicon
substrate doesn't show any such change. This is due to the difference in accumulated heat
in the focal region in case of two different substrates. The accumulation of heat depends
on the thermal conductivity of substrate as well as thermal conductivity and thickness of
DLC film. The films on both substrates were deposited simultaneously and the thickness
was found to be nearly equal. The Raman spectra of DLC film on silicon substrate
(Figure 3.10) is almost similar to that of DLC film on glass substrate recorded at laser
intensity of 114 kW/cm?, Figure 3.1 (a), indicating that the DLC films deposited on glass
and silicon substrates are of same sp*/sp> composition and so the difference in the
accumulation of heat due to film properties can be ruled out. The accumulation of heat
mainly results from the thermal conductivity of substrate. The thermal conductivity of
glass is ~0.8 W/mK whereas that of silicon is ~150 W/mK. Due to low thermal

conductivity of glass substrate, the film retains a large fraction of heat resulting in a large
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increase in temperature in the focal region which is sufficient enough to change the
carbon bonding. In case of silicon as a substrate, the amount of thermal energy absorbed
by the film is removed from focal region due to the high thermal conductivity of the
substrate inhibiting the rise of temperature and thus shows negligible affect on the

structural transformation of the film even at high laser intensity.

Conclusion

The focusing of the laser beam at high intensities on the film surface causes the
local heating which is sufficient to change the bonding structure in DLC thin film. This
was confirmed by observing the increase in Ip/lg ratio with increasing laser intensity.
The weak dependence of the Raman shift of D and G bands on the irradiated laser
intensity upto 114 kW/cm? suggests that there is no significant change in the proportion
of sp® and sp® contents in DLC film. The higher laser intensity leads to thermal annealing
of the DLC film which favors sp? clustering and sp® to sp® conversion. As a result, the
Raman spectra of DLC film recorded at higher laser intensity beyond 114 kW/cm? show
characteristic of sp? enriched a-C film. This was further confirmed by deliberately
annealing the film with laser in the intensity range of 127-382 kW/cm? for 5 min and
then recording the Raman spectra at laser intensity of 114 kW/cm?. Therefore, the
characterization of the DLC films via Raman spectrum should be performed at optimum

laser intensity so as to prevent the film undergoing any permanent changes.
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Chapter 4

Characterization of pulsed laser deposited
DLC and graphitic thin films

Diamond-like carbon (DLC) thin film consists of sp> and sp® bonding of carbon
atoms. The variation in sp*/sp? fraction tunes its physical properties; hardness, friction
coefficient, wear resistance, thermal conductivity, optical properties, etc. [1-4]. These
properties make DLC films an important candidate in the field of research and industry
[5-10]. For the application of DLC films at high temperature, the films should be
hydrogen-free as it is more stable at higher temperature as compared to that of
hydrogenated DLC films [11-13]. Such films can be easily fabricated by pulsed laser
deposition (PLD) technique as it doesn't involve any hydrogen gas (or its compound) as a
precursor. The properties of DLC films can be tailored by deposition parameters [14-18].
One of these parameters is a substrate temperature which can tune the sp*/sp? ratio over a
broad range [15, 19, 20]. Deposition at room temperature (RT) favours sp® bonding
whereas high temperature favours the formation of sp? dominating films. The films
containing nearly 100% sp are termed as graphitic films. The graphitic thin films exhibit
good thermal and electrical conductivity, high transparency, biocompatibility, etc. [21-
24]. These properties lead to its application as flexible transparent electrodes in
nanoelectronics and as a coating for body implants [24, 25].

In this chapter, the effect of substrate temperature, laser fluence and helium gas
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pressure on the structural and optical properties of DLC films is presented. The effect of

helium gas pressure is also studied on fabrication of ordered graphitic thin films.

4.1 Experimental details

A schematic of PLD system used for the deposition of DLC thin films is shown
in Figure 2.1 (Chapter 2). DLC thin films were deposited over a broad range of
deposition parameters in order to obtain the higher sp® fraction of carbon atoms in the
film. In the present thesis, substrate temperature was selected as the first parameter to
study its effect on sp*/sp? ratio in DLC film. The substrate temperature was varied from
RT to 750 °C. The films were deposited for 5 min onto fused silica substrate at a base
pressure of ~10” mbar and a laser fluence of ~5.0 J/cm?. The higher sp®/sp’ ratio was
found in the film deposited at RT. Thus at RT, the effect of laser fluence on the sp®
fraction in DLC was studied. For this, DLC thin films were deposited for 30 min on
corning glass and silicon substrates at laser fluence of 5.0 J/cm?, 6.7 Jicm?, 8.3 J/icm?,
10.0 J/cm? and 11.7 J/cm? at ~10”° mbar. At laser fluence of 11.7 J/lcm?, the ejection of
large particulates from the graphite target was observed. To overcome this, films were
deposited in the presence of helium gas. The effect of helium pressure on DLC thin films
was studied by depositing the films on corning glass substrate at 0.05 mbar, 0.1 mbar,
0.5 mbar and 1 mbar of helium pressure while keeping the deposition temperature and
deposition time fixed at RT and 30 min, respectively. The effect of laser fluence on DLC
thin films was also studied in the presence of helium gas ambient. For this, at each value
of helium pressure, the DLC films were deposited at various laser fluences; 10.0 J/cm?,
11.7 J/em?, 13.3 J/cm? and 15.0 J/cm? for 30 min on corning glass substrate as listed in

Table 4.1.
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The film deposited at substrate temperature of 750 °C was found to be graphitic
in nature. In order to study the effect of helium gas pressure onto the structural order of
sp® bonded carbon atoms in graphitic film, the third harmonic of a Q-switched Nd:YAG
laser was used. The graphitic films were deposited on corning glass substrate at a base
pressure of 10 mbar and helium pressure of 0.1 mbar, 1 mbar, 5 mbar and 10 mbar. The
deposition was performed for 5 min duration and at a laser fluence of ~5.0 J/cm®.

The structural information and bonding fraction (sp®/sp®) in the pulsed laser
deposited DLC (PLD-DLC) thin films were analysed by micro-Raman spectrometer. The
Raman measurements were performed at a laser intensity of 114 kW/cm?, Chapter 3. For
quantitative estimation of sp*/sp® ratio, the dispersion in peak position of G band was
measured by recording the Raman spectra at three different laser excitation wavelengths;
488 nm, 514 nm and 633 nm. The absence of hydrogen in DLC thin films was confirmed
by recording the Fourier transform infrared (FTIR) transmission spectra. Spectroscopic
ellipsometer was used to study the linear optical properties of PLD films. The surface

morphology was recorded using Atomic force microscope.

4.2 Effect of deposition parameters on DLC thin films

The DLC thin films were deposited over the wide range of parameters listed in
Table 4.1. In the following subsections the effect of substrate temperature, laser fluence

and helium gas pressure is detailed.
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Table 4.1: Deposition parameters for the fabrication of DLC thin films

0.1 mbar helium

0.5 mbar helium

1 mbar helium

Deposition pressure | Laser fluence Dep_osition Substrate Substrate
time temperature
10° mbar 5.0 J/cm? 5 min fused RT
(base pressure) silica
100 °C
200 °C
300 °C
400 °C
500 °C
600 °C
700 °C
750 °C
5.0 Jlem? 30 min corning RT
el
8.3 Jicm?
10.0 J/em?
11.7 Jlem?
0.05 mbar helium 10.0 J/cm? 30 min corning
0.1 mbar helium e
0.5 mbar helium
1 mbar
0.05 mbar helium 11.7 Jlem?
0.1 mbar helium
0.5 mbar helium
1 mbar helium
0.05 mbar helium 13.3 J/cm?
0.1 mbar helium
0.5 mbar helium
1 mbar helium
0.05 mbar helium 15.0 J/cm?
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4.2.1  Effect of substrate temperature on PLD-DLC thin films

To study the effect of substrate temperature, films were deposited on fused silica
substrate at RT and elevated substrate temperature of 100 °C, 200 °C, 300 °C, 400 °C,
500 °C, 600 °C, 700 °C and 750 °C. The other deposition parameters were kept fixed as
listed in Table 4.1. The film thickness was measured by stylus profilometer and found to

be in the range of 27-33 nm. Thus, the thickness is nearly independent of temperature.

4.2.1.1 Raman spectra of DLC thin films deposited at various substrate

temperature

The microstructure and the bonding configuration in the PLD carbon thin films
were evaluated using micro-Raman spectrometer at the excitation laser wavelength of
514 nm. The Raman spectra of carbon thin films deposited at RT, 100 °C, 200 °C, 300
°C, 400 °C ,500 °C, 600 °C, 700 °C and 750 °C are shown in Figure 4.1. The spectrum

for the sample deposited at RT shows a broad band centred at ~1540 cm™ with a broad

D band ! G band

Raman Intensity (arb. units)

800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

Figure 4.1: Raman spectra of DLC thin films deposited on fused silica substrate as a function of

substrate temperature.
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tail towards lower wavenumber, indicating that the film is enriched with the sp® bonded
carbon atoms [26]. The films deposited at the substrate temperatures of 300 °C and
above exhibit the evolution of D (~1350 cm™) and G (~1580 cm™) bands distinctly; the
characteristic of disordered sp® and sp® network of carbon atoms [1, 27]. The D band
corresponds to the breathing vibrations of aromatic rings and activated from the
structural disorder in the film. The G band is assigned to the stretching modes of C-C sp?
bonds in aromatic rings or in chains containing C=C sp® bonds [27]. The position of G
band lies at ~1575 cm™ in the case of single crystal graphite whereas for disordered
graphite, it lies in the range of 1580-1600 cm™ [27, 28]. The G band shifts towards lower

wavenumber when it originates from the sp? clusters embedded in the amorphous matrix

104 © Expt data (a) RT w104 © Expt. data (b) 300 °C
g Peak sum g Peak sum
5 081 5 08
L Gband] &
206+ 206+ G band
@ 2] D band
G 04] Dband 8 044
= =
& 0.2- S 024
£ =
4] [0
X 00 X 00
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™) Raman Shift (cm™)
o104 © Expt data (c)500°C| 5 104 © Expt data (d) 750 °C
’g —— Peak sum § Peak sum
5 081 5 081 A
© (4]
> 061 G band > 06-
2 D band 2 D band G band
8044 9 04
£ c D’ band
& 0.2 § 024
£ =
1] [0
X 0.0 X 0.0
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™) Raman Shift (cm™)

Figure 4.2: Deconvoluted Raman spectra of carbon thin films deposited at (a) RT, (b) 300 °C,
(c) 500 °C and (d) 750 °C.
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of diamond-like structures [26]. Figure 4.2 (a-d) shows the deconvoluted spectra for the
film deposited at substrate temperature of RT, 300 °C, 500 °C and 750 °C, respectively.
The deconvoluted Raman spectra of all the samples display the dominating G band. The
Raman shift of G band increases from 1552 cm™ for the film deposited at RT to 1586
cm’* for that of at 750 °C as shown in Figure 4.3 (a). The ratio of the integrated intensity
of D band to that of G band, Ip/lg, is also shown in the same figure exhibiting the
increasing trend with respect to the temperature changing from ~0.34 at RT to ~1.59 at
750 °C. The evolution of distinct D and G band and increase in Raman shift of G band
towards its graphitic range (1580-1600 cm™) along with the increase in Ip/lg ratio with
increase in substrate temperature suggests that diamond-like amorphous matrix is

shrinking while sp?® clusters are growing with the increasing deposition temperature [29,

30].
1600 — 20 220
—O— Peak position of G band -
—m— o | |
—~ 1500 ™ lo/lg o Lis § 20094
E | @ _o—o° [T 3 " (b)
1580 4 © @ 180-
% /O / > 2
n €«— O - -1.0 Q) .
S 15701 /l/ -_— ‘5 160+ n
£ u = n
T _— L0.5 <
@ 1560 .M < 140 .
| / R LN |
150429 . loo 120 +—————————
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Substrate Temperature (°C) Substrate Temperature (°C)

Figure 4.3: (a) Peak position of G band and Ip/l¢ ratio as a function of substrate temperature
and (b) Variation of FWHM of G band with substrate temperature.

The variation in FWHM of G band as a function of substrate temperature is
shown in Figure 4.3 (b) which decreases from 208 cm™ at RT to 135 cm™ at 750 °C
further confirming the growth of sp? clusters. This is due to the conversion of sp® sites
into sp? aromatic rings as a result of enhanced surface diffusion at the elevated substrate

temperature during deposition. Thus, the thin film deposited at substrate temperature of
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750 °C is more graphite-like compared to that of the other films [20, 27]. Figure 4.4 (a)
shows the decrease in Ip/lg ratio with the corresponding increase in FWHM of G band
indicating that the sp? cluster size is very small and is of the order of 10 A [31]. The size
of sp? clusters in amorphous carbon films can be estimated by using Equation (4.1) [27].

1 2
—=C(AL, (4.1)
IG
2.0 18
(@) ly/l, (b) sp2 cluster size n
[ ]
* 16 -
1.5 * =
o 14- u
= 1.0 * 2z = "
S . —_
=) L % 12
* 2 u
0.5 o Ny 10 .
* &z u
8m
0.0 T T T T T T T T T T T T
100 120 140 160 180 200 220 0 100 200 300 400 500 600 700 800
FWHM of G band (cm’1) Substrate Temperature (°C)

Figure 4.4: (a) I/l ratio as a function of FWHM of G band and (b) sp® cluster size as a

function of substrate temperature.

where, C'(514 nm)=0.0055. The sp? cluster size estimated from Equation (4.1) was found
to be increasing with the substrate temperature, as depicted in Figure 4.4 (b). The
increase in substrate temperature increases the diffusivity of carbon adatoms which
coalesces with each other thus forming clusters of bigger size.

The sp®/sp? ratio can be quantitatively obtained by the dispersion of G band using
Equation (1.1), Chapter 1 [32]. The dispersion of G band was measured by recording the
Raman spectra at three different excitation laser wavelengths; 488 nm, 514 nm and 633
nm, Figure 4.5 (a). The dispersion of G band was observed to be decreasing with the
increase in deposition temperature and vanished for the film deposited at the substrate

temperature of 750 °C, Figure 4.5 (b). The corresponding sp® content in the film
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deposited at RT, estimated using Equation (1.1), Chapter 1, was found to be ~68 %
which decreases to ~25 % and ~10 % at substrate temperature of 300 °C and 500 °C,
respectively and the film becomes nearly free from sp® bonded carbon atoms at the

deposition temperature of 750 °C.

——633n v
7 | (a) 1580 4 ~0.00 cm’Vnmv
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2 1 | —~ (b) 0.07 cm /nm
> T T T e
e S 1560- -
s 7 = ~0.13 cm /nm
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E | : [ - S 15404 m RT
£ ' E ® 300°C
51 /] i A 500°C
£ 15204 v 750°C
x |
T T T T ] T T L
1200 1350 1500 1650 1800 480 510 540 570 600 630
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Figure 4.5: (a) Dispersion of G band for film deposited at RT and (b) Dispersion rate of G band
for films deposited at RT, 300 °C, 500 °C and 750 °C.

Apart from D and G bands, there is another Raman band positioned at ~1200
cm™, Figure 4.2, corresponding to a transverse vibration mode of sp* carbon atoms in a
chain configuration due to the interfacing of amorphous carbon matrix of olefin sp sites
bonded to the diamond crystallites [33]. Another band in the range of 1450-1490 cm™
evolved in the films deposited at higher temperatures (300 °C and above) only which
may originate from olefin sp®-sp® carbon bonds at the edges of diamond-like structures
[33]. At substrate temperature of 750 °C, the dominating sites are sp?, thus there is a
reduction in the intensity of this band, as shown in Figure 4.2 (d). An additional Raman
band at ~1614 cm™ (D' band) is also observed for the film deposited at 750 °C. This band
appears due to the formation of microcrystalline graphite, further confirming that the

film is enriched in sp® bonds at high deposition temperatures [34].
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4.2.1.2 Spectroscopic ellipsometric study for linear optical properties of DLC films

as a function of deposition temperature

In order to study the effect of substrate temperature on the optical properties, the
films were subjected to the ellipsometric measurements. Ellipsometer measures the
change in polarization of the reflected light w.r.t. the incident light. The measured data
were converted into the spectra of refractive index (n) and extinction coefficient (k) to
study the optical properties of carbon films. These n and k spectra contain the substrate
effect and are called pseudo n and k. An approximated dispersion model is required to
extract the information of deposited film from pseudo n and k. For amorphous materials,
the dispersion model was proposed by Forouhi and Bloomer by assuming the parabolic
conduction and valence bands with no allowed electronic states in between them [35]. As
DLC films are amorphous in nature, there is a possibility of the existence of allowed
states within the Forouhi-Bloomer (FB) energy gap. McGahan et al. modified the FB
model for amorphous hydrogenated carbon films and calculated refractive index, n(E), as
a function of energy, E, numerically [36]. FB model was further modified by Yong Liu
et al. to describe the dispersion of the optical constants of a-Si thin films by considering
the non-parabolic conduction and valence bands [37]. In modified FB (mFB) model, the

refractive index and extinction coefficient are given by Equation (4.2) and (4.3),

respectively [37].
(-B,D-2C,)E +2B,F +C,D
E) =
n(E) = n() + EE_D)+F (4.2)
A+B(E-E_ )+C(E—-E )?
k(E)=ATBE-E)+C(EE,) (4.3)
E(E-D)+F
where,

(B-2CE, +CD)
B, =
Q
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c _ (A-BE, +CE; —CF)

0

Q
Q=+4F -D?

A, B, C, D and F are constants, while 4F — D? > 0. n() is the refractive index at

infinite photon energy, E is photon energy and Ey corresponds to the optical band gap.

Figure 4.6 (a) and (b) shows the mFB fit for pseudo refractive index and extinction

coefficient, respectively, for carbon films deposited at RT, 300 °C, 500 °C and 750 °C.

The refractive index and extinction coefficient of carbon films at a wavelength of 633

nm and the optical band gap obtained by the calculation of spectroscopic ellipsometric

(SE) measurement results are listed in Table 4.2 as a function of substrate temperature.
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Figure 4.6: mFB fit for (a) pseudo refractive index and (b) pseudo extinction coefficient for films
deposited at RT, 300 °C, 500 °C and 750 °C.

Table 4.2: Refractive index, extinction coefficient and optical band gap of carbon thin films as a

function of substrate temperature

Substrate Refractive Extinction Band gap (eV)
temperature index coefficient
RT 2.29 0.16 1.62
300 °C 3.32 1.29 1.09
500 °C 3.74 1.58 1.03
750 °C 3.61 1.69 0.96

Page | 75



Chapter 4

In amorphous carbon films, the sp? sites segregates into clusters within sp®
matrix. The sp® fraction and arrangements of sp” sites influence the optical band gap.
Since n-states of sp sites lie closer to the Fermi level and the optical band gap varies in
inverse proportion to the sp? cluster size. For the film deposited at RT, the size of sp?
cluster embedded in sp® matrix is small, Figure 4.4 (b), resulting in the widening of z-z*
gap and the corresponding optical band gap was found to be 1.62 eV. The optical band
gap was found to be decreasing with the increase in deposition temperature which is due
to the increase in sp® cluster size.

The increase in sp? cluster size changes the bond strength and bond orientation in
the arrangements of carbon atoms leading to the change in charge distribution which
influences the polarizability. According to the Clausius-Mossotti relation, the
polarizability is related to the dielectric constant and hence to the refractive index. In

case of homopolar semiconductors (i.e. C, Si, Ge, Sn), the dielectric constant (thus also

the refractive index, n=+/¢ ) is related to the optical band gap energy (Egy) according to
the Equation (4.4) [38, 39].
£V
& :1+£E—:] (4.4)
where, E, is the energy corresponding to the plasma frequency for carbon.
Equation (4.4) indicates that the refractive index will increase with the decrease in band
gap, as also observed in Table 4.2. The increase in refractive index with decreasing band
gap is due to increase in microscopic bond polarizability as a result of increase in z-states
with the increase in substrate temperature.
The extinction coefficient, k, for the film deposited at RT was found to be 0.16.
The low k-value indicates that the film consists of predominantly sp® bonded carbon

atoms, as also obtained from Raman spectra. The increase in substrate temperature
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favours the formation of sp? clusters which provides more z-states and leads to the
increase in absorption in the visible range. This results in the increase in k-value with the
substrate temperature and reaches a maximum value of 1.69 for the film deposited at the

substrate temperature of 750 °C.

4.2.2 Effect of laser fluence on PLD-DLC thin films

In the previous section 4.2.1, it was observed that film deposited at RT was rich
in sp bonded carbon atoms. Therefore, to study the effect of laser fluence on the sp®
content, PLD DLC films were deposited on corning glass and silicon (undoped) substrate
at RT for a duration of 30 min at various laser fluences; 5.0 J/cm?, 6.7 J/cm?, 8.3 J/cm?,
10.0 J/cm? and 11.7 J/cm? The other parameters were kept constant as listed in Table

4.1.

4.2.2.1 Raman spectra of DLC thin films as a function of laser fluence

1.04 ——5.0Jiem’
—6.7 Jicm’
0gd —83Jem’
——10.0 Jicm®
—11.7 Jicm’

0.64

0.44

0.24

Raman Intensity (arb. units)

0.04=—== T T T T T -
800 1000 1200 1400 1600 1800

Raman Shift (cm™)

2000
Figure 4.7: Raman spectra of DLC thin films deposited at RT as a function of laser fluence.

The Raman spectra of DLC thin films, recorded using micro-Raman spectrometer with
excitation laser wavelength of 514 nm are shown in Figure 4.7. All these samples

exhibited a broad band around ~1550 cm™ having long tail towards the lower
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wavenumber, indicating the signature of higher sp® fraction in these films [26]. Figure
4.8 shows the deconvoluted Raman spectra of DLC film deposited at a laser fluence of
5.0 J/cm?, only as an example, exhibiting G band, D band, Band-3 and peak sum. The
peak positions of G and D band, 1o/l ratio and sp® fraction are listed in Table 4.3. Since
the visible laser wavelength excites only sp? sites, there is a marginal difference in the
peak position of G and D bands for all samples [40]. The Ip/lg ratio of the film deposited
at the laser fluence of 8.3 J/cm? shows the minimum value but the difference in all the

samples is small. The low value of Ip/lg is a signature of higher sp®/sp? fraction in the

DLC thin film.

Figure 4.8: Deconvoluted Raman spectra of DLC thin film deposited at a laser fluence of 5.0

Table 4.3: Raman band parameters of DLC thin films as a function of laser fluence

Raman Intensity (arb. units)

10 O Expt. data
1 —— G band
— D band
084 ——Band-3
Peak sum
0.64
0.44
0.24
0.0

800 1000 120

0 1400 1600 1800

Raman Shift (cm™)

Jicm?,

2000

3

Laser fluence Position of G Position of D o/l sp
(Ilem?) band (cm™) band (cm™) (%)
5.0 1548 1353 0.34 71

6.7 1546 1362 0.31 73

8.3 1545 1351 0.26 78

10.0 1546 1359 0.30 76

11.7 1543 1362 0.35 76
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The dispersion of G band for all the films are shown in Figure 4.9 and the
estimated sp® (%) is listed in Table 4.3. All the samples possess sp® rich carbon bonding

as its content is above 70%.
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Figure 4.9: Dispersion rate of G band for DLC thin films deposited at RT and laser fluence of
5.0 J/cm?, 6.7 J/em?, 8.3 J/em?, 10.0 J/cm?® and 11.7 J/cm?,

The increase in laser fluence from 5.0 J/lcm? to 8.3 J/lcm? produces the plasma
species with higher kinetic energy and promotes the formation of sp* bonded carbon
atoms and hence there is a slight increase in sp® content in the film. On further increase
in laser fluence, the sp® fraction decreased slightly. The carbon adatoms diffuse over the

film surface with the excessive kinetic energy and favours the formation of sp? bonding.

4.2.2.2 FTIR spectra of DLC thin films as a function of laser fluence

FTIR spectra of DLC thin films were recorded to observe the presence of
hydrogen in the film. For this, DLC films were deposited onto undoped silicon wafer.
The spectra were recorded using FTIR spectrometer in the range of 500 - 4000 cm™ and
shown in Figure 4.10. In IR spectra, a broad band was observed below 2000 cm™, which
is attributed to the stretching mode of sp® bonded carbon atoms [41]. The large

transmission (low absorption) in this region indicates that all the films contain small
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fraction of sp®. The absence of clear signature of band around 3000 cm™ indicates that

PLD DLC films are nearly free from hydrogen.
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Figure 4.10: FTIR transmission spectra for DLC thin films deposited at RT and laser fluence of
5.0 J/cm?, 6.7 Jlem?, 8.3 J/cm?, 10.0 J/cm?® and 11.7 J/cm?,

4.2.2.3 Optical constants of DLC thin films as a function of laser fluence via

spectroscopic ellipsometry
The pseudo refractive index and extinction coefficient as a function of photon
energy fitted to mFB dispersion relation, Equation (4.2) and (4.3), respectively, are

shown in Figure 4.11.
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Figure 4.11: mFB fit for (a) pseudo refractive index and (b) pseudo extinction coefficient for

DLC thin films deposited at RT as a function of laser fluence.
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Table 4.4 lists the optical constants for all these samples obtained using mFB
model as a function of laser fluence. The thickness of the film was increased from 67 nm
to 119 nm for the film deposited at the laser fluence of 5.0 J/cm? to 10.0 J/cm?,
respectively. The increase in laser fluence increases the ablation from the graphite target
and provides the higher flux of plasma species arriving at the substrate surface which
leads to the increase in film thickness. The further increase in laser fluence to 11.7 J/cm?
causes the plasma species to strike the substrate surface with extremely high kinetic
energy and sputtered back, resulting into slight decrease in film thickness. The refractive
index, extinction coefficient and optical band gap for all the samples show the values
with marginal difference indicating that all films are of nearly similar structure as also

confirmed by Raman spectra, Table 4.3.

Table 4.4: Thickness, band gap, refractive index and extinction coefficient of DLC thin films as a

function of laser fluence

Laser fluence | Thickness | Band gap (eV) Refractive Extinction
(Jlem?) (nm) index coefficient
5.0 67 0.86 2.73 0.37
6.7 76 1.06 2.68 0.25
8.3 96 1.12 2.57 0.25
10.0 119 111 2.57 0.29
11.7 113 0.83 2.19 0.39

4.2.2.4 Optical band gap using UV-Visible-NIR transmission spectra

The transmission spectra of DLC thin films deposited at RT on corning glass
substrate, recorded using Ellipsometer, are shown in Figure 4.12. The transmission
spectra showed hardly any significant dependence on the laser fluence for DLC thin
films deposited in this range of laser fluence. The films exhibited high transmission in

near-infrared (NIR) region. The maximum absorption is observed around ~270 nm for all
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the samples. The absorption edge at ~270 nm is due to z-z* transitions of carbon atoms.
The transmission curves for all the films showed broad absorption band in the range of
250-600 nm and above 600 nm the transmittance increased continuously to a maximum
of 70-75% with the increase in wavelength upto 1600 nm. The broad absorption band is

due to the presence of sp? bonds of carbon atoms having low band gap.
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Figure 4.12: Transmission spectra of DLC thin films deposited at RT as a function of laser
fluence of 5.0 J/cm?, 6.7 J/cm?, 8.3 J/cm?, 10.0 J/cm? and 11.7 J/cm?.

As DLC thin film is amorphous in nature, it exhibits indirect band gap which is
related to the absorption coefficient given by Equation (4.5).

(ahv)’? =B(hv—E,) (4.5)

where, ‘B’ is a constant, * hV’ is the photon energy, ‘Ey’ is the optical band gap

energy and ‘o’ is the linear absorption coefficient which can be determined from

transmission spectrum using Beer-Lambert law, Equation (4.6).

_In@/T)

a(v) r

(4.6)

where, ‘T’ is the optical transmittance and ‘d’ is the film thickness. The plot of (ah v)ll2
vs. hv provide the optical band gap, as shown in Figure 4.13. The intercept of the

extrapolated linear region of the Tauc plot curve on ‘hv’ axis measures the optical band
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gap of the film. The variation of optical band gap as a function of laser fluence is listed

in Table 4.5.
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Figure 4.13: Tauc plot for DLC thin films deposited at RT and laser fluence of 5.0 J/cm?, 6.7
Jiem?, 8.3 J/em?, 10.0 J/em® and 11.7 J/cm?.

Table 4.5: Tauc gap of DLC thin films as a function of laser fluence
Laser fluence (J/cm?) 5.0 6.7 8.3 10.0 11.7
Band gap (eV) 0.84 1.00 1.20 1.10 0.80

A comparison of optical band gap obtained from Tauc plot and that of obtained
from mFB model is shown in Figure 4.14 and observed to be following the similar trend

in both the cases.
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Figure 4.14: Comparison of Tauc energy gap and mFB energy gap for DLC thin films as a

function of laser fluence.
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4.2.3  Effect of helium gas pressure on PLD-DLC thin films

In section 4.2.2, the effect of laser fluence on the DLC thin films in background
pressure of ~10” mbar is studied where hardly any significant effect on the sp® fraction
in the film was observed. But, at higher laser fluence the ejection of large particulates
from the target was observed and getting deposited onto the substrate directly. To
overcome this problem, helium gas was introduced as background gas in the ablation
chamber during deposition of the film. The DLC thin films were deposited under the
helium pressures; 0.05 mbar, 0.1 mbar, 0.5 mbar and 1 mbar and at each pressure, the
films were also deposited at four laser fluences; 10.0 J/cm?, 11.7 J/em?, 13.3 J/cm? and
15.0 J/cm?. The DLC thin films were deposited for 30 min on corning glass substrate

while keeping other deposition parameters fixed, as detailed in Table 4.1.

4.2.3.1 Structural characterization using Raman spectroscopy of PLD-DLC films

as function of helium pressure

The Raman spectra of DLC thin films were recorded using 514 nm of Argon ion
laser as an excitation source. The Raman spectra of films deposited at 0.05 mbar and 0.1
mbar of helium pressure are observed to be similar irrespective of the laser fluence, as
shown in Figure 4.15 (a) and (b), respectively. The films deposited at the 0.5 mbar (for
laser fluence of 10.0 J/cm? and 11.7 J/cm? only) and 1 mbar of helium pressure (for all
fluences) displayed poor Raman response as shown in Figure 4.15 (c) and (d),
respectively, probably because of very less thickness, high transparency and low signal
to noise ratio. At 0.5 mbar, film deposited at a laser fluence of 15.0 J/cm? showed Raman
spectra with high signal to noise ratio as compared to that of films deposited at lower
laser fluences and therefore, films deposited at a laser fluence of 15.0 J/cm? were

selected to study the effect of helium pressure on sp*/sp? ratio of carbon bonding.
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Figure 4.15: Raman spectra of DLC thin films deposited at laser fluence of 10.0 J/cm?, 11.7
J/em?, 13.3 J/cm? and 15.0 J/cm? and helium pressure of (a) 0.05 mbar, (b) 0.1 mbar, (c) 0.5
mbar and (d) 1 mbar.

Figure 4.16 (a-c) shows the deconvoluted Raman spectra into three Gaussian
components; centred at ~1540 cm™ (G band), ~1350 cm™ (D band) and ~1150 cm™ for
DLC film deposited at laser fluence of 15.0 J/cm? and helium gas pressure of 0.05 mbar,
0.1 mbar and 0.5 mbar, respectively. The spectra showed a Raman band centred at ~1550
cm™ along with an asymmetric broadening towards the lower wavenumber, which is a
signature of DLC [26]. The G band shifts to lower wavenumber from 1542 cm™ to 1535
cm™ with the increase in ambient gas pressure from 0.05 mbar to 0.5 mbar. The Ip/lg
ratio was observed to be 0.41, 0.39 and 0.27 for films deposited at helium gas pressure of

0.05, 0.1 and 0.5 mbar, respectively. The decrease in Ip/lg ratio and the shifting of G
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Figure 4.16: Deconvoluted Raman spectra of DLC thin films deposited at a laser fluence of 15.0
Jlem? as a function of helium pressure (a) 0.05 mbar, (b) 0.1 mbar and (c) 0.5 mbar.
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Figure 4.17: Dispersion rate of G band for DLC thin films deposited at a laser fluence of 15.0

J/iem? and helium pressure of 0.05mbar, 0.1 mbar and 0.5 mbar.

band to lower wavenumber indicate the decrease in graphite-like phase and hence the

film became more diamond-like with the increase in helium pressure. The higher fraction
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of sp* bonds of carbon atoms was also confirmed by the dispersion of G band using
Equation (1.1), Chapter 1. The dispersion of G band is shown in Figure 4.17 and was
observed to increase with the increase in helium pressure. The corresponding sp® content
in the film deposited at 0.05 mbar of helium pressure was ~68 % which increases to ~73
% and ~83 % for the films deposited at helium pressure of 0.1 mbar and 0.5 mbar,
respectively.

Apart from D and G bands, another peak appeared at ~1150 cm™ (Band-3) in
DLC thin films due to the presence of microcrystalline diamond or amorphous diamond

within amorphous carbon matrix [31, 42].

4.2.3.2 Linear optical parameters using spectroscopic ellipsometry for PLD-DLC

films as a function of helium pressure

Figure 4.18 (a-b) shows the mFB fit for pseudo refractive index and extinction
coefficient of DLC thin films deposited at a laser fluence of 15.0 J/cm? and helium
pressure ranging 0.05 - 1 mbar. For the films deposited at 0.05 mbar and 0.1 mbar of

helium pressure, the values of k are slightly large in the visible range as compared to that
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Figure 4.18: mFB fit for (a) pseudo refractive index and (b) pseudo extinction coefficient for

DLC thin films deposited at a laser fluence of 15.0 J/cm? and helium pressure of 0.05 mbar, 0.1

mbar, 0.5 mbar and 1 mbar.
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of in UV region indicating more = — z* transitions involved and hence low fraction of
sp® bonding of carbon, in confirmation with the Raman spectra (section 4.2.3.1). With
the increase in gas pressure further to 0.5 mbar and 1 mbar, the extinction coefficient
showed the increasing trend from visible to UV range which is the evidence of increase
in o — o* electronic transitions and hence sp® carbon bonding. The estimated thickness
and optical band gap energy of DLC films obtained using mFB dispersion relation,
Equation (4.2) and (4.3), as a function of laser fluence and helium gas pressure, are listed

in Table 4.6 and Table 4.7, respectively.

Table 4.6: Thickness of DLC thin films as a function of deposition condition

Laser fluence —» Thickness (nm)
Helium pressure |  10.0 J/cm® 11.7 Jlcm? 13.3 J/em? 15.0 J/cm?
)
0.05 mbar 121 140 120 107
0.1 mbar 138 189 207 220
0.5 mbar 20 38 36 44
1 mbar 14 16 30 34

The thickness of DLC thin films showed non-monotonous behaviour with the
deposition conditions. For the film deposited at helium pressure of 0.05 mbar, the
thickness was found to increase from 121 nm to 140 nm for the laser fluence of 10.0 J
Jem? and 11.7 J/cm?, respectively, which is due to the increase in ablated mass at the
higher laser fluence. The further increase in laser fluence decreased the film thickness to
120 nm and 107 nm at laser fluence of 13.3 J/cm? and 15.0 J/cm?, respectively. The
decrease in film thickness at these laser fluences for the helium gas pressure of 0.05
mbar is due to sputtering back of the carbon species from the substrate as a result of
increased incident energy of those species. For the helium gas pressure of 0.1 mbar, 0.5

mbar and 1 mbar, the film thickness was found be increased with the increase in the laser
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fluence. At higher pressure of helium gas, the kinetic energy of the particles impinging
on the substrate reduced due to the enhanced collisional process and hence all the
particles get attached without being bounced back at higher laser fluence resulting in
increase in film thickness. For any given laser fluence, the film thickness was found to be
increased with the increase in gas pressure from 0.05 mbar to 0.1 mbar which is due to
the increase in flux density of the carbon species as a result of the confinement of
expanding laser produced plasma (LPP). With the further increase in the gas pressure to
0.5 mbar and 1 mbar, due to the excessive confinement of the plasma the number of
carbon species reaching to the substrate decreases resulting into the decrease in film
thickness.

The band gap energy of DLC thin films was observed to be increasing with the
helium pressure irrespective of the laser fluence. It was less than 2 eV at 0.05 mbar and
was in the range of 3.13 - 3.47 eV at 1 mbar, Table 4.7. The variation in optical band gap
as a function of laser fluence was less pronounced compared to that of helium pressure.
The increase in the band gap is associated with the increase in sp*/sp® ratio in the film.
The increase in sp®/sp’ ratio with the helium pressure is also indicated by the Raman
spectra. Films deposited at the helium pressure of 0.5 and 1 mbar exhibited high

transparency which is in accordance with the large value of band gap (Figure 4.19).

Table 4.7: Band gap of DLC thin films as a function of deposition condition

Laser fluence —» Band gap (eV)
Helium pressure |  10.0 J/cm? 11.7 J/ecm? 13.3 Jlecm? 15.0 Jicm?
J
0.05 mbar 1.21 1.33 1.42 1.43
0.1 mbar 2.01 1.75 1.84 1.83
0.5 mbar 243 2.72 2.95 3.03
1 mbar 3.13 3.23 3.47 3.42
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The refractive indices of DLC thin films obtained from ellipsometric
measurements are listed in Table 4.8 at a wavelength of 633 nm. The values were found
to be decreasing with the helium pressure. The dependence of refractive index on the
laser fluence and helium pressure can be attributed to the variation in the bonding of
carbon atoms. The bond strength and bond orientation in the arrangement of carbon
atoms depend on sp*/sp? fraction in DLC films. The increase in sp® fraction in the DLC
film reduces the microscopic bond polarizability due to the decrease in bond length and
bond angle leading to decrease in refractive index. This is consistent with the increase in
sp® content in the DLC films with the increase in helium pressure as also confirmed by

Raman spectra.

Table 4.8: Refractive index of DLC thin films at =633 nm as a function deposition condition

Laser fluence —» Refractive index
Helium pressure 10.0 J/cm? 11.7 dlem? 13.3 J/em? 15.0 J/cm®
{
0.05 mbar 2.83 2.59 2.26 2.30
0.1 mbar 241 2.39 2.52 2.54
0.5 mbar 2.09 1.83 2.31 1.95
1 mbar 1.97 1.95 1.67 1.67

The extinction coefficient for DLC thin films at 633 nm as obtained from
ellipsometric measurements as a function of laser fluence and helium gas pressure is
listed in Table 4.9. The value of k<1 for all the films indicating that the films are
predominantly consisting of sp® carbon bonds [43, 44]. The extinction coefficient value
of the films deposited at helium pressure of 0.1 mbar is comparatively larger which may
be due to the increased film thickness, Table 4.6. The films deposited at 1 mbar at all the
four laser fluences have minimum extinction coefficient value. Since the value of
extinction coefficient is related to the structural characteristic of films, DLC thin films

fabricated at 1 mbar of helium gas pressure are more diamond-like.
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Table 4.9: Extinction coefficient of DLC thin films at 2=633 nm as a function of deposition

condition
Extinction coefficient
Laser fluence —» 10.0 J/cm? 11.7 Jlem? 13.3 J/em? 15.0 J/cm?
Helium pressure
J
0.05 mbar 0.74 0.85 0.32 0.30
0.1 mbar 0.64 0.53 0.58 0.73
0.5 mbar 0.26 0.37 0.32 0.36
1 mbar 0.23 0.26 0.25 0.13

4.2.3.3. Transmission spectroscopy for optical band gap

The transmission spectra of the DLC thin films deposited on corning glass

substrate, recorded using Ellipsometer, are shown in Figure 4.19. The films exhibited

high transmission in IR and NIR region. The maximum absorption was observed at ~270

nm for all the samples, which corresponds to m-n* transition of carbon atoms. The

transmission spectra for the films deposited at 0.05 and 0.1 mbar of helium gas pressure

showed broad absorption band in the range of 250-700 nm and above 700 nm the

transmission increased continuously to a maximum of 70-80% with the increase in
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Figure 4.19: Transmission spectra of DLC thin films deposited at a laser fluence of 15.0 J/cm?

and helium pressure of 0.05 mbar, 0.1 mbar, 0.5 mbar and 1 mbar.
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wavelength upto 1600 nm. The broad absorption band is due to the presence of
comparatively more sp? bonds of carbon atoms having low band gap and hence the films
absorb light across the whole visible spectrum. The films deposited at 0.5 and 1 mbar of
helium gas pressure, being very thin, are highly transparent in the region above 500 nm.
The high transmission is due to low content of sp? bonded carbon atoms in DLC films
deposited at 0.5 and 1 mbar.

The optical band gap of DLC thin films were also obtained from transmission
spectra using Tauc plot as shown in Figure 4.20. The band gap variation as a function of

helium pressure and laser fluence is listed in Table 4.10.
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Figure 4.20: Tauc plot for DLC thin films deposited at a laser fluence of 15.0 J/cm® and helium
pressure of 0.05 mbar, 0.1 mbar, 0.5 mbar and 1 mbar.

Table 4.10: Tauc band gap of DLC thin films as a function of laser fluence and helium gas

pressure
Band gap (eV)
Laser fluence 10.0Jcm? | 11.7J/cm? | 13.3 Jicm? 15.0 J/cm?
HeIium_p>ressure
0.05 %nbar 1.20 1.39 1.25 1.17
0.1 mbar 1.56 1.39 1.40 1.53
0.5 mbar 3.15 297 3.12 3.06
1 mbar 3.20 3.28 3.29 3.45
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The optical band gap obtained from Tauc plot was compared to that of obtained
from mFB model and shown in Figure 4.21. The general trend of optical band gap w.r.t.

to helium pressure and laser fluence in both cases is similar.
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Figure 4.21: Comparison of Tauc energy gap and mFB energy gap for DLC thin films deposited
in helium ambient.
4.2.3.4 Effect of laser fluence and helium pressure on the particle size distribution

of PLD-DLC thin films

The AFM images (2 um x 2 um) of DLC thin films deposited on corning glass
substrate at 1 mbar of helium pressure as a function of laser fluence ranging from 10.0
Jlcm? to 15.0 J/cm? are shown in Figure 4.22. It clearly exhibited the formation of grain-
like structure on the surface of DLC films. The particle density was observed to be
increased with the increase in laser fluence. The particle size distribution and Gaussian
fit onto it is shown in Figure 4.23 as a function of laser fluence. At the laser fluence of
10.0 J/cm?, the grain size was estimated to be 16 nm which was increased to 26 nm and
93 nm with the increase in laser fluence to 11.7 J/cm? and 13.3 J/cm?, respectively. The
increase in particle size is due to the increase in the density of LPP of graphite target at

higher laser fluence which facilitates the coalescing of smaller sized particles to form
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Figure 4.22: Surface morphology of DLC thin films deposited at helium pressure of 1 mbar and
laser fluence of (a) 10.0 J/em?, (b) 11.7 J/cm?, (c) 13.3 J/em? and (d) 15.0 J/cm?.
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Figure 4.23: Particle size distribution of DLC thin films deposited at helium pressure of 1 mbar
and laser fluence of (a) 10.0 J/cm?, (b) 11.7 J/cm?, (c) 13.3 J/cm®and (d) 15.0 J/cm?.
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bigger particles. With further increase in laser fluence to 15.0 J/cm?, while the density of
the expanding plasma increases simultaneously there is an increase in the plasma
temperature. Therefore particles strike on the substrate with higher kinetic energy and
capable of fragmenting the already deposited particles into smaller sizes. This leads to
the decrease in particle size to 54 nm for the film deposited at the laser fluence of 15.0
Jlem?.

To study the effect of helium pressure on the surface morphology of DLC thin
films, 2 pm x 2 um AFM images of films deposited onto corning glass substrate at a

laser fluence of 15.0 J/cm? are shown in Figure 4.24 and corresponding particle size

Figure 4.24: Surface morphology of DLC thin films deposited at a laser fluence of 15.0 J/cm?
and helium pressure of (a) 0.05 mbar, (b) 0.1 mbar, (c) 0.5 mbar and (d) 1 mbar.
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distribution is shown in Figure 4.25. The film deposited at a helium pressure of 0.05
mbar, the grain-like structure is thinly distributed, Figure 4.24 (a) and it was difficult to
assess the particle size distribution for this film. At the helium pressure of 0.1 mbar, the
average particle size was estimated to be 20 nm which was increased to 32 nm and 54
nm for the film deposited at 0.5 mbar and 1 mbar, respectively. With the increase in
helium pressure, the expansion of the laser induced plasma is curtailed which increases
the collisions between the plasma species and helium gas molecules. The increase in
collisions reduces the kinetic energy of LPP species and simultaneously enhances the
recombination rate due to higher plasma density which increases the density of adatoms

on the surface thereby increasing the deposition of bigger sized grains.
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Figure 4.25: Particle size distribution of DLC thin films deposited at a laser fluence of 15.0

J/iem? and helium pressure of (a) 0.1 mbar, (b) 0.5 mbar and (c) 1 mbar.

4.3 Fabrication of graphitic thin films

In the section 4.2.1, it was observed that the film deposited at 750 °C was rich in
sp? carbon bonding and thus it is graphitic in nature. In this section, the effect of helium

gas on the PLD graphitic thin films deposited at 750 °C is reported. All the films were
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deposited on corning glass substrate. The other deposition parameters are listed in Table

4.11.

Table 4.11: Deposition parameters for graphitic thin film fabrication

Deposition temperature 750 °C
Deposition time 5 min
Laser fluence 5.0 Jicm?
Substrate corning glass
Deposition pressure 10 mbar

0.1 mbar helium

1 mbar helium

5 mbar helium

10 mbar helium

4.3.1  Raman spectra of graphitic thin films as a function of helium pressure

The Raman spectra of PLD graphitic thin films were recorded using Ar-ion laser
having excitation laser wavelength of 488 nm and shown in Figure 4.26. The appearance
of distinct G and D bands in all the spectra reveal that the structure of film is dominated
by sp® bonded carbon atoms. The films deposited at a base pressure of ~10° mbar and
0.1 mbar of helium pressure exhibit distinct but broad G and D bands, indicating that
films are amorphous and has a signature of glassy carbon [45]. Glassy carbon is a
partially graphitized form of carbon and composed of layers of graphite-like
microcrystallites. The narrowing of D and G bands with the increase in helium pressure
reveals the structural transition of the films from glassy carbon to graphitic. For detailed
analysis, the Raman spectra were deconvoluted in the range of 800 cm™ to 2000 cm™
using the Gaussian and Lorentzian functions. Gaussian line arises from the random
distribution of phonon lifetime of disordered materials and Lorentzian line represents the

crystalline structure due to its finite lifetime broadening [27]. The deconvoluted Raman
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Figure 4.26: Raman spectra of graphitic thin films as a function of helium pressure.
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spectra of the film deposited in the background pressure of ~10®° mbar and helium
pressure of 10 mbar are shown in Figure 4.27. The type of line-shape function for all the
five deconvoluted bands; D, G, D', Band-3 and Band-4, for all the samples along with

the integrated intensity ratio of Lorentzian components to that of Gaussian components,

| - . . .
—Lorenz_js |isted in Table 4.12. For the film deposited at a base pressure of ~10 mbar,

Gaussian
the deconvoluted G and D bands are Lorentzian and centred at 1585 cm™ and 1357 cm™

with FWHM of 90 cm™ and 148 cm™, respectively.

Table 4.12: Nature of deconvoluted Raman bands of graphitic thin films

Deconvoluted type of broadening of deconvoluted bands
Raman bands Dband | Gband | D'band | Band-3 Band-4
3 I
Deposition _orentz_
Pressure I Gaussian
10" mbar Lorentz | Lorentz | Gaussian | Gaussian | Gaussian 0.82
0.1 mbar helium Lorentz | Lorentz | Gaussian | Gaussian | Gaussian 1.13
1 mbar helium Lorentz | Lorentz | Lorentz | Gaussian | Gaussian 1.71
5 mbar helium Lorentz | Lorentz | Lorentz | Gaussian | Gaussian 2.00
10 mbar helium Lorentz | Lorentz | Lorentz | Gaussian - 2.24

The Lorentzian line-shape of G and D bands appears due to the orderings of sp? bonded
carbon atoms. The other deconvoluted components; Band-3,Band-4 and D' band centred
at 1322 cm™, 1514 cm™ and 1615 cm™, respectively, are Gaussian due to the amorphous
nature of the film. The Band-3 and Band-4 ascribe to the disordered carbon networks
whereas D' band originates from the microcrystalline graphitic sites. With the increase in
helium pressure, the FWHM of G and D bands was found to be decreased to 46 cm™ and
39 cm™, respectively, for the film deposited at helium pressure of 10 mbar, Table 4.13.

Such narrov FWHM of G and D bands resembles to that of crystalline graphitic
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material. The conversion of Gaussian line-shape of D' band into the Lorentzian line-
shape with the increase in helium pressure and disappearance of disordered Band-4 at the

helium pressure of 10 mbar, Table 4.12, indicate the evolution of crystalline structure.

. . . . . . I
The integrated intensity ratio of Lorentzian bands to that of Gaussian bands, —teenz

Gaussian

was found to be increasing with the helium pressure, Table 4.12, which is another
conformation of increase in crystallinity in the film. Apart from these bands, crystalline

graphitic material shows bands in the range of 2400 cm™ to 3300 cm™ [46].

Table 4.13: Deconvoluted Raman band parameters of graphitic thin films as a function of

ambient pressure

o Peak position | Peak position | FWHM of | FWHM of
Deposition
of G band of D band G band D band
pressure 4 1 4 4
(cm™) (cm™) (cm™) (cm™)
10° mbar 1585 1357 90 148
0.1 mbar helium 1585 1365 90 139
1 mbar helium 1595 1360 63 102
5 mbar helium 1593 1356 48 96
10 mbar helium 1590 1356 46 39

As the film deposited at ambient pressure of ~10 mbar is highly amorphous, the
signature of distinct bands in the range of 2400-3300 cm™ is hardly visible. The
evolution of bands in this range was observed with the increase in helium pressure and
for the film deposited at the helium pressure of 10 mbar, distinct bands appeared at 2705
cm™, 2950 cm™ and 3230 cm™ which are designated as 2D, D+D' and 2D, respectively
[47]. The increase in helium pressure increases the laser induced plasma density due to
confinement and hence enhancing the collisions between ablated species and ambient gas
molecules. This leads to decrease in kinetic energy of impinging particles so as to

prevent the direct penetration of those particles to the substrate and hence the adatoms
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diffuses over the substrate surface. Simultaneously, the substrate temperature of 750 °C
enhances the diffusion of adatoms to long range order which favours the ordering of sp?

sites.

4.3.2  Measurment of linear optical constants of graphitic thin films using

spectroscopic ellipsometer

The linear optical properties of the graphitic thin films were studied using
spectroscopic ellipsometer. The measurements were carried out in the energy range of
1.5 - 4.0 eV. The spectra of pseudo refractive index and pseudo extinction coefficient
were fitted to mFB dispersion relation, Equation (4.2) and (4.3) and are shown in Figure
4.28. All the films consist of only sp? bonded carbon atoms and hence exhibited marginal
variation in the optical band gap energy, Table 4.14. The refractive index for the film
deposited at ~10° mbar was higher, 3.34, and decreased to 2.42 for the film deposited at
the helium pressure of 10 mbar, Table 4.14. The films deposited at higher helium
pressure were compartively more ordered which may be the cause for decrease in

refractive index. The extinction coefficient of the film deposited at ~10"° mbar was

4.0 2.0
(a) O 10° mbar measured O 10° mbar measured
mbarn Pl (b)
—— 10" mbar fitted ——— 10" mbar fitted
354 A 0.1 mbar helium measured A 0.1 mbar helium measured
— 0.1 mbar helium fitted 154 ———0.1 mbar helium fitted

<> 1 mbar helium measured
—— 1 mbar helium fitted

QO 5 mbar helium measured
—— 5 mbar helium fitted
1.04 % 10 mbar helium measured
—— 10 mbar helium fitted

<> 1 mbar helium measured

—— 1 mbar helium fitted
3.0 Q 5 mbar helium measured
——— 5 mbar heliumfitted

Y 10 mbar helium measured
254 — 10 mbar helium fitted

Pseudo Refractive Index
Pseudo Extinction Coefficient

1.5 270 275 370 375 4.0 15 20 275 3T0 3.5 4.0
Photon Energy (eV) Photon Energy (eV)

Figure 4.28: mFB fit for (a) pseudo refractive index and (b) pseudo extinction coefficient for
graphitic thin films deposited at background pressure of ~10° mbar and helium pressure of 0.1

mbar, 1 mbar, 5 mbar and 10 mbar.
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calculated to be 1.57 which was higher than those deposited at higher pressure of helium

gas. The decrease in extinction coefficient for the film deposited at higher helium

pressure might be due to increase in orderedness of film structure.

Table 4.14: Band gap, refractive index and extinction coefficient of graphitic thin films as

function of deposition pressure

Deposition pressure Band gap (eV) Refractive index | Extinction coefficient
10" mbar 1.19 3.34 1.57
0.1 mbar helium 1.08 2.69 0.92
1 mbar helium 1.05 2.27 0.81
5 mbar helium 1.23 2.46 0.82
10 mbar helium 1.06 2.42 0.72

4.3.3. UV-Visible-NIR transmission spectra of graphitic thin films

Figure 4.29: Transmission spectra of graphitic thin films as a function of deposition pressure.

The transmission spectra of graphitic thin films were recorded using ellipsometer,
shown in Figure 4.29. All the films showed high transmission (65-80 %) in NIR region.
The maximum absorption was observed at ~270 nm due to m-n* transition of carbon
atoms. The film deposited at 10 mbar of helium pressure which was very thin (~10 nm)

and highly ordered, confirmed by Raman spectra, exhibits high transparency in visible as

well as in NIR region.
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4.3.4  Surface morphology of graphitic thin films as a function of helium pressure

ZOO_r;m

Figure 4.30: Surface morphology of graphitic thin films as a function of deposition pressure (a)
10° mbar, (b) 0.1 mbar helium, (c) 1 mbar helium, (d) 5 mbar helium and () 10 mbar helium.
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The AFM images (2 um x 2 pm) of graphitic thin films grown onto corning
glass as a function of deposition pressure are shown in Figure 4.30. The AFM images
displayed the uniformity over the surface of thin films with the increase in helium
pressure. At low pressure, ~10™ mbar, the expansion of laser induced plasma is like that
of a free expansion and so the density of the particles falling on the substrate is
drastically curtailed resulting into very thin layer of deposition. The grains boundaries in
this particular film are hazy and so it was difficult to estimate the particle size
distribution. The formation of well-defined grains was observed with the increase in
helium pressure. At helium pressure of 0.1 mbar and 1 mbar and the average particle size
was estimated to be 30 nm and 28 nm, respectively, which increased to 42 nm for the
film deposited at a helium pressure of 5 mbar, Figure 4.31. At helium pressure of 10
mbar, the flux density of arriving species onto the substrate was decreased due to the
over confinement of LPP, as a result the film thickness is very low and hardly any grains

were observed on the film surface, Figure 4.30 (e).
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Figure 4.31: Particle size distribution for the graphitic thin films deposited at helium pressure of
(a) 0.1 mbar, (b) 1 mbar and (b) 5 mbar.
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Conclusion

DLC thin films were deposited using PLD technique over a number of deposition
parameters. The effect of substrate temperature, laser fluence and helium gas pressure on
the structural and optical properties of DLC thin films was studied. The Raman spectra
showed the diamond-like nature for the film deposited at RT and with the increase in
substrate temperature the film structure transformed to the graphite-like. The dispersion
of G band position was used to estimate the sp*(%) bonding of carbon atoms in DLC thin
films and found to be ~68 % for the film deposited at RT which decreases to ~0 % at the
substrate temperature of 750 °C. DLC thin films deposited at RT using various laser
fluences; 5.0 J/em? to 11.7 Jicm?® in the background pressure of ~10° mbar were
observed to be containing the similar ratio of carbon bonding. The increase in sp*/sp?
ratio of carbon bonding in DLC thin films was observed with the increase in helium gas
pressure. The pseudo refractive index and extinction coefficient of DLC thin films,
measured with SE, were fitted using modified FB model for the determination of
thickness, optical band gap energy, refractive index and extinction coefficient. The
optical band gap of the films estimated from SE using mFB model and that obtained
from transmission spectra using Tauc plot followed the similar trend. The variation in
refractive index and extinction coefficient of the films obtained from SE measurements
supports the results obtained from Raman spectroscopy. The effect of helium gas onto
the formation of graphitic thin films deposited at 750 °C was also studied by varying the
pressure from 0.1 mbar to 10 mbar. The narrow FWHM of G and D bands for the film
deposited at 10 mbar of helium pressure compared to that of deposited at lower pressure
indicate the formation of ordered sp? bonded carbon atoms. The appearance of distinct
Raman bands in the range of 2400-3300 cm™ further confirmed the ordered graphitic

nature of the film deposited at 10 mbar of helium pressure.
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Fabrication and characterization of few-
and multi-layer graphene via PLD
technique

Graphene is a thermodynamically stable two-dimensional hexagonal lattice
structure of sp” bonded carbon atoms. It possesses exceptional thermal, electrical, optical
and mechanical properties leading to its potential applications in research and industry as
transparent electrodes, field emitters, biosensors etc. [1-6]. The first experimentally
produced graphene was reported in 2004 using mechanical cleavage process [7].
Afterwards, several techniques have been explored for synthesis of graphene. Majority of
the techniques require catalytic metal for the growth and then it is to be transferred onto
desired substrate making it two-step process [8, 9]. Whereas, in PLD technique, laser
ablated species are of high kinetic energy and hence it facilitates the formation of
graphene layers directly onto any desired substrate thus making the process single step
only. The fabrication of Graphene via PLD technique was reported by Zhang and Feng
using excimer laser onto Ni substrate at the elevated temperature ranging 1100 °C to
1300 °C [10]. The effect of substrate cooling rate after the deposition and laser energy in
fabricating graphene layers on a Ni plate using PLD technique was explained by Koh et
al. [11].

In the present chapter, the evolution of graphene from few layers to multilayer

onto the fused silica substrate as a function of deposition temperature by pulsed laser
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ablation of graphite target without using any catalyst is detailed. Multilayer graphene
(MLG) and few-layer graphene (FLG) were characterized by Raman spectrometer,
Transmission electron microscope (TEM) and Field emission scanning electron

microscope (FESEM).

51  Experimental details

The PLD setup used for the fabrication of few- and multi- layer graphene is
described in Section 2.1, Chapter 2,. The graphite target was ablated by focusing the
second harmonic of high power Q-switched Nd:YAG laser in oxygen gas at a pressure of
0.1 mbar and deposited onto the fused silica substrates placed at ~3 cm apart from the
target. Prior to pressuring the ablation chamber with oxygen gas, it was evacuated to a
base pressure of ~10° mbar. The graphene layers were deposited for 15 min at
deposition temperatures ranging from room temperature (RT) to 700 °C.

The Raman spectra of graphene layers were recorded with the micro-Raman
setup using three different laser excitation sources: 488 nm, 514 nm and 633 nm in a
back scattering geometry, at RT. Field emission scanning electron microscope and
Transmission electron microscope images were recorded to study the surface
morphology and selected area electron diffraction (SAED) pattern of the graphene

layers, respectively.

5.2  Raman spectra of few- and multi- layer graphene

The Raman spectra of the graphene layers deposited on fused silica substrate as a
function of substrate temperature recorded at excitation laser wavelength of 514 nm are
shown in Figure 5.1. The prominent Raman features of graphitic materials at ~1367 cm™

(D band), ~1584 cm™ (G band) and ~2730 cm™ (2D band) are clearly observed.
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Figure 5.1: Raman spectra of graphene layers deposited at (a) RT, (b) 300 °C, (c) 500 °C
and (d) 700 °C.

The Raman D band arises due to the presence of disorder in graphene and
depends on the breathing mode of the aromatic rings. The disorder may be due to
stacking between two layers, atomic defects within the layer and edges in finite
crystallite sites [12, 13]. The G band originates from first order Raman scattering process
and corresponds to the in-plane vibration of sp? bonded carbon atoms [14]. The FWHM
of the G band (obtained by Lorentzian fit) was observed to be 24.8 cm™ for the graphene
layers deposited at RT which decreased to 21.7 cm™ for that of deposited at 700 °C. The
narrowing of the FWHM of G band at higher substrate temperature indicates the increase

in crystallinity in graphene layers. The intensity ratio of D and G bands (Ip/lg) for
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graphene layers as a function of substrate temperature is listed in Table 5.1. The intensity
ratio, Ip/lg, was observed to decrease with the increase in substrate temperature. The
decrease in D band intensity and hence the intensity ratio, Ip/lg, with the increasing
substrate temperature indicates the decrease in defect and hence formation of ordered
graphene layers at higher substrate temperature.

Table 5.1: Raman intensity ratio, Ip/lg and l,p/lg of graphene layers as a function of substrate

temperature
Deposition RT 100 °C | 200 °C | 300 °C | 400°C | 500 °C | 600 °C | 700°C
temperature
In/ls 0.31 0.36 0.27 0.22 0.22 0.21 0.16 0.13
Io/lG 0.33 0.34 0.35 0.39 0.39 0.37 0.44 0.47

The 2D band observed at 2730 cm™ originates from a two phonon double
resonance Raman process and is closely related to the band structure of the graphene
layers [15]. The splitting of 2D band and the relative intensities of 2D and G band
(I.o/lg) is indicative of number of layers in the graphene samples [16, 17]. Figure 5.2
illustrates the magnified view of 2D band shape along with multiple Lorentzian peak
fitting of graphene layers deposited at (a) RT (b) 300 °C (c) 500 °C and (d) 700 °C. The
intensity ratio, Iop/lg, the number of sub-peaks of 2D band and the peak separation
between them is sensitive to the number of graphene layers [18]. The 2D band shape and
intensity ratio, lop/lg, in Raman spectra show MLG formation at RT. The I,p/lg ratio for
MLG was ~ 0.33 and increased with increasing substrate temperature, as listed in Table
5.1. At substrate temperature of 700 °C, the I,p/lg ratio for graphene layers became ~
0.47 which corresponds to less than 5 layers [19]. For monolayer graphene, the 2D band
has single Lorentzian peak, whereas bilayer graphene has four Lorentzian sub-peaks.

Here only two sub-peaks were observed for all the samples confirming that number of
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graphene layers is more than two. For the MLG, deposited at RT, the separation between
two sub-peaks in 2D band was 32.25 cm™ indicating the presence of ~10 layers. This

wavenumber separation was found to decrease with increase in substrate temperature,

indicating the decrease in number of graphene layers with increase in substrate
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Figure 5.2: 2D band splitting of graphene layers deposited at (a) RT, (b) 300 °C, (c) 500 °C
and (d) 700 °C.

temperature. At substrate temperature of 700 °C, the separation between the sub-peaks

was found to be 28.21 cm™, clearly indicating the presence of approximately 4-5 layers

[11]. In addition to these bands, a broad band was observed at 2459 cm™ (G* band) in all

the samples. The Raman G* band originates from double resonance Raman scattering, a

combination of the zone boundary in-plane longitudinal acoustic (iLA) phonon and the

in-plane transverse optical (iTO) phonon modes [20]. The dependence of the property of
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graphene layers on substrate temperature can be explained on the basis of the diffusion
coefficient. At RT and low substrate temperatures, the carbon atoms with a certain
amount of energy are deposited onto the fused silica substrate in highly localized manner
due to the lack of sufficient mobility. As the substrate temperature increases, the mobility
of the carbon adatoms increases due to increase in the diffusion coefficient, which is
given by Equation (5.1) [19].

Ea

D =D_exp(—
» EXP( —

) (5.1)

where ‘D’ is the diffusion coefficient, ‘Do’ is the maximum diffusion coefficient (at
infinite temperature), ‘E,’ is the activation energy for diffusion, ‘T’ is the substrate
temperature and ‘R’ is the gas constant. As the rate of diffusion increases at higher
temperature, adatoms rearrange themselves to form more ordered graphene layers, which
was reflected by the lower intensity ratio, Ip/lg, in the Raman spectra with the increasing
substrate temperature (Table 5.1). After deposition, all the samples were allowed to cool
at the rate of ~3.3 °C/min up to 100 °C and then left for natural cooling. The ambient
pressure of the chamber was maintained at deposition pressure (0.1 mbar of O, gas)
throughout during cooling. The slower cooling rate provides the sufficient time for the
adatoms to rearrange themselves. At the elevated substrate temperature of 700 °C, the
mobility of the carbon atoms was high enough and had sufficient time to diffuse due to
slow cooling rate, and hence formed FLG in agreement with the 2D band shape of
Raman spectrum of FLG as shown in Figure 5.2.

Figure 5.3 shows the dependence of Raman spectrum of graphene layers
(deposited at 700 °C) on the excitation laser wavelength. The position of G band is
nearly independent of the excitation laser wavelength. All the other bands of graphene

layers; D, 2D and G* exhibit the linear dispersion behaviour due to double resonance
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process [21]. By changing the laser excitation energy, different points in momentum
space for the electronic and phonon dispersion are probed [22]. The Raman shift position
of D, G, G* and 2D band as a function of excitation laser are listed in Table 5.2. The

Raman shift of D and 2D band increases with the laser wavelength.
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Figure 5.3: Variation in Raman spectrum of graphene sample prepared at 700 °C with

excitation laser wavelength.

Table 5.2: Dispersion of D and 2D band with the excitation laser wavelength in Raman spectra
of FLG

Excitation Position of | Position of Position of Position of

wavelength D band G band G* band 2D band
(nm) (cm™) (cm™) (cm™) (cm™)
4388 1377 1586 2452 2747
514 1367 1584 2459 2730
633 1344 1583 2472 2684

The plot of D and 2D peak position (V) as a function of laser photon energy (E,)
is shown in Figure 5.4. The slopes, 0v/0E, , for D and 2D bands were calculated from
the linear fitting of the <v * versus E,* graph. The slope, 0v,,/0E, , is approximately

two times of 0v,, /JE, which confirm that 2D band is the second harmonic of the D band,

Equations (5.2) and (5.3).

Page | 117



Chapter 5

O D band
27304 © 2D band

N N
()] ~
~ o
o o
1 1

L)
A\
AL}

-
-l

13804

1320 4

Wavenumber (cm'l)

19 20 21 22 23 24 25 26
Excitation Energy (eV)

Figure 5.4: Dispersion of D and 2D peak position of few-layer graphene.
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|
The Raman G* band of FLG also showed dispersive behaviour. The acoustic
(LA) phonon associated with G* band has less contribution to the intense singularity in
the double resonance phonon density of states. As a result, it is weaker and less
pronounced compared to that of D and 2D bands. Its Raman shift decreases with the

increase in laser photon energy [12, 21].

5.3  Transmission electron microscope images of few- and multi- layer graphene
Figure 5.5 shows the TEM images and corresponding SAED pattern of multilayer
graphene deposited at RT. The graphene layers shown in TEM micrograph, Figure 5.5
(@) and (b), are randomly oriented which is also reflected in its SAED pattern with
overlapping diffraction points in Figure 5.5 (c). Figure 5.6 (a) shows the TEM image of

FLG deposited at substrate temperature of 700 °C. The corresponding ultra-high-
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Figure 5.6: (a) TEM images, (b) HRTEM and (c) SAED pattern of graphene sample
prepared at 700 °C.

resolution TEM (UHRTEM) image is shown in Figure 5.6 (b). To identify the
crystallinity of graphene, SAED pattern was recorded from corresponding domain. As
shown in Figure 5.6 (c), spots in diffraction pattern were in hexagonal geometry,
confirming that the FLG formed at 700 °C has high crystallinity. The lattice d-spacing
was calculated from HRTEM image, Figure 5.6 (b), and SAED pattern, Figure 5.6 (c),
using Gatan Digital Micrograph software attached with the TEM instrument and found to
be ~3.30 A. The interlayer spacing value is nearly close to its theoretical value 3.35 A
(crystalline graphite), confirming the good stacking of graphene layers [23]. These TEM
results support well the observation made in Raman measurement, Section 5.2, and

confirm that sample prepared at RT and 700 °C are MLG and FLG, respectively.
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5.4  Field emission scanning electron microscopy of few- and multi- layer
graphene

Figure 5.7 (a) and (b) shows the FESEM images of graphene layers prepared at
RT and 700 °C, respectively. From colour contrast of the images, it can be easily seen
that the number of graphene layers are less at higher substrate temperature with reduced

defects, which is again in accordance with the Raman spectrum.

Figure 5.7: FESEM images of graphene layers deposited at (a) RT and (b) 700 °C.

Conclusion

Graphene layers were prepared via PLD technique at different substrate
temperatures from RT to 700 °C in a single step without using any catalyst. 4-5 graphene
layers were formed at 700 °C whereas MLG were formed at lower substrate temperature.
Raman spectra exhibited the D, G, 2D and G* bands of sp? carbon networks. The
decrease in Ip/lg ratio with the increase in substrate temperature indicated the reduction
of defects at higher temperature. The presence of G* band and the splitting of 2D band
confirmed the formation of multilayer and few layer graphene. The sample deposited at
700 °C indicates the formation of few layers of graphene due to the diffusion of the
adatoms of carbon at elevated substrate temperature. TEM images showed the formation
of folded and disordered graphene in random orientation at RT whereas few-layer

graphene with high crystallinity were formed at 700 °C.
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Modified Z-scan setup using CCD camera

In 1989, Sheik-Bahae et al. reported the Z-scan technique, for measuring the sign
and magnitude of the third-order nonlinear refractive index coefficient of a material [1].
Since then, the Z-scan technique has been widely used for measuring the nonlinear
optical properties of materials because of its experimental simplicity and sensitivity
compared to that of other techniques involving relatively complex experimental setup [2-
4]. The nonlinear absorption (NLA) coefficient and nonlinear refractive index (NLR)
coefficient are determined from the open aperture (OA) and closed aperture (CA) Z-scan
transmittance curve, respectively. The schematic of experimental setup proposed by
Sheik et al. is shown in Figure 6.1 (a) and (b) for OA and CA Z-scan, respectively. In
this conventional Z-scan setup, a photodiode is used to record the transmitted intensity
and hence requires a hard aperture to record the intensity of central portion of the

transmitted beam for CA Z-scan.

Lens Sample Lens ‘
Iris
He-Ne Laser w Lens Sample diaphragm
S Photo ’ —T*] CCD
7 —> :
(a) < = do ZE > 7 ND filter

Lens Sample Lens Aperture

TS-Translation stage Computer
S
Photo (c)

(b) L e e diode

Figure 6.1: Schematic of (a) conventional Z-scan setup in open aperture configuration (b)
conventional Z-scan setup in closed aperture configuration and (c) modified Z-scan setup.
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In the present chapter, the modification in the conventional Z-scan experimental
setup is demonstrated by replacing the photodiode with a charge-coupled device (CCD)
camera as shown in Figure 6.1 (c). The Z-scan measurements using CCD reported earlier
were based on (a) subtracting the reference beam from signal beam [5], (b) replacing
aperture with an opaque disk [6] and (c) measuring the beam dimension [7]. In the
present setup, the hard aperture for CA Z-scan has been replaced by a software aperture
and the transmitted intensity was obtained simply by integrating the image gray values.
This modified Z-scan setup using CCD offers several advantages over conventional
system using a photodiode: (a) the dynamic range of a CCD detector is very large and its
pixel size is in few micrometres, which enhances the sensitivity compared to that of the
conventional Z-scan setup, (b) a suitable synthetic aperture was applied onto the image
using Matlab program, making it independent of the beam pointing instability of the
laser, (c) a hard aperture (usually circular pinhole in conventional Z-scan) doesn't follow
the shape of the beam and so it can't be used for beams having profile other than
Gaussian beam. In the modified Z-scan setup, the synthetic aperture employed
numerically by Matlab program, can be easily defined so as to match the incident laser
beam profile, (d) it reduces the experiment running time, as data was obtained for both,
open as well as closed aperture configuration in a single Z-scan and (e) focusing lens in
front of the detector is not required. In CA Z-scan measurement, an aperture is used to
separate out the contribution of absorptive nonlinearity from the nonlinearity due to
refractive index. A closed Z-scan curve having height of peak and depth of valley being
equal is devoid of contribution of NLA [1]. If the aperture size is not appropriate then the
CA curve is not symmetric and hence the calculated NLR coefficient will be incorrect. In
CA Z-scan setup using photodiode, the experiment is to be repeated for various apertures

to obtain the optimum aperture size such that peak and valley of the curve are equal. The

Page | 124



Modified Z-scan setup using CCD camera

CCD camera records the profile of the transmitted beam and so data for variant aperture
size from the same set of images can be obtained by applying the aperture via software
after recording the full images. Thus, the data is extracted for both, OA and CA from
same set of images and the effect of any fluctuations in the laser beam is automatically

cancelled out and simultaneous recording of the reference beam is not required.

6.1  Experimental details

To demonstrate the modified Z-scan experimental setup, an amorphous carbon
thin film was used as a nonlinear medium. The carbon thin film was deposited by the
pulsed laser deposition (PLD) technique. The deposition was carried out using a Q-
switched Nd:YAG laser at a base pressure of ~10 mbar. The film was deposited for 5
min onto fused silica at a substrate temperature of 750 °C using graphite target. The
thickness, L, of the film was measured using stylus profilometer and found to be ~30 nm
which is much less than the Rayleigh length of the He-Ne laser beam and hence fulfils
the thin sample approximation for Z-scan technique. The linear absorption coefficient ‘o’

was calculated from the absorption spectra using the expressiona =—(1/L)In(1/1,),

where ‘1 is the transmitted intensity through the carbon thin film and ‘I;’ is the incident
laser intensity onto it. The linear absorption coefficient of the carbon film at 632.8 nm
was found to be 2.74x10° cm™. The NLO behaviour of the carbon film was studied using
modified Z-scan setup with a He-Ne laser. The schematic of modified Z-scan setup for
the measurement of NLA and NLR coefficients is shown in Figure 6.1 (c). To determine
the NLR coefficient with good accuracy, the aperture size (S) was optimized by varying
it in the range of 0.20-0.60, where the aperture size ‘S’ is defined as the ratio of
transmitted intensity through the aperture to that of without it when the sample is

positioned at far field (beyond the Rayleigh length).
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6.2  Analysis of CCD images for extracting NLA and NLR coefficients

The images of the transmitted beam were recorded by scanning the film up to 20
mm on either side of the focal position of the lens. The recorded CCD image of the
transmitted beam through the thin film positioned at 20 mm from the focal point is
shown in Figure 6.2 (a) for OA and (b) corresponding cropped image for CA for S~

0.40.

400

Pixel number
Pixel number

100 200 300 400 500 600 700

100 200 300 400 500 600 700

Pixel number Pixel number

Figure 6.2: CCD image of transmitted beam through film positioned at 20 mm from focal point:
(a) open aperture and (b) closed aperture Z-scan for S~0.40.

The transmitted intensity through the film was obtained by integrating the gray
values of the recorded CCD image. In order to plot the transmission curve for OA as well
as CA Z-scan from same set of CCD images a program in Matlab was developed. The
flow chart for this program is illustrated in Figure 6.3 and 6.4. The input to the program
was produced from the CCD. The program selects the images in sequence from the
position ‘z1’ to ‘z2’, the limits of scan range, in an interval of ‘4z’, the step size. The
coordinates for the center of the image are labeled as (Xc,Yc) and radius of the OA
image for z1 position is ‘R1’and that of CA is ‘R2’, Figure 6.2 (a) and (b), respectively.
The flow chart for obtaining the integrated intensity as a function of ‘z’ is illustrated in
Figure 6.3. For a Gaussian beam, the aperture is circular and defined in the program
accordingly. The flow chart in Figure 6.4 describes the process to obtain the image with

circular aperture from the recorded CCD image. After obtaining the integrated intensity
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and hence the transmission, program automatically plots the transmitted intensity as a
function of position for OA as well as CA, Figure 6.5 and 6.6(b), respectively. If height
of the peak and depth of the valley are not equal then the radius ‘R2’ for CA is changed

manually in the program and is allowed to run again. This exercise is repeated till the
satisfactorily result is obtained.

Define the scan range (z1, z2) and step size (Az)

\ 4
Read CCD image for position z1=p

A4

\ 2
Call: circular-aperture (R1), where R1 for open aperture

\ 4
Sum all gray values = q

L

Call: circular-aperture (R2), where R2 for closed aperture

z1=71+Az

Sum all gray values = d

\ 4
Save ‘z1°,°q’ and ‘d’

no

z1=72

Change the
value of R2

yes

Plotall ‘q’ and “d/q’ vs ‘z1’

height of peak ~ depth of valley

yes

\
End

Figure 6.3: Flow chart for obtaining OA and CA Z-scan transmission curve.
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Circular-aperture (R):

A
Read CCD image for position z1=p

Read the no. of rows and columns of matrix ‘p’ as ‘rows’ and cols’, respectively

Define matrix ‘q’ with same no. of rows and columns that of matrix ‘p’ having all elements ‘zero

y
Define radius= R, centre= (Xc, Yc), m (row)=1, n (column)=1

no

> <
7

m < rows
m=m-+1 m=m+1
no

q(m,n)=

Sgrt
((n-Xc)"2+(m-Yc)*2) <R

End

Figure 6.4: Flow chart for function: Circular aperture (R).
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6.2.1 Estimation of NLA coefficient

The transmitted intensity for OA was normalized with that of the far field
intensity in order to obtain the normalized transmittance. Figure 6.5 shows the
normalized transmittance plot, Top, as a function of film position ‘z> w.r.t. focal plane.
The OA Z-scan profile shows valley around the focal position and symmetric to either
side of it, indicating the reverse saturation absorption (RSA) effect in the film. The
experimental data was fitted to Equation (6.1) [8]. The fitted data is marked as solid

curve in Figure 6.5.

C
_q. .
op 1+bz?

(6.1)
where, ¢ = BI L /2%, b=1/2?, z, is Rayleigh length, I_is the intensity of laser beam
at the focus, g is the NLA coefficient and L, is the effective thickness of the carbon

film which is given by Equation (6.2).

_1-exp(-al)
o

L (6.2)

The NLA coefficient was calculated from the fitted parameter ‘c’ and found to be 8.22 +

0.91 cm/W.
O Expt. data
1.02- —— Fitted curve
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Figure 6.5: Normalized transmittance curve for carbon thin film for open aperture Z-scan.
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6.2.2 Optimization of aperture size for CA Z-scan
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S=0.40
$=0.50

5=0.60

S=1.00

Figure 6.6: (a) Marking of apertures on CCD image for various values of ‘S’ and (b) CA Z-scan
curve for various aperture sizes; S~0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55 and 0.60.

In order to determine the NLR coefficient from CCD images with good accuracy,
the contribution of NLA is to be subtracted by optimum aperture size such that the peak
height and the depth of the valley are equal in CA Z-scan curve. For this, the aperture
size ‘S’ was varied in the range of 0.20 — 0.60 with a step size of 0.05 as marked in the
CCD image of Figure 6.6 (a) and corresponding normalized transmittance, T, for CA Z-
scans are plotted in Figure 6.6 (b). The symmetry of CA curve was estimated by the

parameter Al,, = A(peak intensity) - A(valley intensity), where A(peak intensity) and

A(valley intensity) are defined by

A(peak intensity) = peak intensity - 1

A(valley intensity) = 1 - valley intensity
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The plot for 41y, as a function of ‘S’ is shown in Figure 6.7. The minimum value
of 41,y in the CA transmission curve is at S ~ 0.40, corresponds to best symmetry. Hence

S ~ 0.40 is the optimum aperture size for the determination of the NLR coefficient.
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Figure 6.7: 41, for CA transmission curve as a function of aperture size ‘S’.

6.2.3 Estimation of NLR coefficient

The transmitted intensity for CA was normalized with that of the far field
intensity in order to obtain the normalized transmittance and shown in Figure 6.8 for the
optimum aperture S~0.40. It shows a prefocal minima (valley) followed by a postfocal
maxima (peak), suggesting positive refractive nonlinearity. The experimental data was
fitted to the normalized CA transmission profile [9], given by Equation (6.3).

T, =1+ 24&2 .
(1+bz2)(9 + bz?)

(6.3)

where, a=2zn,l L, /Az, and n, is the NLR coefficient.

The NLR coefficient ‘n,’ of the carbon film is found to be (1.40 + 0.10) x 10™
cm?/W. The separation between the peak and valley position of normalized transmission,
Az,., for CA Z-scan curve in the present case is 4.40 mm satisfying the Equation (6.4) for

the third order optical nonlinearity [9].
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Figure 6.8: Normalized transmittance curve for carbon film for closed aperture Z-scan, S~0.40.

AzpfV =17z, (6.4)
where the Rayleigh length, z, is 2.53 mm in the present case. In Figure 6.8, the peak and
valley were symmetrically placed with respect to the focus, indicating the small phase
distortion (i.e. 4¢,< 1) in the film. The phase distortion, 4¢,, due to the nonlinear

refractive index at the focus (z = 0) is defined by Equation (6.5) [9].

27zn,|
Ad, =7TZT°LEff =az, (6.5)

The numerical value of 4¢, was calculated from the parameter ‘a’ of the fitted
curve, Figure 6.8, and found to be ~0.22. Since the phase distortion is small, it can also
be estimated using following relationship [1, 9]:

AT, , =0.406(1-S)°*|Ag,| (6.6)
where, AT,., is the difference in the normalized transmission of peak and valley. From
Figure 6.8, the normalized peak transmission is 1.043 and that of valley is 0.957, thus
AT, = 0.086. From Equation (6.6), 44, was estimated and found to be ~0.24 for S~

0.40, nearly same as that of obtained by Equation (6.5). Thus, S~0.40 is the optimum

value confirming the validity of the present Z-scan setup.
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Conclusion

The conventional Z-scan setup was modified by replacing photodiode with CCD
camera to measure the NLA and NLR coefficients of PLD carbon thin film in a single Z-
scan. The implementation of the synthetic aperture in the present setup provides the
option of selecting the aperture size more precisely for the optimization of closed Z-scan
curve without physically repeating the experiment for the determination of NLR
coefficient. The peak-valley separation is 1.7 times of the Rayleigh length of the
focusing beam, confirming the presence of third order nonlinearity. The agreement of the
theoretical and experimental value of phase distortion factor confirms the suitability of

present simplified Z-scan setup using CCD camera via single scan only.
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Chapter 7

Optical nonlinearity in pulsed laser
deposited DLC and graphitic thin films

Diamond-like carbon (DLC) thin film is a combination of sp® and sp*® bonded
carbon atoms in a random network whereas graphitic thin film is composed of sp
bonded carbon atoms only. In the sp* configuration, the adjacent carbon atoms are
bonded strongly via o bonds which give rise to a large band gap and hardness to the
film. In the sp? configuration of carbon network, three of the valence electrons form
trigonally o bond and the remaining fourth electron forms a z bond. The z bond, lying
normal to the plane of o bonds and weaker in strength, is closer to the Fermi level. Thus,
the presence of a z bond provides the small band gap and hence contributes towards the
optical absorption and nonlinear optical (NLO) response [1, 2]. Carbon nanostructures in
the form of carbon nanotubes, graphene, carbon black, onion-like carbon and fullerenes
are sp’ enriched and have been investigated for NLO response. The nonlinear absorption
coefficient () and nonlinear refractive index coefficient (n;) of single wall carbon
nanotube via Z-scan technique using nanosecond laser at a wavelength of 532 nm are
reported to be ~ 7.1x10° cm/W and ~ -1.2x10"° cm?W, respectively [3]. Multiwall
carbon nanotubes in ethylene glycol (0.4 mg/ml) has been reported to exhibit reverse
saturation absorption effect under picosecond laser (532 nm) illumination and the
corresponding value of A from Z-scan is observed to be 7.6x10™° cm/W [4]. Its third

order nonlinear susceptibility * ;((3)’ via four wave mixing (nano as well pico second
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laser) has also been documented by the same group [4]. The saturation absorption
behaviour in few-layer graphene fabricated by chemical vapor deposition (CVD) under
the irradiance of picosecond laser of wavelength 1550 nm is deomonstrated and the
measured value of n; is reported to be ~10” cm?W [5]. The reverse saturation absorption
is reported in linear carbon chains at a wavelength of 532 nm from nanosecond laser. Its
experimentally measured value for  and n; are reported to be 2.1x10™° cm/W and -
3.0x10™"° cm?W, respectively [6]. The optical limiting in onion-like carbon, carbon
black suspension, fullerenes and diamond nanoparticles have been reported in the
literature [2, 7-9]. The various forms of nanostructured carbon enriched with sp® bond
are being envisaged as a good candidate for NLO photonic device application. For the
photonic applications, normally thin film geometry is preferred. The NLO properties of
nanostructured carbon, particularly in the form of thin film can be assessed
experimentally by various techniques. Among them, Z-scan technique has emerged as a
very handy tool for these measurements [10]. In this technique, the sample is translated
along the optic axis on either side of the focal plane of a lens. The transmitted beam
through the sample is recorded as a function of its position ‘2’ with respect to the focal
plane. The nonlinear absorption (NLA) coefficient and nonlinear refractive index (NLR)
coefficient can be obtained by open aperture (OA) and closed aperture (CA) Z-scan,
respectively.

In this chapter, the measurement of the third order NLR coefficient of pulsed
laser deposited (PLD) DLC and graphitic thin films using modified Z-scan setup is
reported [11]. In the modified Z-scan setup, the photodiode of the conventional Z-scan is
replaced by a charge-coupled device (CCD) camera, thereby improving the sensitivity of
the technique [12]. The effect of deposition temperature, laser fluence and helium

ambient on the NLR coefficient of the DLC thin films is presented. The effect of helium
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gas on the NLR coefficient of graphitic thin films is also studied.

7.1  Experimental details

For NLO study, DLC films were deposited by the second harmonic of a Q-
switched Nd:YAG laser and graphitic thin films were deposited using third harmonic of
Q-switched Nd:YAG onto the glass substrate. The other deposition parameters for the
fabrication of DLC and graphitic thin films are listed in Table 4.1.

The measurement of third order NLR coefficient of PLD films was performed
using modified Z-scan setup. The schematic of experimental setup is shown in Figure 2.4
(Chapter 2) and discussed in detail in Chapter 6. Briefly, He-Ne laser was focused on the
PLD thin film using a convex lens of focal length 50 mm. The thin films was scanned to
20 mm on either side of the focal point and the transmittted beam was imaged onto the
CCD. The CA data was extracted, as discussed in Chapter 6, for the measurement of

NLR coefficients.

7.2  NLR coefficient of DLC thin films deposited as a function of substrate

temperature

To study the effect of substrate temperature on NLO properties, DLC films were
deposited on fused silica substrate at RT, 300 °C, 500 °C and 750 °C under vacuum
(~10"° mbar) for 5 min at a laser fluence of ~5.0 J/cm?, Table 4.1, Chapter 4. The linear
absorption coefficient ‘o’ at a wavelength of 632.8 nm was estimated by fitting the
ellipsometric data using modified Forouhi-Bloomer (mFB) model and is listed in Table
4.2 [13]. The linear absorption coefficient of the carbon films was found to be increased
with the increasing substrate temperature, as shown in Figure 7.1. The enhancement in
the optical absorption in visible region is due to the increase in sp® content at higher

substrate temperature as also observed in Raman spectra, Figure 4.4 (b), Chapter 4. With
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increase in sp® content, the total number of states in the energy gap increases thereby

increasing the optical absorption [2].
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Figure 7.1: Linear absorption coefficient of DLC thin films at 632.8 nm as a function of
substrate temperature.

The NLR coefficients of the PLD carbon films were measured using Z-scan
technique [14]. The intensity of the He-Ne laser at the focus was estimated to be ~ 7.46
x 10° W/cm?. Initially, the Z-scan was performed on the bare fused silica substrate and
its normalized transmission spectra for OA as well as CA Z-scan is shown in Figure 7.2.

There is hardly any signature of NLO behaviour at this laser intensity.
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Figure 7.2: Normalized open aperture and closed aperture Z-scan transmittance curve for fused
silica substrate.

Figure 7.3 (a-d) shows the normalized transmittance for CA Z-scan as a function

of film position w.r.t. the focal plane for carbon films deposited at RT, 300 °C, 500 °C
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and 750 °C, respectively. The experimental data points were fitted to the Equation (6.3),
Chapter 6 for CA Z-scan [15].

The CA transmittance curves for DLC thin films, Figure 7.3, depict minima
(valley) followed by a maxima (peak), suggesting the presence of positive nonlinearity in

the carbon film [15]. The positive nonlinearity in the film results in self-focusing. The
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Figure 7.3: Normalized closed aperture Z-scan transmittance curve for DLC thin films deposited
at (a) RT, (b) 300 °C, (c) 500 °C and (d) 750 °C.

variation of NLR coefficient as a function of deposition temperature is shown in Figure
7.4. For the film deposited at RT, the measured NLR coefficient is (6.08 + 0.75) x 10™
cm?/W. The optical nonlinearity in amorphous carbon films is due to the sp® hybridized
carbon atoms only. The sp® hybridized domain in amorphous carbon film provides
delocalized electrons associated with carbon atoms in = bonds. The weakly bonded
electrons can easily be displaced relatively to larger extent on the exposure of laser beam

which leads to enhanced polarizability and hence exhibit strong nonlinearity. The NLR
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coefficient was found to be increasing with the deposition temperature and for the film
deposited at 750 °C, it was observed to be (1.69 + 0.13) x 10 cm?W. The increase in
the NLR coefficient of the film with the increase in substrate temperature is due to the
increase in sp? bonded carbon atoms as indicated by Raman results, Figure 4.4 (b),

Chapter 4.
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Figure 7.4: NLR coefficient of DLC thin films as a function of substrate temperature.

The order of nonlinearity in the film can be determined from the separation
between the peak and valley position of CA transmittance curve. The peak-valley
separation of normalized CA transmission, 4z,.,, for the film deposited at 750 °C was
found to be 4.40 mm, as marked in Figure 7.3 (d), which is satisfying the condition for
third order nonlinearity, given by Equation (6.4), Chapter 6 [15].

The measured value of Rayleigh length (z,) for He-Ne laser beam focused by a
convex lens of focal length of 50 mm (Z-scan setup, Figure 2.4) is 2.53 mm and hence
for third order nonlinearity, 4z,., should be 4.30 mm. For all the four samples, the
measured value of 4z,., was found to be in the range of 4.30 - 4.50 mm, confirming the
third order optical nonlinearity in DLC thin films. The slight variation in the value of
Azp.y could be due to the thermo-optical effect induced in films as the illumination time

from sample to sample might have varied during the measurements [16].
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7.3  NLR coefficeint of DLC thin films deposited as a function of laser fluence
The effect of laser fluence on NLR coefficeint of DLC films deposited in vacuum
as well as in helium gas ambient is studied. The laser fluence was varied from 5.0 J/cm?
to 11.7 J/cm? for the film deposited in the background pressure of ~10™ mbar whereas in
case of helium gas ambient the laser fluence was varied from 10.0 J/cm? to 15.0 J/cm?,

Table 4.1, Chapter 4.

7.3.1 NLR coefficient of DLC thin films deposited in vacuum
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Figure 7.5: Normalized closed aperture Z-scan transmittance curve for DLC thin films deposited
at a base pressure of ~10®° mbar and laser fluence of (a) 5.0 J/cm?, (b) 6.7 J/cm?, (c) 8.3 J/cm?,
(d) 10.0 J/cm? and (e) 11.7 J/cm?.
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Figure 7.5 (a-e) shows the normalized transmittance for CA Z-scan for DLC
films deposited at laser fluence of 5.0 J/cm?, 6.7 J/cm?, 8.3 J/cm?, 10.0 J/lcm? and 11.7
Jlem?, respectively under the base pressure of ~10 mbar at RT. The linear absorption
coefficient was estimated using mFB model and listed in Table 4.4 (Chapter 4). The
normalized CA Z-scan data was fitted to the Equation (6.3) of Chapter 6 and shown by
the solid curve in Figure 7.5. The calculated NLR coefficients obtained from fitted
parameter for DLC films are plotted in Figure 7.6 as a function of laser fluence. The
value of NLR coefficient for the film deposited at laser fluence of 5.0 J/cm? is (1.49 +
0.12) x 10™ cm?W which is slightly lower compared to that of the films deposited at
higher laser fluence. This could be due to comparatively low film thickness, Table 4.4
(Chapter 4). As variation in the ratio of sp*/sp? bonding in the DLC films deposited in
this range of laser fluence is marginal, Table 4.3 (chapter 4), and hence the variation in

NLR coefficients is not large.
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Figure 7.6: NLR coefficient of DLC thin films as a function of laser fluence.
7.3.2 NLR coefficient of DLC thin films deposited at helium pressure of 0.05 mbar
Figure 7.7 (a-d) shows the normalized transmittance for CA Z-scan for DLC thin

films deposited at a helium pressure of 0.05 mbar and laser fluence of 10.0 J/cm?, 11.7

Page | 144



Optical nonlinearity in pulsed laser deposited DLC and graphitic thin films

Jlem?, 13.3 J/em? and 15.0 J/cm?, respectively. The experimental data points were fitted
to Equation (6.3) of Chapter 6 and the calculated NLR coefficients are listed in Table

7.1. As the DLC films deposited at 0.05 mbar and in this range of laser fluence possess
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Figure 7.7: Normalized closed aperture Z-scan transmittance curve for DLC thin films deposited
at 0.05 mbar of helium pressure and laser fluence of (a) 10.0 J/cm?, (b) 11.7 J/cm?, (c) 13.3 J/em?
and (d) 15.0 J/cm?.

Table 7.1: NLR coefficient of DLC thin films deposited at 0.05 mbar of helium pressure as a
function of laser fluence

Laser fluence (J/cm?) Thickness (nm) | NLR coefficient (x10™ cm%W)
10.0 121 3.57+0.25
11.7 140 3.79 £0.26
13.3 120 3.21+£0.25
15.0 107 240x0.18

similar properties as observed in Raman and SE measurements (Section 4.2.3 of Chapter
4), thus not much variation in NLR coefficient is expected. The variation in the values of

NLR coefficient of all these films are marginal. In this set of samples, optical absorption
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is large for the films having large thickness (Table 4.6 and Table 4.9 of Chapter 4) and
hence the variation in NLR coefficient is also in accordance to the variation in the film

thickness.

7.4  NLR coefficient of DLC thin films deposited as a function of helium pressure
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Figure 7.8: Normalized closed aperture Z-scan transmittance curve for DLC thin films deposited
at a laser fluence of 15.0 J/cm? and helium pressure of (a) 0.05 mbar, (b) 0.1 mbar, (c) 0.5 mbar
and (d) 1 mbar.

Figure 7.8 (a-d) shows the normalized transmittance for the CA Z-scan curve for
DLC thin films deposited at a laser fluence of 15.0 J/cm? and helium pressure of 0.05
mbar, 0.1 mbar, 0.5 mbar and 1 mbar, respectively. The film deposited at a helium

pressure of 0.05 mbar exhibited the NLR coefficient of (2.40 + 0.18) x 10 cm%/W

which increased to (3.56 + 0.26) x 10™ cm?W for the film deposited at 0.1 mbar of
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helium pressure. The small increase in the NLR value may be due to the increased
thickness of the film, Table 7.2. The films deposited at the helium pressure of 0.5 mbar
and 1 mbar didn't display any peak-valley structure, Figure 7.8 (c-d). Those films consist
of higher sp* bonding of carbon atoms as obtained from Raman and SE results (Section
4.2.3 of Chapter 4) and hence not expected to exhibit any signature of optical

nonlinearity at this laser intensity.

Table 7.2: NLR coefficient of DLC thin films deposited at a laser fluence of 15.0 J/cm® as a

function of helium pressure

Helium pressure (mbar) | Thickness (nm) | NLR coefficient (x10* cm?W)
0.05 107 240+0.18
0.1 220 3.56 +0.26
0.5 44 -
1 34 -

7.5  NLR coefficient of graphitic thin films deposited as a function of helium

pressure

Figure 7.9 (a-e) shows the normalized CA Z-scan curve for the graphitic thin
films deposited at a base pressure of ~10° mbar and helium pressure of 0.1 mbar, 1
mbar, 5 mbar and 10 mbar, respectively, deposited at a substrate temperature of 750 °C.
The film deposited at ~10° mbar is highly amorphous as observed in Raman
measurement, Section 4.3 of Chapter 4. In case of amorphous structure of graphitic film,
the displacement of the delocalized electrons is more in the presence of high intensity of
laser beam due to short range ordering of sp® bonded carbon atoms. This leads to
increase in polarizability and hence higher value of NLR coefficient was obtained. With
the increase in helium pressure, films became structurally ordered leading to decrease in

polarization for the same intensity of laser beam and hence decrease in NLR coefficient
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was observed,

Table 7.3 [17, 18].
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Figure 7.9: Normalized closed aperture Z-scan transmittance curve for graphitic thin films
deposited at a laser fluence of 5.0 J/cm? and pressure of (a) 10° mbar, (b) 0.1 mbar helium, (c) 1
mbar helium, (d) 5 mbar helium and (e) 10 mbar helium.

Table 7.3: NLR coefficient of graphitic thin films as a function of deposition pressure

Deposition pressure

NLR coefficient (x 10™ cm?/W)

10™ mbar 17.94+2.19
0.1 mbar helium 7.61+£0.81
1 mbar helium 4.75 £ 0.56
5 mbar helium 488 £0.74

10 mbar helium
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Conclusion

The effect of substrate temperature, laser fluence and helium pressure on the
NLO property of PLD carbon thin films is presented in this chapter. The NLR
coefficients of PLD carbon thin films were measured by modified Z-scan setup using
CCD camera. With the increase in the deposition temperature, films showed the increase
in sp? bonding which increases the NLR coefficient. As the laser fluence has hardly any
significant effect on the sp®/sp® fraction of DLC film, thus the variation in NLR
coefficient of DLC films as a function of laser fluence was observed to be marginal. The
DLC thin films deposited at helium pressure of 0.5 mbar and 1 mbar and the laser
fluence of 15.0 J/cm? possess higher sp® fraction of carbon bonded atoms, also the film is
higly transparent, making it difficult to observe the nonlinear signature in these films. In
case of graphitic thin films, all the samples exhibited nearly 100% sp® bonded carbon
atoms and thus displayed relatively large optical nonlinearity compared to that of the
DLC films. The increase in helium pressure increases the structural order of the film
which decreases the change in polarization on the exposure of laser and hence reducing
the NLR coefficeint with the increase in helium pressure. The transmittance curve for
CA Z-scan measurement, for all DLC and graphitic thin films, showed a valley followed
by a peak indicating the nonlinearity in the PLD carbon thin films is due to the self-
focusing. The measured value of 4z,., from fitted transmitted profile of CA Z-scan curve
is 1.7 times of the Rayleigh length of the focusing beam, which confirms the presence of

third order nonlinearity.
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Chapter 8

Conclusion

The fabrication of diamond-like carbon (DLC) and graphitic thin films and few-
and multi- layer graphene via pulsed laser deposition (PLD) technique is reported in the
present thesis. The second harmonic of a Q-switched Nd:YAG laser was focused onto a
graphite target to fabricate DLC thin films and graphene layers whereas the graphitic thin
films were deposited using the third harmonic of a Q-switched Nd:YAG laser. The
structural information and sp*/sp? content in DLC films were analysed via micro-laser
Raman spectrometer. Atomic force microscope (AFM) was used to study the surface
morphology. The graphene samples were subjected to field emission scanning electron
microscope (FESEM) and transmission electron microscope (TEM) to study the ordering
of graphene layers. The linear optical properties of DLC and graphitic thin films were
measured by spectroscopic ellipsometer. Transmission spectra in UV-Visible-NIR range
were also recorded for the estimation of optical band gap of DLC films. The nonlinear
optical properties of pulsed laser deposited DLC and graphitic thin films were
investigated via in-house assembled modified Z-scan setup using charge-coupled device
(CCD) camera.

While recording the Raman spectrum of DLC films, excessive intensity of the
excitation laser brings some temporary or permanent changes into focal region due to the
laser heating. Therefore, the effect of laser power on the Raman spectrum in the intensity
from 11 kW/cm? to 382 kW/cm? was undertaken. A marginal effect was observed on the

Raman spectra for the excitation laser intensity upto 114 kW/cm? which was not
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permanent. This particular film (deposited at RT and laser fluence of 5.0 Jcm? on
corning glass) showed a broad band around 800-2000 cm™ in which D and G band were
merged together. Beyond the laser intensity of 114 kW/cm?, the emergence of G and D
bands distinctly was observed. This implies the modification of sp® clusters and
conversion of sp* to sp? bonding. The structural modification in the focal region of the
film surface is due to the excessive focal heating. The permanent nature of structural
changes in DLC film while recording the Raman spectra at high laser intensity was
confirmed further by deliberately annealing the film with laser in the intensity range of
127-382 kW/cm? for 5 min and then recording the Raman spectra at a laser intensity of
114 kWicm?,

DLC thin films were deposited over a broad range of deposition parameters;
substrate temperature, laser fluence and helium gas pressure. The DLC film deposited at
room temperature (RT) in vacuum (~10" mbar) at laser fluence of ~5.0 J/cm? was found
to be rich in sp® bonded carbon atoms which was indicated by the appearance of a broad
Raman band centred at ~1550 cm™ with a broad tail extending towards lower
wavenumber. The evolution of the distinct D and G bands with the increase in substrate
temperature signifies the formation of graphitic domains. The sp® content, estimated
from the dispersion of G band, in the DLC film deposited at RT was found to be ~68%
which was decreased to ~25% and ~10% for the films deposited at the substrate
temperature of 300 °C and 500 °C, respectively. The nearly zero dispersion of the G
band for the film deposited at 750 °C indicated the presence of only sp? bonding. The
variation in sp® content of the DLC films as a function of laser fluence (used to deposit
the PLD films) in the range of 5.0-11.7 J/cm? was marginal. At higher laser fluence,
films exhibited the deposition of large particulates ejected from the graphite target. To

overcome this, helium gas was introduced into the chamber in the pressure range of
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0.05 - 1 mbar for deposition and at each value of these helium pressure, the laser fluence
was varied from 10.0 J/cm? to 15.0 J/cm?. The effect of helium pressure was observed to
be well pronounced compared to that of laser fluence. For the laser fluence of 15.0 J/cm?,
the sp* content of the film deposited at 0.05 mbar of helium pressure was ~68% which
was increased to ~73% and ~83% with the increase in helium pressure of 0.1 mbar and
0.5 mbar, respectively. The optical band gap obtained by ellipsometric data, using a
modified Forouhi-Bloomer model, was found to increase from 1.43 eV to 3.42 eV with
the increase in helium pressure from 0.05 mbar to 1 mbar, respectively, indicating an
enhancement in sp® bonded carbon atoms as also confirmed by Raman measurement.
The DLC films were found to be hydrogen-free as indicated by the absence of clear
signature of bands around 3000 cm™ in Fourier transform infrared transmission spectra.

The carbon film deposited at a substrate temperature of 750 °C under vacuum
(~10"° mbar) was found to be rich in sp® bonding of carbon atoms as confirmed by the
distinct appearance of G and D bands in Raman spectrum. The structural order of the
film was improved in the presence of helium gas ambient which was indicated by the
narrowing of G band from 90 cm™ to 46 cm™ and D band from 139 cm™ to 39 cm™ with
the increase in helium pressure from 0.1 mbar to 10 mbar, respectively. The ordered
graphitic structure was further confirmed by the appearance of 2D, D+D' and 2D' bands
distinctly in the range of 2400-3300 cm™ for the film prepared at 10 mbar of helium
pressure. The graphitic films were also subjected to the ellipsometric measurement for
the estimation of optical constants and the results were found in agreement with that of
the Raman measurement.

Few- and multi-layer graphene on glass substrate under oxygen ambient were
obtained in a single step without using any catalyst, one of the major advantages of PLD

technique. The formation of graphene layer was confirmed by the line shape of second-
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order Raman band (2D band). The separation between the two sub-peaks in 2D band for
the film deposited at RT was observed to be 32.25 cm™ indicating the presence of ~10
layers of graphene. This sub-peak separation was decreased to 28.21 cm™ for graphene
layers deposited at the substrate temperature of 700 °C which corresponds to 4-5 layers.
The formation of few-layer graphene was further confirmed by increase in I/l ratio
from 0.33 to 0.47 with the increase in substrate temperature from RT to 700 °C,
respectively. The corresponding decrease in Ip/lg ratio from 0.31 to 0.13 reflects the
decrease in defects and hence the formation of ordered graphene layers at higher
temperature. The hexagonal phase of graphene was observed by selected area electron
diffraction (SEAD) pattern with lattice d-spacing of ~0.33 nm measured from ultra-high
resolution TEM image in confirmation with the existing literature.

To study the NLO behaviour of pulsed laser deposited DLC and graphitic thin
films, the conventional Z-scan setup was modified by replacing the photodiode detector
with CCD camera. Thus, in a single scan both, open aperture (OA) and closed aperture
(CA) data can be extracted from the same set of images. A program in Matlab was
developed for the appropriate selection of aperture for CA Z-scan and the analysis of
these data.

The nonlinear refractive index (NLR) coefficient for DLC films, obtained by
modified Z-scan setup, was found to increase from (6.08 + 0.75) x 10 cm?/W to (1.69 +
0.13) x 10 cm¥W with the deposition temperature from RT to 750 °C, respectively.
The higher substrate temperature increased the sp? bonding of carbon atoms in films
which provides more z-bonds and thereby increasing the NLR coefficient at elevated
substrate temperature. The laser fluence has hardly any effect on the sp®sp? fraction of
carbon atoms in DLC films and so was depicted in the NLR values having very low

variation as a function of deposited laser fluence. The NLR coefficient of the film
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deposited at laser fluence of ~15.0 J/cm? and helium pressure of 0.05 mbar and 0.1 mbar
was found to be (2.40 + 0.18) x 10* cm¥W and (3.56 + 0.26) x 10 cm*W,
respectively. For the DLC film deposited at helium pressure of 0.5 mbar and 1 mbar,
there was hardly any signature of NLO behaviour due to the presence of higher fraction
of sp® bonding in the film as observed by Raman and ellipsometric results. Among the
graphitic films, the highest NLR coefficient, (1.79 + 2.19) x 10 cm?W, was observed
for the film deposited at the base pressure of ~10™ mbar. The NLR coefficient decreased
with the increase in helium pressure for the graphitic thin films which is due to the
improvement in structural order of the film, as observed by Raman measurement. The
ordering of graphitic films decreases the change in polarization on laser exposure and
hence NLR coefficient was found to be decreasing with the increase in helium pressure.
All the carbon films exhibiting NLO behaviour displayed a valley followed by a peak in
the transmittance curve for CA Z-scan measurement indicating that the nonlinearity in
the carbon film is due to the self-focusing. The separation between the peak and valley
position of CA transmitted profile is 1.7 times of the Rayleigh length of the focused
beam confirming the presence of third order nonlinearity.

In conclusion, the desired quality of carbon based thin films devoid of hydrogen
can be easily fabricated by pulsed laser deposition technique simply by selecting the

appropriate deposition parameters.

Future scope of the work

The DLC films having higher fraction of sp® bonding of carbon atoms can be
deposited on the metallic as well as on alloy substrate easily via PLD followed by wear
resistance and hardness testing to explore its application as a protective coating. The

graphitic thin film deposited at helium pressure of 10 mbar is higly ordered structure and

Page | 157



Chapter 8

ultra-thin (~ 10 nm) which can be tested for its electrical conductivity for its application
as a transparent electrode.

For further improving the quality of graphene layer via PLD, a parametric study
is to be undertaken by depositing it at substrate temprature more than 700 °C and also in
presence of helium ambient. The uniformly grown graphene layers will be studied for its
electronic and mechanical properties. Graphene layers having homogeneous thickness
can be studied for mode locking application as it exhibit saturable absorption behaviour.

The optical nonlinearity of DLC and graphitic thin films using cw laser is
presented in this thesis. These films can also be subjected to nanosecond and
femtosecond laser to study their NLO behaviour and optical limiting applications.

The quality of thin film via PLD technique depends on the dynamics of laser
induced plasma. In order to understand the growth process of DLC and graphitic thin
films by PLD, a systematic study on the laser induced graphite plasma can be taken as an

extension of the present work.
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