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ABSTRACT

Monodispersed and uniform carbon nanospheres with a diameter in the range of
40-50 nm were synthesised with a new and fast laser based developed technique. The
synthesis method consisted of the irradiation of Highly Oriented Pyrolytic Graphite
(HOPG) sample by an ultraviolet pulsed laser with power densities in the order of 108
W.cm? under the presence of hydrogen gas. The morphological and elemental
characterisation carried with Scanning Electron Microscopy revealed the existence of two
different regions within a shockwave generated at the irradiated spots and the formation
of pure carbon nanostructures with spherical shape. Raman line-scans confirmed the
nano-structuration of the HOPG surfaces and the appearance of carbon nanospheres at
the shockwave regions. The detailed study of different parameters which influenced the
growth process allowed the uncovering of the optimum conditions at which the formed
carbon nanospheres were of high quality and of high production rate. It was found that
the fluence threshold and the hydrogen presence were crucial for the formation of these
carbon nanospheres. In addition, the critical thermodynamic parameters (pressure and
temperature) generated by the pulsed laser were calculated. This provided a better insight
regarding the phase transformation of HOPG from a macro to a nano-structure and the

nucleation process which leads to the formation of carbon nanospheres.

The second part of this work focused on investigating the magnetic and electric
properties of different carbon nanospheres synthesised by chemical vapour deposition,
using a state of the art physical property measurement system (PPMS). Scanning
electron microscopy imaging of the two investigated sets of carbon nanospheres, grown
under slightly different conditions, revealed a difference in size with diameters of about
200 and 400 nm respectively. Induced coupled plasma mass spectroscopy showed the
presence of ferromagnetic impurities such as Fe, and Ni at concentration levels less than
120 and 3 ppm respectively. PPMS magnetic measurements of the two samples showed
two different characteristics. In Sample “A”, with nanospheres of about 200 nm in
diameter, clear ferromagnetism behaviour was observed, while in sample “B”,

diamagnetic behaviour was observed except at low temperature (>10 K), at which clear



superparamagnetic behaviour is observed. The electrical measurements on a network of
carbon nanospheres of sample “A” revealed a semiconductor characteristic and showed
a variable range hopping class of conductivity in agreement with work conducted on

carbon nanotubes networks.
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CHAPTER I

1 INTRODUCTION

1.1 Background

Carbon is the fourth abundant element in the universe and exists in many different
forms. Diamond and graphite exist in natural form and are considered as the most known
bulk carbon allotropes for centuries. They can also be synthesised in laboratories. The
physical and electronic properties of these two carbon allotropes, are different and
unique, and depend on the electronic structure and type of chemical bonding formed
which result in extreme differences between the two. Diamond is a transparent and hard
material with a very weak electrical conductivity, while graphite is an opaque, soft and
good electrical conductor. The different chemical bonds of diamond and graphite are the
sp® and sp? hybridisation respectively resulting in different atomic lattice structures as

shown in Figure 1.1.

Figure 1.1: Atomic bonding structures of diamond and graphite [1].

In a graphite crystal, planar parallel layers of carbon atoms (also known as
graphene) are stacked along the z-direction and bonded by Van der Waal interactions.

While in the planar x-y direction, the monolayers of carbon are arranged in a hexagonal

1



structure. Each carbon atom within the layer forms ¢ bonds with three neighbouring
carbon atoms. The remaining free electrons of the carbon atoms become delocalised,
and circulate freely within the lattice. These two types of bonding o and 1 are responsible
for the high electrical and mechanical properties of graphite and determine the two known

structures of graphite.

The first structure (rhombohedral) is found in nature and forms a sequence of
ABCABC stack of layers, in which the projection of any atom on the next layer is located
at the centre of the hexagon of carbon atoms. The second possible structure is a
sequence of ABAB stacks. This hexagonal structure is typical for Highly Oriented Pyrolytic
Graphite (HOPG) and can be obtained by heating up the natural graphite (ABCABC) to
1000 °C (Figure 1.2).

Figure 1.2: The structure of HOPG (ABAB stack) and the natural graphite (ABCABC or Rhombohedral
stacking) [2].

In diamond on the other hand, the arrangement of carbon atoms is of tetrahedral
type, with covalent bonds in the three directions. This configuration of carbon atoms is
responsible for the hardness and insulating behaviour of the diamond. By the mid of the
twentieth century, more carbon allotropes were discovered. Glassy carbon [3], hexagonal
structure of diamond [4], and amorphous carbon were the new forms of synthesised

carbon allotropes.



In the 1980s, Kroto et al. synthesised Buckminsterfullerene (Ceso) by vaporisation
of graphite with intense laser ablation [5], and introduced the first carbon nanomaterial.
Kroto and co-workers reported that the formed clusters consisted of 60 carbon atoms
arranged in a spherical form.

Besides Ceo, carbon nanotubes are considered as the most well-known carbon
nanostructures. ligima and co-workers staggered the scientific community with the
synthesis and the description of the structure of double-walled and multi-walled carbon
nanotubes [6], then two years later of the single-wallet carbon nanotubes [7]. Such
discovery of carbon nanotubes attracted the interest of researchers because of the lattice
structures, the unique physical properties, and their potential to be used in mainstream

applications in electronics, medicine and healthcare diagnosis, environment, and energy.

Single-walled carbon nanotubes Onion-like carbon

Fullerene Carbon dot

Multi-walled
carbon nanotubes £

Carbon nanoribbons -
unzipped carbon nanotubes

Multilayered
Graphene graphitic sheets Graph

Figure 1.3: Different carbon allotropes based on their dimensionality [1].

In addition to carbon nanotubes, multiple carbon nanomaterials of different forms
and structures were identified and studied. Carbon nanofoams [8], nanodots [9],
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nanofibers [10], nanorods [11], nanospheres [12], graphene [13] and other nanocarbon
allotropes considered as cousins to fullerene and carbon nanotubes and all together
formed a base for carbon nanoscience. Their unique properties have been the main focus
of research over the last twenty years.

Magnetism in carbon nanomaterials is an interesting, exciting and complicated
research domain. In general, carbon allotropes exhibit a diamagnetic behaviour with a
susceptibility in the range of —(104-10°) emu.g* per magnetic field unit [14]. However,
several reports revealed exceptional magnetic behaviour in a variety of carbon materials.
Unexpected ferromagnetic characteristics were observed firstly in pure and polymerised
Ceo at high temperatures around 800 K [15], [16]. Another astonishing and unforeseen
discovery came along with the observation of induced ferromagnetic behaviour in a wide
range of temperatures [17], [18] after low MeV-proton irradiation of HOPG. Through
laborious and methodical work, it was shown that the magnetisation was not related to
ferromagnetic impurities. Furthermore, ferromagnetic-like hysteresis magnetisation loops
were observed in additional carbon-based nanomaterials, such as nanographite [19], [20],
carbon encapsulating Ar nanoparticles [21], composites of HOPG nanospheres [14],
carbon nanofoams [22], [23], and microporous carbon [24]. The origin of this anomalous
magnetic behaviour observed in carbon-based materials is still unclear and different
assumptions are reported. Numerous research groups have speculated that the
manifestation of these unusual magnetic properties are due to topographic defects,
positive or negative surface curvatures (such as in graphene), and the chemical nature
of the edges such as the mixture of sp> and sps hybridised states [21]. The role of
hydrogen and oxygen has also been investigated with respect to catalysing the process
and inducing the observed magnetic behaviour in the carbon systems [21]. Li et al.
reported also that morphological characteristics such as the crystallinity and size affect
the magnetic properties in pyrolytic carbon [14]. Moreover, there is evidence that the
magnetism originates from s-p symmetry unpaired electrons at structural defects rather
than of d or f electrons of the impurities [14]. Such ferromagnetic properties in carbon
nanomaterials can of course lead to technological breakthrough in spintronic,

telecommunications, biology, and medicine.



On the other hand, carbon nanomaterials and specifically carbon nanotubes were
reported to possess extraordinary electrical conductivity comparable to metals [25].
Contrary to the magnetism, the electrical properties are well understood in carbon
nanomaterials, and are related mostly to the electronic structure and the dimensions of
the nanomaterials. Thus, their use as composites, thin films, and networks in electronic
and electrical applications overcame a number of issues (heavy weight, electromagnetic
interference, lightning strikes and corrosion), and replaced metallic elements in different

industries including aerospace.

Several techniques, such as arc-discharge, laser ablation and plasma processes,
shock compression and chemical vapour deposition have been developed for the
synthesis of carbon nanomaterials [12]. Chemical vapour deposition (CVD) offers a
controllable process of synthesis, which is based on the decomposition of a precursor
(solid or gas), mostly hydrocarbon, in a reactor [26]. Also, the introduction of a catalyst is
possible during the synthesis process, which allows the modification of the structure as

well as the dimension of the produced carbon nanomaterial.

Among these techniques, Pulsed Laser Ablation (PLA) attracted more interest in
the production of carbon materials and other applications such as patterning,
micromachining, and artwork restoration [27]. This synthesis method has been fostered
by the invention of lasers in the '60s and offers numerous advantages such as simplicity,
automation, and the possibility to carry the ablation in vacuum or gaseous and liquid
environments. Besides, the use of a pulsed laser allows for greater control of pressure
and temperature to a localized zone over a large range of values without changing the

chemistry of the irradiated material.

Most of the research work on the production of carbon nanostructures by PLA has
been based predominantly in liquid confinement. Ismail et al. demonstrated the synthesis
of multi-walled carbon nanotubes and carbon nanoparticles by PLA in water for
optoelectronic applications [28]. In a number of recent works, the synthesis of graphene
nanosheets, graphene like-phase, and carbon nanoparticles by PLA in different liquids
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has been reported [29]-[34]. Moreover, the formation of nanodiamonds by PLA continues
to attract research interest in several research groups [35]-[38]. Fabbro and co-Workers
[39] have shown that the PLA outcomes depend heavily on the confining medium and on
laser-based parameters such as fluence, wavelength, and pulse width. These variables
are critical as they determine the size, morphology, and structure of the produced carbon
nanomaterials. Also it is reported that the role of the confinement amplifies the effect of
the thermodynamic parameters (local pressure at impact and temperature gradient) to

the ablated zone by the generated shockwaves [39].

1.2 Overview of the present/research work

In contrast to carbon nanostructures mentioned above, and given the variety of
applications that require different physico-chemical characteristics and properties,
synthesis techniques of carbon nanomaterials, such as carbon nanospheres, have not
been investigated thoroughly for the fabrication of low cost, pure, and high-quality
nanospheres of 20-100 nm in diameter. Also, the produced carbon nanomaterials by
synthesis methods such as arc-discharge, plasma processes, shock compression and
chemical vapour deposition may contain an amount of impurities in the level of part per
million. The impurities such as Fe, Ni, and Co can interfere with the carbon nanospheres
properties either positively or negatively. An improvement of the size distribution and the
formation process of carbon nanospheres in comparaison with previous synthesis
techniques is expected to offer new solutions to the challenges in applications involving

specially carbon nanospheres.

In this study, a new, simple, and reproducible synthesis technique of uniform and
monodispersed carbon nanospheres was investigated and developed. This novel method
uses an ultraviolet nanosecond pulsed laser to irradiate a HOPG sample in a background
gas of hydrogen. The experimental system and research procedures for the study of the
different influencing parameters such as energy density, gas flow rate, number of pulses

and repetition rate are presented in Chapter Ill. The purpose of the parameters study was



to understand the physical interactions and processes involved in the formation of the
observed carbon nanospheres. Thus in Chapter II, the fundamentals and the relevant
basic physics with respect to laser-solid interactions, material response, ablation and
synthesis processes, the thermodynamics of nucleation, as well as shockwaves
generation by pulsed lasers, are explained in details. The different characterisation
methods used to investigate the carbon nanostructures are presented and described in
Chapter IV.

In Chapter V and VI, the results and the discussion of the laser ablation of HOPG
are reported respectively. In the results chapter, presentation of the newly observed
nanostructures due to the laser irradiation is given with a number of visual images
provided by extensive scanning electron microscopy studies for many different parameter
sets. Results from Raman spectroscopy studies provide crucial information regarding the
crystallinity, structure, bonding type and the domain size of the formed carbon
nanostructures. Also, the effect of the important parameters that influence the growth of
carbon nanospheres are outlined and the crystallites size of the formed carbon
nanospheres are calculated using the ratios of the D and G bands intensities /p/Izin the

Raman spectra.

In chapter VI, the physical process including effects and contributions of each
parameter that lead to the formation of the carbon nanospheres are described in details.
The thermodynamic parameters such as the pressure and the temperature are
calculated, and a phase diagram which shows the critical parameter-area at which the
carbon nanospheres are likely to be formed is deduced. Also, by the use of the calculated
thermodynamic parameters, quantities such as the supersaturation is calculated and

important information in regards to the nucleation process is revealed.

In Chapter VII, the magnetic and electric properties of carbon nanospheres
synthesised by chemical vapour deposition are presented and discussed. The
morphology and elemental composition of carbon nanospheres are investigated by

scanning electron microscopy, while, induced coupled plasma mass spectroscopy is
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performed to detect traces of impurities at the part per million level within the samples.
Additional analysis of the samples making use of Méssbauer spectroscopy was also
carried out. The last chapter of the thesis is a summary of the research work that was
implemented and shared in the previous chapters and proposition of ideas about future

research works is mentioned.



CHAPTERII

2 FUNDAMENTALS OF LASER-SOLID INTERACTIONS IN
THE SYNTHESIS OF NANOMATERIALS

2.1 Introduction

Laser irradiation is widely used in applications with respect to material treatment,
processing, developing and in engineering of novel structures. Since 60s, the first
experimental studies were carried out with pulsed lasers impinging on materials,
fundamental permanent changes in the properties have been observed as a result of the
interaction between the incident photons and the physical surface system. In this way,
transformation of the local chemistry, morphology, and crystal structure constitute the
main modifications caused by such interactions on the surface or interface of materials
[40], [41].

One of the major features which characterises pulsed laser beams is the large
power density deposition on the surface of the solid, which is of the order of ~10°-10'4
W/cm?, within time scales in the range between a few femtoseconds to nanoseconds. The
initial recipient of this large power density is the electronic system of the surface. The
intense electronic excitations and ionizations which take place, together with the highly
spatial localization of the excitation, result in surface modifications as well as formation of
nano-defects on exactly the surface of the target material. This is the most important
aspect of the photon-surface interactions and opens up the possibilities of applications
such as surface nano-structuring and surface patterning and structural and electronic

surface modifications.

The interaction between the laser and the solid surface is complex and depends

on many different parameters such as the photon energy, the duration of the interaction
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and hence the pulse width, and the electronic structure of the material itself. A series of
interaction events take place within different time scales within the surface of the
interacting material which is summarised in Figure 2.1 [42]. The light absorption process
inside the material also plays the role of a secondary source of energy. The response of
the solid to this secondary source is expressed as heat transfer and dissipation in three

dimensions within the material.

CARRIER Absorption of photons
B Impact ionization
Carrier—carrier scattering
THERMALIZATION
Carrier—phonon scattering
Auger recombination
CARRIER Radiative recombination
REMOVAL
Carrier diffusion
Ablation and evaporation
THERMAL AND Thermal diffusion
STRUCTURAL EFFECTS
Resolidification
| | | | | | | | | | | |
1 | | | | | | | | | | |
10718 10715 1074 10713 10712 10 10710 1079 1078 1077 1078 107
fs ps ns us

Timescale (s)

Figure 2.1: Timescales of various electrons and lattice processes in laser-excited solids. Each green bar
represents an approximate range of characteristic times over a range of carrier densities [42].

2.2 Laser-Material Interaction

In the next sections, a theoretical framework underlining the principles and the
equations describing the propagation of light and its absorption by the material are
provided. With respect to the heat flow, the focus is on a mathematical treatment of the

physical aspects governing the thermal response of a material under photon irradiation.
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2.2.1 Propagation of light in materials

The propagation of a monochromatic, coherent, and linearly polarized light beam

is described by plane waves of an electric field E and a magnetic field A according to:

[ = |E X H| (2.1)

The interaction between an electromagnetic wave and an electron results in a force

exerted on the electron given by [43]

ny
f=—e|E+ (7) (v x H)| (2.2)
where e, n,, ¢ and v are the electron charge, refractive index of the medium, speed of
light, and the electron velocity [43]. In most cases, the ratio v/c is very small rendering

the contribution due to the magnetic field negligible. Therefore the phenomena of light-

matter interaction which will be discussed in the next sections are strictly related therefore

to the term - eE in the expression above.

The electric field of a laser beam propagating in a homogenous and non-absorbing

medium is defined as

21Z

E = Eye (7t) (2.3)

with z indicating the direction of propagation, A and w are the wavelength and the angular
frequency. The wavelength A is also expressed as a function of the angular frequency,
the index of refraction of the medium of propagation n,, and the speed of light c as A =

(2mtc/wn,).
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The interaction between the laser and the surface of a material is mediated by

three major processes, namely;

e Absorption in which a portion of the light intensity is absorbed into the material,
the parameter that describes this process is absorbance, A which is related to
the extinction coefficient of the materials.

e Reflection, R for which some of the light is reflected at the interface of two
media having distinct refractive indices.

e Transmission, T, where by the non-absorbed light is refracted and enabled to
penetrate the medium without absorption.

e In the presence of surface corrugations, diffuse reflection contributes to an

additional interaction also known as scattering, represented by S.

The reflectivity R, of an irradiated and weakly absorbing material depends on the
relative index of refraction of the two media. The reflectivity coefficient R is derived from

Fresnel equations [44] in the form;

n, —n 2
R = (w) (2.4)
Tl1 + nmat

Expression (2.4) defines the reflection coefficient for a laser beam at normal
incidence to a solid of refractive index np,,; in @ medium of refractive index n,. This
reflectivity is due to the discontinuity of the index of refraction, which is complex for an
absorbing medium of the form n = n; + in,. The imaginary term is the so-called the
extinction coefficient and is directly linked to the absorption coefficient of the irradiance
(2.5) [43].

1dl 4mn,
Q=———=

= 2.5
[dz A 29)
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The inverse of the absorption coefficient is defined as the optical penetration &
[43], [44], for which the irradiance of the transmitted laser beam reduces to 1/e of its initial

value at the material crossing point (interface).

Figure 2.2 below shows the optical penetration for a range of wavelengths from 0
to 2000 nm for diverse range of metals and semiconductors [45]. It is evident that the
optical absorption depth is significantly smaller for metals than semiconductors, such as
Silicon and Germanium, due to the contribution of free electrons in metals. The absorption
depths for insulators become comparable to the ones for metals only for short
wavelengths below the UV optical region, where upon the photons have sufficient energy

for interband transitions.
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Figure 2.2: Optical absorption depths for several materials over a range of wavelengths [45].

As the laser beam traverses the bulk of the material, its irradiance decreases with
depth. The rate of decrease is determined by the absorption coefficient of the material.
By integrating (2.5) the well-known Beer-Lambert expression is derived for the
exponential decay of the beam irradiance along the depth of the material which depends

on its absorption coefficient a [43], [44];
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1(z) = lje** (2.6)

where /y is the irradiance at the interface, and z is the depth along the direction of

propagation.

2.2.2 Laser-Metal interaction

Optical absorption in materials is attributed to the coupling of photons into existing
electronic or vibrational states. In semiconductors and insulators, photo-absorption
occurs mainly through resonant electronic excitations from the valence band to the
conduction band (inter-band transitions), or inside bands (intra-band transitions) [46]. The
excited electronic states can then transfer energy to the lattice by coupling to phonon
states. In this manner, only photons with energies larger than the band-gap can induce
such electronic transitions and be absorbed. For photons with energies below the band-
gap, no absorption is expected, except if defects or impurities are present with energy
states within the energy gap.

In metals, electrons located in states near the Fermi energy level, known as free
electrons or conduction electrons, are responsible for the optical absorption. Those free
electrons do not possess any resonance frequency and therefore, the energy transfer to
the lattice phonons takes place through collisions.

The response of a material to an electromagnetic field is described by the complex

dielectric function of a free electron given by [43]:

where wy, is the electron plasma frequency, w, = \/(Neez)/(meeo) , and is identified as

a significant parameter which links the electron density of a metal N, to its optical
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properties [43]. The real and imaginary parts of the dielectric function are associated with

the terms of the complex refraction index n = n; + in, by [43]:

€, =nf—-n3; € =2nn,. (2.8)

When the value of the frequency is equal to the plasma frequency, which is in the
ultraviolet for most metals, both the real part of the dielectric function €; and the index of

refraction n; vanish.

Absorption Coefficient vs Frequency
1

Log(er)

wD
Frequency w
Figure 2.3: The absorption coefficient of a free-electron metal (expression (2.5)) as a function of the
frequency. The graph is plotted for Aw = 8.3 eV, corresponding to N, = 5.1022¢cm™3, and A/t = 0.02eV

[43]. The dashed lines represent the plasma frequency w, position within the frequency axes.
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Figure 2.4: Frequency dependence of the dielectric function and refractive index of a free-electron metal,
for hw = 8.3 eV, corresponding to N, = 5.10%2cm™3, and #/t, = 0.02eV [43].
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As seen in Figure 2.3 and Figure 2.4, the two different optical properties or regimes

are separated by the plasma frequency. For w < w,, the electrons screen the electric
field of the irradiating light, consequently, high absorbance and reflectivity are observed

(Figure 2.4). In contrast, for w > w, the absorbance and the reflectivity drop dramatically

(Figure 2.4), because the electrons cannot respond fast enough to screen the electric

field component of the E-M wave with frequencies above the plasma frequency [43], [44].

The optical properties discussed above concern ideal metals. In reality, interband
transition, plasmons, polaritons, and diffused scattered electrons can be excited [47].
Impurities, contaminants, and defects existing on the surface of the metal, are the source

of these electronic and vibrational states mentioned above.

From a classical approach, the oscillatory energy of an electron oscillating in phase
with the light beam electric field is converted into thermal energy, known also as collisional
heating. Such conversion is caused by knocking-out electrons out of phase during
collisions with nuclei [48] and the resulting energy transfer from electrons to the lattice
phonons lead to thermalisation. The energy relaxation time, or thermalisation time, for
which the total kinetic energy is transmitted to the lattice is in the order of 10-12-101°s for

most metals [46].

2.3 Aspects of the material response to laser irradiation

The manner in which the surface or the bulk of a material responds following a
pulsed laser irradiation and subsequent absorption of the laser energy depends both on
the material type (semiconductor, insulator, or metal) as well as on the parameters
describing the impacting laser pulse which define the so-called interaction conditions.
These interaction conditions are the ones which will determine the type of physical
processes and modifications which take place.
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2.3.1 Laser parameters determining the induced effects of irradiated

surfaces

The most important laser parameters involved in different processes are the

energy density, number of pulses, and excitation rate.

Naturally, the power density deposited on the surface or the bulk of the material
determines the effect of the interaction. The fluence of the laser pulse used, therefore, is
of utmost importance. Each material is characterized by a well-defined fluence threshold
value, for which the early stage of changes and modifications by laser irradiation of its
surface begins to manifest. For a massive fluence or deposited energy density, light
irradiation can result in melting, sublimation, or material ejection. Otherwise, for fluences
below the threshold value, the density of the hot electrons is small and as a result, no
major changes on the surface of the target occur. There is a plethora of studies by many
different research groups in which the fluence dependence of material modifications has
been investigated and threshold values were determined for a range of materials such as

graphite [49], [50], graphene [51], or some metals, and semiconductors [52].

As discussed in the preceding sections, laser-material interaction is a complicated
physical phenomenon, and it involves irradiations with either a “single laser pulse” or
“‘multiple laser pulses”. These cause different types of responses from the surface or bulk
of the material. In the case of multiple laser pulses, laser induced interactions become
more complicated and difficult to model. The multiple pulses irradiation has a cumulative
character and increases therefore the energy deposited on the material surface, resulting
in heat accumulation and decrease of the fluence threshold, simply known as incubation
effect, are involved in the process. This results in further damage and deformations, and
different transitions and structures are witnessed [53], [54]. The multiple laser pulses
irradiation is applied in several applications, such as optical hyper-doping, and surface

texturing [55]-[57], in which incubation effects play the principal role.
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The repetition rate of the laser is another critical parameter, which determines
timing aspects of the interaction and in that sense it influences critically the type of
mechanism involved in the modifications and changes taking place on the material
surface. For example, an excitation rate lower than the thermalisation rate of the material
produces a purely thermal effect. This is known as the photo-thermal mechanism
(pyrolytic). Instead, in the case of an excitation rate higher than thermalisation rate, the
modifications are expressed by photo-decomposition (breaking bonds). During this later
mechanism, the temperature remains comparatively constant, which implies that any
induced changes on the target surface are not due to thermal effects and are rather
attributed to photo-chemical processes [58]. In certain cases, a combination of thermal

and non-thermal effects is also observed and is due to a photo-physical mechanism [46].

The parameters cited above are not the only ones influencing induced
modifications on the material surface. Other parameters such as the pulse width
(nanosecond, femtosecond etc.) which determines the dwell time of the laser [56], as well
as the wavelength (UV, IR), and the ambient environment (reactive or non-reactive
atmosphere) can play a principal role in defining the laser-solid interactions and the

mechanisms involved resulting in different surface modifications.

2.3.2 Laser heating of materials

As explained in section 2.2.1, the response of a material to absorbed light is
primarily an electronic phenomenon based on the coupling of the oscillatory energy states
of electrons and the phonons states which in this manner result to thermal energy after
the collision [48]. This energy conversion or energy equipartition is a complicated step in
which the energy transmission involves different conversion mechanisms depending on
the energy relaxation time tg [59]. For a metal, the characteristic energy relaxation time
Tg is in the order of 1022 s, while for non-metallic materials is of the order between 10-12-
106 s [44]. The laser irradiated region is therefore characterised by the flow heat within
the irradiated spot. This temperature distribution within the material can be deduced by

the heat flow equation [46]:
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K(x,T) 0T (x,t) K(x,T)
D(x,T) at VIK (x, TIVT (x, )] + DxT) vsVT (x,t) = Q(x,t) 2.9)

with D(x, T) = K(x, T)/(p(x, T)c,(x, T)) being the thermal diffusivity, where K(x, T),
p(x,T), cp(x,T), and v4(x, T) are the thermal conductivity, mass density, specific heat

(as a function of temperature), and velocity of the substrate relative to the heat source of

the irradiated surface. p(x, T), c,(x, T) are both at constant pressure.

In many standard textbooks on laser-material interactions and laser heating of
material, the solutions of the volumetric heating rate Q(x, t) are derived either analytically,
by assuming material properties as constants [44], [59], or numerically [60], by using
methods like the finite difference model. In the analytic approach, certain assumptions

and boundary conditions which depend on the particular problem are considered.

In the simple case of a pulsed laser of a Gaussian beam profile and rectangular
pulse length T, and by assuming that K(x,T), p(x,T), c,(x,T), are independent of

temperature, then the temperature rise can be written as follows [61]:

VZP(1-R)
T. = ———arctan(4) (2.10)
‘ V3 Kw,

where A = (24/2Dt)/w,, and t < T. P, R, and w, are the power, the reflectivity, and the
beam waist. At the instance when the laser pulse stops, the impacted region begins to
cool down and a cooling temperature is established. In order to estimate this cooling
temperature for a rectangular pulse shape t, the previous expression (2.10) is modified
to describe the temperature beyond the pulse duration. The cooling temperature for the

cooling cycle after one pulse irradiation is given by [61]:
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AT V2P(1-R) . (A—B) 11
= ————arctan :

¢ 713 KWO 1+ AB

where B = 2,/2D (t — t)/w,, and t > T. Figure 2.5 below shows the rise of temperature

and subsequent cooling of a Silicon target irradiated by a nanosecond laser of a pulse

width of 20 ns. The material constants for Si are taken from “Chemical Processing with
Lasers” by D. Bauerle [61].
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Figure 2.5: Temperature rise and cooling for Si irradiated by a laser with a pulse width of 20 ns.

In the case of thin films, with a thickness smaller than thermal diffusion length,
exposed to a pulsed laser, the heating process with respect to the temperature evolution

is treated in a more simplified manner [59]. The temperature rise of a surface as a function
of time is given by [62], [63]:

1
I, rk\2 ¢ 1
AT(t)=E°<;) f ft - 2dr (2.12)
0
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with f(t) is the normalized pulse shape over time. I,, and Tt are the power density and the
pulse width of the irradiating light beam. K, and k are the thermal conductivity and thermal

diffusivity of the irradiated material.

For a laser pulse of squared shape, the temperature within the material at ambient

temperature T, can be written as [59]:

(2.13)

t
T(t) =Ty + ATnax . [t > 1]

where ATy .. = (21,/K)(kt/m)/2, is the maximum temperature rise reached at t = T,

and [t > t] is equal to 1 for t > T, and O otherwise.

The example above of the temperature rise and cooling (2.13) due to the
absorption of a squared pulse of light, concerns an ideal case and gives a rough estimate
of the temperature change. In some studies, [63], [64], more realistic descriptions of the
pulse shape are taken into account which includes approximations for the shape of the
pulse in terms of its rising and decay times. This results in more realistic predictions of

the surface temperature.

2.3.3 Effects induced during laser-material interactions

The generated heat flow and distribution inside a material upon laser irradiation is
the source of different phenomena, non-equilibrium and equilibrium processes. These
series of processes depend strongly on the energy density and other parameters as
explained in previous sections and cause local changes, and phase transitions on the
material surface. Irradiating a material with a nanosecond laser pulse generates a heating
rate of the order of 10° K.s1 [44], and it reaches higher values with a femtosecond lasers.
In the next sections, description of different material responses mainly the ones involving

photo-thermal effects is provided.
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a. Melting

Surface melting occurs for fluences above the melting threshold of a material. The
energy densities for which the melting is manifested are limited since evaporation is more
plausible compared to melting [62]. There are two different forms of surface melting;
thermal and non-thermal. Thermal melting occurs when the electrons transfer their energy
to the lattice by electron-phonon collisions [65]. This process takes time over a few
picoseconds, hence melting is considered purely thermal for irradiation with lasers of a
pulse-width longer than few picoseconds. Non-thermal melting is another way of
disordering a crystal. Contrary to thermal melting, the non-thermal melting occurs much
faster and within a few femtoseconds, before the lattice heats up by the transferred energy
from the electrons [42], [66], [67]. After the melting, solidification is established. The
reformed melted material depends mainly on the rate of solidification. For slow
resolidification rates, the new structure of the material contains larger grains compared to
the original one. Instead, rapid quenching, can result in the formation of defects,

supersaturated solutes [68], and metastable phases.

If the irradiating energy density is lower than the melting threshold, the hot carriers
transfer their energy to the lattice, by electron-electron, or electron-phonon interactions

through a process known as annealing.

Surface melting is used in a wide range of applications from surface

homogenization, microstructure refinement to laser welding, and surface hardening.

b. Ablation and shockwave generation

During pulse laser irradiation of a material the absorption of its pulse energy can
cause material removal. This process of material extraction is known as laser ablation
and it also makes use of intense continuous wave (CW) lasers. Here too, as in the case
of surface melting, in order for laser ablation to occur, an energy density above a specific
threshold value must be applied. Typical energy density threshold are between 1 to 10

J.cm? for metals, while for other types of materials such as semiconductors and
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insulators, threshold values are much lower [44], [46]. Interestingly, the threshold value
can diminish as the number of pulses increases, caused by effects as defects, and
incubation effects involved in the process of irradiation. In addition to the fluence, laser
ablation depends also on the type of material and its properties, as well as on the laser

parameters such as wavelength, and the dwell time.

There are three different types of laser ablation:

i. Photo-thermal ablation

This process is characterised by a rapid energy dissipation within the material. The
photo-thermal ablation involves low excitation energy and is associated mostly with
evaporation and sublimation. As the laser fluence is increased, the localized temperature
rises, resulting in more fractures and deformations by thermo-elastic waves generated in
the solid by thermal expansion and its coupling with the rate of strain [56]. These elastic
waves of stresses are principally observed at low energy densities since at higher energy
density, the recoil pressure generates the so-called shockwaves. For higher fluences,
leading to very high temperatures, phenomena like explosive boiling are manifested. This
phase explosion is due to rapid homogenous nucleation and expansion of vapour bubbles
fragments [69], caused by the rapid heating of the material as it reaches a thermodynamic
critical temperature. Another form of boiling described as normal boiling, is caused by the

heterogeneous nucleation of vapour bubbles.

ii.  Photo-chemical ablation
Photo-chemical ablation also known as a non-thermal mechanism, occurs when
the excitation time is shorter than the relaxation time. This process is therefore well
observed with ultrafast lasers, in which direct breaking bonds and phenomena as
Coulomb explosion [49], [70], and a-thermal phase transitions are demonstrated, as
consequences of direct ionization, and formation of dense electron-hole plasmas [44].
This material sputtering from the surface is simply explained by insufficient time for the

laser energy to spread in the surrounding of the irradiated region of the material before
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being ejected. Short pulse lengths, therefore, are important in material ejection

applications.

iii.  Photo-physical ablation

In this process, both thermal and photochemical effects are involved. This
mechanism is characterised by induced transformation which is mostly led by the non-
thermal excitation [71], [72]. Photo-physical ablation is often used in photo-medical
applications and biosciences in order to ablate cell tissues and tumours with pulsed
nanosecond lasers [73].

In all cases described previously, the intense absorption of the laser beam focused
onto the solid material, generates a highly directed plume above the irradiated zone. This
vapour plume may initially contain solid, and liquid clusters, which under further ablation
become ionized, causing a phase transformation, and the outcome is hot dense plasma.
The blow-off of this high-temperature plasma, just a few microns above the irradiated
zone, induces a mechanical impulse to this solid material causing plastic deformation and
work hardening. The result of the pressure waves produced on the target surface is two
shockwaves travelling within the solid. The first shockwave propagates through the

sample plane, and the second travel laterally in the plane of the sample.

A number of research groups have tried to model laser-induced shockwaves and
the relevant applications in deformation processing [74]. The generation of shockwaves
is induced in two different ways; direct, or confined ablation. For direct ablation, the hot
plasma generated expands freely in the surrounding atmospheric air, or vacuum. In this
regime, the pressure reaches values from a few kBar to 50 MBars by varying the incident
laser beam intensity. The pressure effect lasts for a duration of a laser pulse due to the
rapid cooling of the generated plasma.

In the case of confined ablation, the confinement is due to the overlay of a
transparent medium such as water [35], [36], [38], glass [75]-[77] or quartz, with the
surface of the laser irradiated material. Contrary to the direct ablation, the expansion of
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the plasma produced in the confined ablation regime is delayed by the confining medium.
The use of confinement was firstly applied in order to enhance the pressure applied to
the surface by these stress waves needed in metallurgical, and medical applications.
Fabbro et al, showed in their paper titled “Physical study of laser-produced plasma in
confined geometry” [39], how is easy to reach 50 kBar, and that the shockwaves duration

is 2-3 times longer as compared to the one generated by direct ablation.

Some studies focused on enhancing the effect of the shockwaves generated on
the plane of the target for specialise applications mentioned above. For this purpose, the
laser beam was shaped in a ring form and by controlling its spatial intensity profile,
spherical and cylindrical shockwaves are generated. It was also seen that two different
shock waves are formed; one propagating inward to the centre, and a second shockwave
diverging and travelling outward [76], [78].

As described in the previous paragraph, the launched shockwave is an outcome
of a pressure effect. Quantifying the amount of pressure applied to the material surface
is very important in understanding any phase transformations, transitions or damage
caused by the shockwave. A large number of publications were focused on developing a
physical model of these two regimes of ablation, and analytical models were proposed in
order to reach a better agreement with the experimental results and to draw a model
based comparison between the direct and confined ablation regimes. Phipps et al. [79],
developed a model for direct ablation in vacuum in which the pressure generated by a

pulsed laser of intensity I, wavelength A, and dwell time t can be calculated:

% _ b(m \/;)” (2.14)

with b and n being dependent on the irradiated material.
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Using this empirical formula, Fabbro et al. confirmed the validity of the physical
model of Phipps et al. and the final expression for the pressure produced by direct ablation
was the following [39],

P,(kbars) = 3.93 I%7(GW.cm™2) 27%3(um)7~%1°(ns). (2.15)

In the case of confined ablation, two different simple cases were modelled. In the
first, the interface between the target and confining material is purely solid. For this case
the final pressure expression derived is given by [39]:

1
5 1 1
)2 Z2 (g.cm™%.s71) I2 (GW.cm™2), (2.16)

P.(kb = 0.10
H(bars) = 0.0 (75
where «a is a constant (0.1-0.2), and z is the shock impedance of material, which is the

density of the material p multiplied by the shock velocity D.

In the second case, the medium between the sample and the confining material is
considered to be an ideal gas. The approximated generated pressure by the plasma can
then be calculated from the following expression (2.17) [39],

1 2
py (g.cm™) I3 (GW.cm™?). (2.17)

wlnN

a
P.(kb = 32.2

H(bars) = 32.2 (5775)
By replacing the density p, by 4pg,s in the expression (2.17), this analytical model

proposed by Fabbro et al. [39] can also be used to calculate the pressure due to a pulsed

laser, for a solid confined in a gas environment with a density pg,s. The evolution of the

pressure-induced as a function of laser power density for direct ablation as well as for

confined ablation with solid and gas confining media is shown in Figure 2.6.
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Figure 2.6: Pressure evolution as a function of power densities over a range 108-10'2 W.cm-2, for direct
(2.15), and confined ablation (2.17) [39].

2.4 Laser synthesis of nanomaterials and its nucleation

The synthesis of nanomaterials including nanocrystals, nanowires, and
nanocomposites, and the control of their sizes and shapes have been the focus of
research in recent decades due to their important role in a wide range of specific

applications from electronic nano-transistors and nano-sensors to health care.

2.4.1 The Basics of Pulsed Laser Ablation

Pulsed Laser Ablation (PLA) is a materials synthesis technique based on the
removal of a volume of material due to the interaction of a pulsed laser characterized by
a power density, pulse duration, and repetition rate with the bulk-material. The simplicity

of the implementation of the PLA makes it a widespread technique in the field of
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nanostructures synthesis [80], [81] and thin-film growth, known also as Pulsed Laser
Deposition (PLD) [82]—[84].

energy density (0.1-10J.cm?) interact

t=0 Short laser pulses (0.1-20 ns), of high
# [ with the irradiated target.

Substrate Holder

Laser window

(atomic, diatomic, molecular, ions...) on
the target surface.

Pulsed Laser beam

The extracted species contained in the
plasma plume travel from the target

toward the substrate.

t=0.1 HSI The ablation generates plasma plume
Focusing Lens |

t~4ps B The plasma plume interacts with the
° substrate, and the plume species are
deposited on the substrate surface.

Pumping Gate Rotating Target Holder
Substrate  Target

Figure 2.7: lllustration of the PLD system and the time evolution of the different processes which take
place upon the laser pulse impact [83].

The principle of PLA is based on focusing a laser beam onto a liquid or a rotating
target of solid form, placed priory in a chamber under a high pressure, as illustrated
schematically in Figure 2.7. In PLA, the process of material ablation is driven by photo-
thermal (evaporation and sublimation), photo-mechanical (shockwaves), or both
mechanisms at the same time [44], [46], [85]. It correlates mostly with the pulsed laser in
use (ns, ps, or fs lasers). While each pulse strikes the surface of the target, phase
transition of the ejected materials to a metastable form, mainly vapour, is manifested by

ablation.

The dense vapour formed within a few picoseconds is described as luminous,
dense, and hot and is observed right above the ablation region [44], [84], [85], as
explained in section 2.3.3. The generated plume consists initially of mostly clusters of

atomic, diatomic, or even smaller species (Figure 2.8). Thereafter, the metastable
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plasma-plume nucleates and grows into a stable solid form. This subsequently, by
interacting with the substrate, is deposited on the surface in the form of films or

nanostructures.

The created plasma-plume depends typically on the bulk material properties, as
well as the energy density, wavelength, and pulse width of the laser. While the generation
of the plasma-plume depends largely on the threshold of the applied energy density, the
wavelength and the pulse length have a significant effect on the amount and interactions
of the laser-induced plasma [80], [84], [85].

fs 20-100ps <1ns 1-50 ns <1 us

fo)

v

Laser

O
Sample “ w

Evaporation of melt R us— Plasma expansion,
and start of the dense P " and shockwave
Plasma (DP) formation. generation.

Absorption of Phase transition from
laser photons. solid to melt (M).

Figure 2.8: The dynamics of hanosecond PLA (plasma expansion and shockwaves generation) [80].

For an important amount of material removal, the ablation with laser energy greater
than the threshold, and UV wavelength are recommended [83]-[85]. The penetration
depth of UV light, in metals, is indeed very short (tens of nanometres, Figure 2.2) and as
a consequence, most of the energy of the photons is deposited on the surface and eases
in this way the removal of the material. The use of lasers with short-wavelengths which
carry higher energies (the photon energies at 266 and 157 nm are respectively 4.66 and
7.90 eV [84]) facilitates evaporation, sublimation and ionization of the surface of the bulk

material, and the generation of the plasma. In addition, the ablation with lasers of short
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penetration depths limits extractions of micro-sized particles, which are undesirable for

the growth of multilayer structured films [83].

The pulse width is important as it affects the ablation process and the plasma
generation. Nanoseconds (ns) and femtoseconds (fs) pulsed lasers are the most common
lasers used in PLA. The choice of the pulse width depends on the application and the
material to be synthesised. While ns lasers are mostly used in thin-film growth [82]—[84],
fs lasers are used in nanoparticle synthesis in particular [80], [81], with different ablation

mechanisms triggered in the two applications.

In the case of fs ablation, the pulse duration is very short and the laser-plasma
interaction is not possible. As there is insufficient time for the energy to be transferred to
the lattice (non-metal materials) or to the electronic systems (metal materials), the
thermal-waves are unable to dissipate within the material surface [44], [84] resulting in
locally generated high temperatures and pressures due to the accumulation effect. In
contrary to fs lasers, the irradiation of the bulk-material with ns lasers allows the
heatwaves to propagate on the material surface. A larger deposition time of the laser
energy favours the coupling with the electronic and the lattice vibrational modes. The
heating, melting, and evaporation of the ablated surface lead to a plasma-plume formation
as described in Figure 2.8. In addition, the large time-scale of the pulse permits interaction

between the created plume and laser pulse.

PLA offers the possibility of the ablation of materials in diverse environments. For
films growth, the ablation is carried either in a vacuum or with the presence of a
background gas, depending on the desired physical and chemical characteristics of the
thin-film under-growth [83], [84]. The background gas is either an inert or reactive gas.
Argon is considered as the most used inert gas in PLA. The role of the inert gas is to cool
the surrounding environment of the created plume and to reduce the kinetic energy of the

vapour flux.
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The introduction of reactive gases in PLD is important for the growth of multi-
components thin-films [83]. The reactive species from gases like methane, oxygen, and
nitrogen, interact with the laser-induced plume. The outcome of these reactions is a
vapour flux of atomic or diatomic species, depending on the injected reactive gas. The
formed plasma-plume after interaction contains molecular species of atoms or clusters
from the ablated bulk and the active background gas. This plasma-plume acts as the

material source for the formation of multi-components deposited thin-films [83].

The background gas plays also the role of a confining environment, which slows
the plasma-plume expansion, as mentioned in section 2.3.3. In addition, the generation
of shockwaves is another reason for background gas injection. The expansion of the
ablated plume in the background gas produces a compression on the surface. The
pressure of the system (plume and background gas) reaches equilibrium by the launch
of a shockwave (details in 2.3.3). This mechanism depends on the plume dynamics, and

is strictly related to the type and pressure of the reactive gas [84].

2.4.2 Thermodynamics of nucleation

The major step leading to nanomaterials growth after laser ablation is nucleation
which promotes growth. In general, any system of fluid or solid in a metastable phase
tries to occupy a lower energy state to reach equilibrium. The difference in the Gibbs free
energy from one state to another is the thermodynamic driving force for any phase
transformation such as from metastable to stable state [86]. This phase transition is
defined as a first-order transition and begins with the nucleation of the new phase stable
clusters [87]. The nucleation is directly related to the variation in the Gibbs free energy
(Gola - Gpew), defined as the supersaturation Au [86]. Physically, this quantity Au is the
gain in free energy per clusters (atoms, molecules), directly related to the transition from
an old to a new manifested phase. ,q and p,ew represent the chemical potentials for
the new and the old phases respectively, and M is the number of atoms or molecules

contained in the volume of the system.
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(2.18)
The quantity Ap accounts for the nucleation in different simple cases in the course
of the first-order transition, such as boiling, evaporation, or sublimation, and complex ones

such as the crystallization of melt or the polymorphic transformation by cooling.

In the case of a first-order transition from a vapour form to a solid or liquid form,
the value of Ap determines whether the nucleation can proceed. From the literature, the
Gibbs free energy of Van der Waals (VDW) fluid kept at constant temperature 7, pressure

P, for which the fluid is in stable thermodynamic equilibrium, is given as [87]:

3P’V 9
—— —T'In(3V' = 1) (2.19)

GWW',T") = Gret(T") + MKT,, 8 8

. \% T .
with V' = V—,T’ = _are respectively the reduced volume and reduced temperature

cr cr

expressed as a function of the fluid’s critical volume and temperature, G, is the reference
energy, and k is the Boltzmann constant. For the case described above, in which the old
phase is vapour with Gibbs free energy G4, and the new phase is either liquid or solid

with Gibbs free energy G, the old and new Gibbs free energy are [86]:

!/ 3P,Vg, 9 ! !
Gota = Greg (T') + MKTey |—o= =27 =T In(3y, — 1) (2.20)
)
3P'Vy, 9
Gnew = Gref(T') + MKT,, [ 5 o s T In(3Vy, — 1)] (2.21)
sl

By substituting G,;4; and G,,,,, in the supersaturation formula , Ay, becomes
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A = kT {T' In[(3V5, = 1)/BVy = D] + (9/8) G — 1) + B/BP' (G = Vo)) (2:22)
sl g
and using the reduced equation of state for VDW fluid [87], the supersaturation formula

is written as a function of the equilibrium pressure P,, and the actual pressure P, and is

approximated by [86]:

Au(P,T) = kTin[P/P,(T)] (2.23)

The equilibrium pressure P, has a significant influence in defining the direction of
the phase first-order transition. From a metastable state to a new thermodynamically
stable state, triggered by nucleation as the starting process of the transition. As a way of
example, in Figure 2.9 the Gibbs free energy (expression (2.19)) of VDW fluid is plotted
with respect to the reduced volume of the fluid V', known also as the volume for which
the fluid is in stable thermodynamic equilibrium. The plot of the expression (2.19) is
applied for a critical temperature T' = 0.85, three different pressures 0.470, 0505, and
0.550, and with an arbitrary reference energy G,.r = 2MkT,, [87]. The values of the
Gibbs free energy at the two minima which correspond to the liquid and gas phases
determine the direction and possibility of phase transitions taking place between the two
phases. In the case that the values for a particular pressure are almost equal (green line
at pressure 0.505) , no transition is possible and the two phases are coexisting in a stable
equilibrium state ,q,,;;, while where there is a discrepancy between the gas and liquid
values at minima (red line at pressure 0.540) a transition can be possible between the

gas phase and liquid phase (1; > pg).
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Figure 2.9: The Gibbs free energy (expression (2.19)) of VDW fluid on the reduced volume of the fluid at
reduced pressures of 0.470, 0.505, 0.540 as labelled, and reduced temperature of 0.85. the bullets on the
curves represent the G minima for the liquid, and gas phase.

Generally, this transition is mediated by a nucleation process in which the
nanoscopic precursors of the new phase, or the embryos, are defined to be clusters of a
few hundred or less of atoms or molecules. The classical nucleation theory is either

homogenous (HON) or heterogeneous (HEN).

a. Homogenous nucleation

In this, the clusters are in direct contact with the phase parent only, and no different

species are involved [88], as illustrated in Figure 2.10.
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Figure 2.10: lllustration of homogenous nucleation (HON). State (1), and (2) describe the two phases
before and after nucleation, with the expression of the Gibbs free energy for each phase.

Figure 2.10 describes in a simple way the two states before and after a HON is
displayed. State (1) is the initial or parent phase, with the Gibbs free energy Gg;q¢e 1- State
(2) is the phase after the nucleation and the start of clusters creation. The Gibbs free
energy G (n;)seate 2 IS @ function of the Gibbs free energy of the old phase and the size of
the clusters n;, with G (n;) being the Gibbs free energy of the created clusters of natoms

(or molecules).

b. Heterogeneous nucleation

The nucleation is considered heterogeneous when the old phase contains foreign
molecules or species such as particles, droplets, and bubbles, or it is in contact with
different phases (growth on substrate) [88]. The appearance of the new phase clusters is
more likely on the surfaces of those foreign species (Figure 2.11), making the HEN more
abundant than HON in nature. For the calculation of the Gibbs free energy, the same
HON formalism is followed, including G, as the Gibbs free energy of the substrate, and

b, » and @ (n;) representing the total energy of the substrate before and after nucleation

is manifested [88].
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Figure 2.11: HEN illustration before (State (1)) and after (State (2)) nucleation, and the corresponding
Gibbs free energy corresponding to each state.
The nucleation takes place either in the three dimensions, like cap-shaped or lens-
shaped clusters, or in two dimensions, like a disc-shaped cluster, [88]. In the present
work, the nucleation is three dimensional of the form of condensed cap-shaped clusters

(solid or liquid clusters) only.

Figure 2.12 represents an island of a spherical shape grown on a substrate
surface. R and A symbolise the radius of the circular contact line and the height where
the cap comes across to the substrate surface. @ is the angle located between the
substrate surface and the tangent plane to the external surface of the cluster. The volume
V., and the area A of the formed cluster of n molecules are expressed in function of the

parameters Rand &in (2.24) [89].

_nR32+c059+1—c059 4 2mR?
™ 3 1+cos@ sinf ’ " 1+cos@

(2.24)
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Contact line

Figure 2.12: Schematic of a cap-shaped cluster of n molecules on the surface of a substrate. The contact
line of the cluster with the surface is a circle of a radius R, and 6 is the angle in between the tangent
plane to the cluster and the substrate surface [89].

The calculation of the supersaturation is important in order to determine the phase
transition, the possibility of nucleation taking place and to estimate the work W, for the
formation of an n-sized stable clusters [88]. For the case of a condensed cluster formed
by HEN, the work achieved in the formation of a stable cluster of n molecules is given by

[88]:

4tAp
RAV

We (R) = ¥(6) [— ( >R3 + 47wR2] (2.25)
with (8) = (1/4)(2 + cos 8 ) (1 — cos 6 )?, while 0 is the wetting angle (Figure 2.12),
deduced from the Young’s equation describing the wetting angle of a droplet on a solid
surface [88], [89]. vy, and o are the volume occupied by one molecule within the cluster,

and the specific surface energy of the formed cluster on the surface [88].

In the nucleation process, the nucleus is considered as the embryo of the created
n-sized cluster. Hence, only nuclei with size and radius above a critical value can
participate in the growth of the cluster [90]. Therefore, It makes it essential to determine
the critical size n,,,., and the critical radius R;,,,. of the nuclei, and also to know the energy
needed for the formation of stable critical nuclei W,;,.. The expressions of the work W,;;,.,
the critical size ny,., and radius R}, of a spherical nucleus with respect to 4u, o, and

Vo, Of a spherical condensed cluster, are reduced to [90],
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W, = Y(0)16mvia3/30u2, (2.26)
Mhue = W(0)32nvia3/3Au3, (2.27)

Ryuc = 2voo/Ap. (2.28)

2.5 Chemical vapour deposition

Chemical vapour deposition (CVD) is a controllable method of nanomaterials
fabrication. The process involves the transport of a precursor to a reactor, and the

generated vapour is deposited in solid form, such as a powder or on a substrate.

The CVD method offers the possibility of nanomaterials synthesis under different
operating pressures (vacuum, atmospheric, low, and high pressure), as well as the use
of precursor of gas (gas phase CVD), liquid (liquid injection CVD), or solid (sublimation
CVD) forms.

The CVD is well-known of its success in the synthesis of carbon nanomaterials
such a fullerene, graphene, carbon nanotubes and nanospheres. For this purpose, a
precursor of carbon source, mostly hydrocarbon (CzH2, CHa4, C2H4, etc.) or CO is
introduced in a quartz tube (reactor), which is a priori placed in a programmable furnace.
The decomposition of the precursor is carried at atmospheric pressure, and the reaction
may involve the addition of a catalyst, such as metals (catalytic CVD). The role of the
catalyst is not primary during the synthesis process, but it modifies the structure and
properties of the formed carbon nanomaterials. In the case of the absence of the catalyst,

the method is reported as non-catalytic CVD.

The size, structure, shape, and the yield of the synthesised carbon nanomaterials
depend on multiple parameters, such as the temperature, flow of the gas precursor in the
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reactor, and the deposition time. Also, the orientation of the reactor (vertical or horizontal)
in use has influence on the formed carbon nanomaterials. For example, with the use of a
horizontal reactor, the synthesis of carbon spheres demands long deposition time (15 to
60 min) at high temperatures, while the use of a vertical reactor the reaction time is about
a few minutes.

Furnace

Reactor

I

Figure 2.13: Horizontal and vertical CVD systems. The arrows show the gas in and outlet.
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CHAPTER Il

3 SYNTHESIS PROCEDURES AND LASER
CHARACTERISATION METHODS

3.1 The Nanosecond Excimer Laser System

The experimental setup used in the present work was originally a Pulsed Laser
Deposition (PLD) system which was modified for material ablation. The converted PLD
system comprised of a hanosecond pulsed laser, as the main component, and a vacuum
chamber. The excimer laser used was a Lambda Physik EMG with a Magnetic Switch
Control (MSC) 103.

N RH* (exciplexes)
Excited state

Excitation|by electrical
disgharge

Energy

R+H
Ground state

Figure 3.1: Schematic of the excited and ground electronic states in an excimer laser. R and H denote
respectively the halide and rare atoms involved in the process of laser emission.

Excimer is a short term for excited dimer and is commonly used to refer to the
class of lasers based on halides of noble gases (ArF (193 nm), KrF (248 nm), XeF (351
nm), and XeCl (308 nm)) [91]. The excimer laser is popular for UV light emission for a
short time (usually of the order of a few nanoseconds) [92]. The gas mixture of noble (Ar,

Kr, and Xe), halide (Cl and F), and buffer (Neon) gases is excited by an electric discharge
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which leads to the formation of the excited complexes (exciplexes), also mentioned as
RH* molecules, which represent the rare (R) and Halide (H) atoms [93]. Then, a laser
transition between the excited (exciplexes RH*) and the ground (R+H) states of the

excimer occurs due to the short lifetime of the RH* molecules.

In this thesis, the investigations were carried using a commercially available XeCl
excimer laser, lazing at 308 nm [94]. The choice of the UV wavelength in this work was
based on the need for higher energy photons rather than the ones generated from the IR
or the visible radiations. In addition, the UV radiation is highly absorbed by metals as
discussed in section 2 (Figure 2.2) [45]. The laser pulse width and the repetition rate of a
Lambda Physik lasers depend on the gaseous mixture (ex ArF, KrCl...) and the type of
the Magnetic Switch Control (MSC) used. According to the specifications from the
manufacturer [94], the XeCl Excimer Lambda Physik Pulsed laser EMG 103 MSC emits
a light pulse for a duration of 17 nanoseconds with a maximum repetition rate of 200 Hz.
The highest available laser pulse rate used in this work was 7 Hz. This frequency limit
was imposed by the lifetime excess of the thyratron, one of the most important
components of the excimer laser technology [94]. The laser beam output has a
rectangular shape of 10 x 22 mm? (Figure 3.2). For a stable beam profile and shape, a

metallic circular pinhole of 5 mm diameter was used to reshape the laser beam.

Figure 3.2: Laser beam profile on x and y axes and laser mark taken at 20 cm distance [94].
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The laser beam characteristics are of primary importance as they determine the
interaction between the impinging photons and the material surface. Energy and power
density related characteristics as well as beam intensity, beam profile and pulsed beam
time-structure (repetition rate and pulse width) characteristics are crucial in this respect.

3.2 Experimental System

The samples used in this work, namely Highly Oriented Pyrolytic Graphite (HOPG),
was mounted on an “L” shaped metallic sample holder. The sample holder was placed
inside a stainless steel vacuum chamber. The HOPG was sourced from a commercial
manufacturer (SPI supplies). The HOPG is of high purity with a mosaic angle as small as
0.8° +/- 0.2°. The density and the thermal conductivity along the basal plane are 2.27
g.cm3and 1800 W.K"! respectively.

The light pulses were focused onto the irradiated surface by a system of external
optics comprising a converging UV lens of focal length of 300 mm. The lens was placed
in front of the PLA vacuum chamber onto its viewport. The attenuation by the glass
window was measured in order to know precisely the energy density of the laser
deposited on the irradiated spot. The applied fluences were 1, 2, 5, and 9 J.cm? at a
constant laser energy of 2 mJ. In this geometry, a two-axis precision translation stage
was used to translate the converging UV lens forwards and backwards and vary its focal
distance with respect to the HOPG crystal located inside the chamber. This arrangement
allows for selectivity of the required energy densities/fluences. The irradiations took place

in a background gas of hydrogen.

The precise energy deposited onto the sample was established after taking into
account the attenuation through the glass window of the chamber. This was established
by measuring the incident and transmitted laser powers at the vacuum chamber with the

help of a Field Master GS optical power metre. For a measured laser energy density of
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3.5 J.cm™ outside the chamber the attenuation inside the chamber was found to be 2.2

J.cm™2.

Laser window

Focusing Lens

Injected gas Gate Pumping Gate

Gas cylinder

Figure 3.3: Representative diagram of the pulsed laser ablation (PLA) system.

A vacuum pressure of 10 Torr inside the chamber was reached using a rotary
roughing pump and subsequent to that, a pressure of 108 Torr was reached by using a
water cooled diffusion pump. The chamber was bled with gaseous mixture of either 4%
Hydrogen and Argon or methane with different flow rates (standard cm?®/ min: sccm)
monitored by a mass flow controller. The injection of the working gasses took place only

once the pressure inside the chamber was within 10 Torr.
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Figure 3.4: Photograph of the pulsed laser ablation system principal components. (A) the nanosecond
pulsed laser, (B) the vacuum chamber, and (C) the gas flow controller. (D) shows the laser pulse path;
from the laser box (left, (E): laser beam shutter) to the vacuum chamber (right) by the glass window (G),
as it gets focused by the UV lens (F).
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3.3 Laser Beam Characterisation

The profile distribution of the laser beam is described by a cylindrically symmetric

Gaussian according to the expression,

TZ
I(r) = I, e w?, 1)

where [, is the energy flux per unit area, or simply the irradiance on-axis (at r = 0), and

w is the beam radius.

The measurement of the diameter of a laser beam, r, poses a challenge in laser
diagnostics. The irregularities of the beam intensity profile and the difficulties in defining
the fine edges of some beam profiles are among the main problems encountered. A
couple of methods have been, developed over the years. In this work, two different
techniques were used to determine the laser beam waist; the knife-edge [95] and the wire
method [96].

a. Knife-edge method

In this, a razor-blade is operated by a micrometre stage and is translated along the
y-direction, obscuring the power metre detector. The y-position for which the razor-blade
covers the laser beam completely is considered as the origin (0,0) for a 2D plane. The
razer-blade is continuously translated along the y-axis in 100 microns steps, while
simultaneously recording the laser power at each step until the laser beam is fully
exposed. The measured laser beam power fraction as a function of the razor-blade

position is shown in Figure 3.5.
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Figure 3.5: The razor-blade position and its related power fraction measurements using the knife-edge
method.

For a Gaussian laser beam propagating in the z-direction, and passing via a razor-

blade translating in the y-direction, the fraction of the laser power output is calculated by

O(Y) = % (1 —erf(v2 WL)) (3.2)

with ®,, and ®(Y) being the total power and power output of the razor-blade at the

position Y; and wyis the beam radius at 1/e2.

The razor blade positions at 10 and 90 % of the laser power output are commonly
used to calculate the laser beam radius. However, due to the power meter inability to

detect low powers accurately, the calculations were carried out at 20-80 % fractions of
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the laser output. Therefore, the expression above for ®(Y,,) = 0.2 x &, for razor blade

position Y,,, becomes

0.2==(1—-erf(v2— 3.3
> (1 —erf(v2 o) (33)
Y20\ _
erf(vV2—=)=0.6 (3.4)
Wo
The Gaussian probability distribution is
1 1 tyo
=—+4+= — 3.5
P(t,0) > + 2erf(\/§> (3.5)
which, using the above error function, becomes
t20 _ V2Y3o

V2 Wo

By using the standard probability distribution table [97], the t,, value was deduced and

found to be equal to 0.85. Hence, the beam radius wyp was obtained.

YZO = 0425 Wy, tzo = 085 (37)

Considering the symmetry of the Gaussian beam profile, the distance difference
between the points where the transmitted power is 20% and 80% (Yzp-s0) is two times

larger than Y2y, and the beam radius wy is calculated to be 2.70 mm.

Y20—80

WO = m = 2.70 mm, Y20_80 = 2_6 _ 0_3 (38)
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Similar calculations were applied for Y25 and Y75 and the beam radius wy at 1/e?
was found to be 2.64 mm. This second calculation confirms the result obtained for the

case of Yzp.gpand helps to converge to an average beam radius value.

Y25—75

Wo = m = 2.64 mm, Y25_75 =24—-0.6 (3.9)

b. Wire method

This new simple method is based on the use of a cylindrical object which acts as
an obstacle to partially block the beam while measuring the fraction of the power
transmitted with the help of a power metre [96].

A wire with a diameter of 2.1 mm was used as a beam obstacle, which was
mounted on a micrometre stage, blocking horizontally a Gaussian beam propagating
along the z-direction. The diameter of the cylindrical object is an important parameter for
the calculation of beam radius. If the wire diameter is too small (Duwire<<ZWwy), the
recorded transmission is too large, resulting in inferior precision in measuring the beam
radius. On the other hand, when the wire diameter is too large (Dwire = Z2Wy), the estimate
of the wings of the Gaussian beam is difficult [96]. To conclude, it is crucial to choose the

diameter of the cylindrical obstacle carefully.

In our case, the wire obstacle was carefully placed over the centre of the laser
beam by using a micro-mete stage holding the wire which was displaced by a few microns
up and down. The minimum transmission measured in this way, corresponds to the wire
been placed at the centre of the Gaussian beam profile, where it cuts off maximum part
of the beam. The minimum transmission for each wire position was measured many times
and an average power P,y-established for each translation. Table 3.1 shows the average

power Pavr, Tians represents the fraction of the minimum transmission to the total laser

power, and the deduced beam radius wjy from the formula below [96].

48



Dwire

Wire

Wn =
’ V2erf-1(1 - Tmin)

Dwire

<>

|

Detector

(3.10)

Figure 3.6: Schematic representation of the wire method setup, which consists of the laser beam whose
radius wy has to be established, the wire of diameter Dwir, and a detector to record the power of the laser
after propagating through the wire.

Table 3.1: The transmission Tiass for a total power Prr0f 11.3 mW, and the related calculated beam

radius wo.

4.9050
4.9100
5.1250
5.2500
5.2600
5.2400
5.3400
5.3600
5.4250
5.4250
5.2500

43.41
43.45
45.35
46.46
46.55
46.37
47.26
47.43
48.01
48.01
46.46

2.68
2.68
2.80
2.87
2.87
2.86
2.92
2.93
2.97
2.97
2.87
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According to the mathematical description given by Mylonakis et al., the radius of
the beam corresponds to the minimum transmitted laser intensity attributed to the
placement of the wire at the centre of the Gaussian Profile. Therefore, from the above
measurements, the value of w, = 2.68 mm represents a realistic beam radius estimate at
1/e2.

The two values of the beam radius at 1/e? obtained by the knife-edge (2.70 mm)
and the wire method (2.68 mm) differ by less than 1%. This is a realistic estimate of the
beam radius considering that the initial laser beam was reshaped by a circular metallic

slit of 2.5 mm radius.

3.3.1 Calculation of the energy densities of the beam

The energy densities (J.cm) used in this work were selected by keeping the
energy of the laser constant and varying the size of the laser spot on the sample. This
was achieved by simply changing the focal distance of a UV lens, of 300 mm focal length f,
mounted on a translation stage. The focal spot size was deduced from the calculated beam

waist by the expression

2 R 2

A ) R? + (1 - —) w2 (3.11)
WRT f R

0 ®) = (

where R is the distance between the lens and the sample, and w(R) is the beam waist at
position R. A is the laser wavelength, and wy is the laser beam radius before focus as
calculated in section 3.3. The beam waist at the focal length of the UV lens (for f =

300 mm) was calculated to be w, = 10.97.1072 mm.
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Figure 3.7: Laser beam propagation as a function of the focal length (300 mm). The solid black lines
represent the position away from the lens, where the sample was placed in, as varied energy densities
were applied depending on laser beam waist manipulation. At R = 300 mm (focal length), w, is

10.97.1073 mm.

The laser beam optical envelope is shown in Figure 3.7 after passing through the

lens, converging to the focal point at f = 300 mm inside the chamber. The arrows point

out to the distances R between the sample and the lens with the corresponding required

energy densities (1, 2, 5,

corresponding to these se

and 9 J.cm). The black lines represent the beam spots sizes

lected fluences. The power density distribution of the beam with

respect to the Rayleigh range Z = 0 is also shown in Figure 3.8 as calculated by

with,

I(2) =1, (%)2 (3.12)

w(2) = w, [1 + (Zi)z] (3.13)
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Figure 3.8: The graph represents the power density (energy density/pulse width) in W.cm-2 as a function
of the propagation parameter z.

Laser interactions with the surface of Highly Oriented Pyrolytic Graphite (HOPG)
and the resulting phase transitions and surface damage has been the main focus of the
present study. HOPG samples have been irradiated using pulsed lasers in Hydrogen-
Argon (4% of hydrogen) ambient atmosphere. The laser induced effects on the surface

were studied as a function of the pulsed laser parameters such as:

e the energy density (J.cm™),
e the number of pulses, and

e the repetition rate (Hz), as well as the gas flow rate inside the chamber.

This elaborate effort was undertaken in order to obtain the optimum set of
conditions for creating the desired nano-defects as well as to obtain a better
understanding and insight of the physical processes and mechanisms involved in the

formation and the growth of the micro and the nanostructures observed within and around

the irradiated areas.
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3.3.2 Laser irradiation of HOPG with diverse energy densities

Preliminary laser irradiations on the surface of HOPG at atmospheric pressure and
room temperature indicated the existence of a fluence threshold, at which visible
morphological changes on the surface emerge. The experiments have established the
parameter window for the nanostructure formation to be in the range between 1 and 10
J.cm?2. Subsequently, a background gas mixture of 4% of hydrogen and Ar was
introduced during irradiations within this range of energy densities. The flow rate of the
gas in the chamber (15 sccm), the number of pulses applied (1000 pulses) and the
repetition rate of the laser (5 Hz) were initially kept constant during the irradiation of the
HOPG surface using different energy densities as shown in Table 3.2.

Table 3.2: HOPG irradiations with the various fluences used.

Fluence (J.cm™) ‘ 1 ‘ 2 ‘ 5 ‘ 9 ‘

3.3.3 Laser irradiation of HOPG with different gas environment /

conditions

It is well known that the growth of nanomaterials using different synthesis methods
such as CVD and PLD is greatly assisted when background gasses, such as inert argon
or nitrogen, are introduced [98], [99]. The significant role that hydrogen concentration
plays during different synthesis techniques of carbon-based nanomaterials cannot be
overemphasised [100]. The hydrogen content is reported to control the morphology,
structure, size, and quality during the synthesis process [101], [102]. It is demonstrated
that the presence of the hydrogen is key for the formation of hydrocarbon radicals that

favour and enhance the growth of carbon nanomaterials [103].
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Therefore, possible phase transitions from a Highly Oriented Pyrolytic Graphite
(HOPG) to a spherical nanostructured carbon during PLA in the presence of hydrogen as

an active background gas, as well as methane, were investigated.

A summary, of the gas context conditions of HOPG ablations using both methane

and hydrogen is shown in Table 3.3.

Table 3.3: Flow rates of the injected gas for different experiment runs.

0 2 5 15 30 35

0 2 5 10 =

3.3.4 Laser irradiation of HOPG with different number of pulses and

repetition rates.

The number of pulses was part of the study related to the HOPG ablation. A series
of irradiations was applied in the same way described before, with the number of pulses
being the only parameter changed. The experiment runs were executed with different
numbers of pulses, a constant fluence of 2 J.cm?, a flow rate of 15 sccm for the
background gas containing Hz, and a repetition rate kept at 5 Hz. The applied numbers
of pulses were 100, 500, 1000, and 10000 pulses. For the count of the number pulses,

an electronic timer was used.

In addition, the effects of ablation were investigated with respect also to the
repetition rate. For these sets of experiments, the excitation rates used were 2, 5, and 7
Hz as shown in Table 3.4
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Table 3.4: Summary of the series experiments for the number of pulses and repetition rate study.

3.4 Carbon nanospheres synthesis by chemical vapour deposition

Chemical vapour deposition (CVD), arc-discharge, and laser ablation are the most

commonly used techniques to synthesise carbon nanospheres.

In this research work, a non-catalytic horizontal CVD system was used in the
synthesis of the carbon nanospheres. The synthesis system consisted of a quartz tube
placed in a furnace, in which the temperature was controlled electronically. The synthesis
with CVD consists of converting a heterogeneous volatile carbon source into a non-
volatile solid material. For this work, the selected source of carbon was acetylene gas
(C2H2).

Furnace Carbon nanomaterials

\

Gas input Gas output

—_—
{'\Seal
l\ C,H, cylinder Quartz tube

Figure 3.9: Diagram of the horizontal CVD system used in the synthesis of the carbon nanospheres.

—
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The quartz reactor was placed in the furnace and the temperature set at 800-900
°C. Once, the required temperature was reached, the C2H2 gas was injected in the reactor
at atmospheric pressure. The C2H2 gas is known to be toxic and explosive, so the input
and output of the gas were sealed properly to prevent any leaks, and a water bubbler was
placed to prevent the compression of the gas in the tube. The gas was left to flow in the
guartz tube for a duration of time (20-40 min). After that the C2H2 flow was stopped and
the furnace cooled to room temperature. Once the furnace cooled off, the formed solid
powder from the process was collected, and placed in glass containers.

In this manner, two sets of carbon nanospheres were synthesised separately and
were designated as “A” and “B”. The Scanning Electron Microscopy (SEM) images of
Figure 3.10 illustrate the significant differences in the diameter of these two sample sets.
Set “A” is characterised by a diameter of the order of ~200 nm while set “B” has a diameter

of the order of 350 nm. It must be noted that one difference in the synthesis procedure

between the two sets was the reaction time which was 20 min for set “A” and 40 min for

set “B”.
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Figure 3.10: (a) and (b) are SEM images of synthesized carbon nanospheres by CVD collected from
samples “A” and “B” respectively.
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Chapter IV

4 CHARACTERIZATION METHODS

A number of different methods were used to characterize the ablated surfaces in
a qualitative and quantitative manner. Raman spectroscopy was used to extract
information with respect to molecular bonds and their vibrational modes, as well as for
identification of possible formation of carbon allotropes. Scanning Electron Microscopy
(SEM) was used to characterise the irradiated samples, in terms of nanoscale

morphological imaging, structural modifications and nanostructures formation.

A state of the art Physical Properties Measurement System (Dynacool 12T PPMS)
was used to explore possible phase transitions in the electronic and magnetic properties

supplemented by the Mossbauer hyperfine technique.

4.1 Scanning Electron Microscopy

The use of electron instead of light in microscopic techniques permitted a major
advance in the spatial resolution §. As stated by the Rayleigh criterion (4.1), the spatial
resolution of a microscope depends on the wavelength of the incoming probing particle,
this being a photon or an electron (wave-particle). The spatial resolution for electron
microscopy is limited by the wavelength of the electron beam used, as well as by the

numerical aperture of the optics used and the electric conductivity of the sample [104].

§=0.611/NA (4.1)

The interaction of the accelerated electrons with the sample is a complicated and
multifaceted process. As a result, secondary electron emission, atomic excitations and

ionisation can occur. The result for these excitations is seen in the form of X-ray emission
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due to electronic transitions or in the form of Auger electrons. The spectroscopic
observation of these different emitted particles assists in a variety of information that can
be attained in terms of 2D-imaging and trace element analysis. These secondary
electrons are detected by electron detectors in coincidence with the electron beam
rastering signal resulting in 2D-imaging of the sample. Figure 4.1 (a) is a schematic
representation of the electron beam interaction with the surface and the processes that

can take place.
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Figure 4.1: (a) lllustration of the different reflected signals after interaction of the e- beam with a sample.
(b) Energy-Dispersive X-ray spectroscopy (EDX) process used for chemical characterization [104].

In this research work, a Nova 600 NanoLab Scanning Electron Microscope (SEM)
was used for imaging and investigating the morphological modifications, the formed
nanostructures, and their chemical composition within the irradiated spots, and the
surrounding zones. The accelerating voltage is of the order of 30 kV which is sufficient
for obtaining surface images at the nano-scale level. The interactions of these high energy
electrons with the core electrons of the atoms at the surface and at a certain depth of the
sample reveal information about the identity and the quantity of these atoms based on

the X-ray emission from electronic transitions between different electronic orbitals. This
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characterization technique, known as Energy-Dispersive X-ray spectroscopy (EDX) and

its process is illustrated in Figure 4.1 (b) and was used in the present study.

4.2 Raman Spectroscopy

Raman spectroscopy is a standard non-destructive technique, suitable for
characterization at ambient condition, with no sample preparation. This probing tool
became widespread for its clear identification of crystalline, nanocrystalline, and
amorphous carbon [105], as each structure of these carbon allotropes has a well-defined
Raman signal. When a monochromatic light of hw, energy strikes on a surface, two
processes occur; elastic and inelastic scattering of the incoming light. The inelastic
scattering known as Raman scattering is emitted with two different energies, hAw, + hwg,
which correspond to the so-called Stokes (-) and anti-Stokes (+) lines [106]. Stokes
radiation is associated with the lower energy and anti-Stokes radiation has greater
energy. The energy difference is attributed to the vibrational energy levels in the ground
electronic state of the molecule. Therefore, the observed Raman shift of the Stokes and

anti-Stokes lines are a direct measure of the vibrational energies of the molecule.

The micro Raman system utilized for the characterization of the samples in this
thesis makes use of an Argon ion laser performing excitation with green (514.5 nm) and
UV (229 nm) light. The Ar* laser is used in conjunction with a Horiba Jobin-Yvon LabRAM
HR Raman spectrometer. For focusing the laser beam onto the sample surface, a
microscope attachment with 25X to 100X objective lens for visible and UV light was
adapted to the Raman system. The backscattered light was dispersed via a 600 line/mm
grating onto a liquid nitrogen-cooled charge-coupled device (CCD) detector. The system
composed also of a micrometre motorized stage to manipulate the characterized

specimen in the x, y, and z directions for line scans and mapping.

In this research, Raman spectroscopy was applied to establish the bonding type,

domain size, and the structure of the laser irradiated sample. The analysis of the high and
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low frequencies peaks, including their intensities, positions, and widths represent the
major source of information in the Raman spectra. As for the better understanding of the
structure and nanostructure of the samples, Raman spectra either as singles, or line
scans were recorded, at the pulsed laser irradiated spots and extended to the surrounding
zones. Spectra of virgin samples were recorded for comparison. The Raman spectra were
collected for the same condition at a wavelength of 514 nm and a laser spot size of 1 um
to detect any changes in the structure. These unified conditions permit qualitative

comparison, and minimise instrumental variations induced effects.

4.3 Physical Property Measurement Systems

The Physical Property Measurement System (PPMS) is a fully automated system
which measure multiple physical properties of materials. The measurements of magnetic,
mechanical, electronic, and thermal properties of bulk, thin film, and powder form are
performed at low temperature and within a wide range of magnetic fields. These different

measurement options are implemented by means of different sample holders and inserts.

The electrical and magnetic properties of the synthesised carbon nanospheres
powders were measured by a Quantum Design Physical Property Measurement System
(PPMS “DynaCool” 12T). The system offers the possibility to conduct measurements as
a function of low-temperatures and precise magnetic fields for ranges of 1.8-400 K and

0-12 T respectively.

The magnetic properties were investigated by a DC-Vibrating Sample
Magnetometer (VSM). In order to perform the measurements, a few milligrams (~12 mg)
of the carbon powder was mounted in a polycarbonate capsule and placed in a holder of
a low-background brass half-tube. Prior to any measurement, the centre position of the
carbon powder in the capsule was set at 35 mm for optimum sample height at the coll

set. The magnetic moment () was measured in electromagnetic units (emu) as a function
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of the magnetic field (Oe) at different temperature in (K). Field cooling (FC) and field

warming (FW) mode measurements were acquired too.

The resistance and the magneto-resistance measurements were performed using
the same PPMS system. The method consisted of a linear four-point probes system, in
which a voltage was injected in the central probes and the current was measured from
the sides. The probes were four Spring Loaded Contacts (SLC) in a single row plastic
body, distancing each other by 2.54 mm. The electrical contact with the sample was by
means of rounded tips mounted on springs. The rounded tips of 1.07 mm diameters
allowed a large contact surface area, and the springs prevented damaging delicate and
soft surfaces by applying uniform forces once the SLCs were in contact with the sample.
The solder tails at the end of the SLCs facilitated the connections to the PPMS pad
through gold plated wires.

SLC

Plastic
body

Copper plate Pellet

Figure 4.2: Sketch (left) and picture (right) of the system used for acquiring the electronic measurements
with PPMS. The sketch shows the positioning of the Spring-Loaded Contacts (SLC) and the orientation of
the applied voltage and the measured current within the SLCs.
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For the measurements, a few milligrams of nano-carbon powder were pressed by
a manual Parr press at 15 MPa for 15 minutes. The prepared nano-carbon pellet of a disc
shape with a diameter and thickness of 10 mm and 1 mm respectively was placed on a
sample holder. It is important to mention that the prepared pellet was based of carbon

nanospheres only.

The pellet holder was made of copper with dimensions of 15x12x4 mm3. On the
top surface of the holder, a deep recession of 1 mm and a diameter of 10.2 mm was
machined to assure the stability of the pellet while the measurements were collected. The
SLCs centred vertically on the recession were secured on the holder by two screws

located on the extremes of the plastic body, as seen in the picture of Figure 4.2.

4.4 Mossbauer spectroscopy

Mossbauer spectroscopy is an important technique in material sciences as it
provides information regarding the chemical, structural and magnetic properties of
materials. This technique is based on the Nobel prize winning Mdssbauer effect, in which
the recoil energy of the absorbed or emitted y-ray by a nucleus is practically zero when
the emitting and absorbing nuclei are in a solid matrix satisfying in this way a resonance

condition.

The linewidth of the excited state of the isotope used, usually of the order of 10-°
eV depending on the lifetime of the given state, is the determining factor of the limiting
resolution. The Mdssbauer spectroscopy therefore uses and detects low excited lying
states of selective isotopes of long lifetime and is practically limited to Fe, Ru, Sn, Sh, Te,
I, W, Ir, Au, Eu, Gd, Dy, Er, Yb, Np. From all elements cited before, >’Fe is considered as
the most used isotope element in Mdssbauer spectroscopy due to its very low energy y-
ray (14.4 keV) and long-lived excited state.
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The environment of the Méssbauer probe-nuclei in a material affects the hyperfine
splitting and changes the energies of the nuclear transition by billionths of an electron
volt. In order to detect this and achieve resonance condition, the energy of the probing
gamma-rays has to change in a minute way. This is achieved by slightly changing the
energy using the Doppler effect by oscillating a radioactive source with a velocity of a few

mm/s and recording the spectrum in discrete velocity steps.

Hyperfine interactions between the nuclear probe and its local environment are
categorised as Isomer Shift (IS), Quadrupole Splitting (QS), and Magnetic Splitting
interactions. The strength of these interacts is dependent on the electronic, magnetic and

valency state of the atoms in the material.

The Isomer Shift (IS) arises due to differences in the electronic environment
defined by the s-electron density and is observed as a negative or a positive shift off the
centre (zero velocity) of the spectrum (Figure 4.3). The origin of the observed shift is the
coulomb interaction between the nuclear charge and the electron density at the nucleus.
Thus, the depicted difference in nuclei structures (s-electrons) of the absorber and the
source is converted into a shift of the resonance energy of the transition. The IS reveals
information about valency states, ligand bonding states, electron shielding and the

electron-drawing power of electronegative groups.

The Quadrupole Splitting (QS) arises due to the interaction between the nuclear
guadrupole moment of the nuclear state and the Electric Field Gradient (EFG) of the
charge distribution in the surrounding environment. This asymmetric electronic charge
distribution or ligand arrangement splits the nuclear energy levels. In the case of 5’Fe with
|=3/2 excited state, the level splits into substates mi= +1/2 and mi= +£3/2 and the spectrum
consists of doublet transitions (x1/2 to £1/2 and +1/2 to +3/2) (red diagram in Figure 4.3).

The separation between the peaks of the doublet is proportional to the magnitude of the

QS.
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Figure 4.3: The diagram indicates the Isomer Shifts (IS) and Quadrupole Splitting (QS) for a 1/2 to 3/2
transition. The IS magnitudes are expressed as a shift from the centroid of the spectrum for a single peak
(blue plot), while for a doublet, the IS is the segment between the midpoint of the doublet and zero and
the QS is spacing between the two peaks.

The magnetic splitting (Zeeman splitting) is another characteristic of Mossbauer
spectroscopy, which is observed in the fitted spectrum as six peaks. The sextet
represents the dipolar interaction of the nuclear spin moment with the existing magnetic
field. The peaks are in fact transitions between the excited and ground states of the

nuclear levels as imposed by the selection rule.

Mossbauer spectroscopy measurements, in this work, were carried with a parallel
plate avalanche counter (PPCA). The PPCA was equipped with 5’Fe enriched stainless
steel and graphite electrodes, and the spectra were collected for more than 10 days (over

10000 counts for small statistical error).
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Chapter V

5 SYNTHESISED CARBON NANOSPHERES BY PLA:
RESULTS

5.1 Morphology and composition analysis

The morphological features on the HOPG surface after successive laser
irradiations were characterized by scanning electron microscopy. A typical SEM image of
the laser impact region is shown in Figure 5.1. The laser beam was focused to a spot size
of diameter ~350 pm corresponding to a laser fluence of 2 J.cm™. The impact region is
characterized by a shallow ablation crater with a clear formation of a raised rim
approximately 400 um away from the impact epicentre. The surface ablated at repetition
rates of 5 Hz with a pulse dwell time of 17 ns. In Figure 5.1, the SEM image illustrates the
region where the raised rim is formed which at first instance is characterized by carbon
lifted micro-size fragment shards, or simply graphene-like sheets. This is consistent with
the formation and propagation of a shockwave as has been described in [107]. The
intense absorption of the laser beam focused onto the solid material, generates a highly
directed plume from the irradiated zone. This vapour plume may initially contain solid,
and liquid clusters, which under more ablation get ionized, causing a phase
transformation, and the outcome is hot dense plasma [44]. The expansion of this high-
temperature plasma just a few microns above the irradiated zone, induce a mechanical

impulse to this solid material causing plastic deformation and work hardening [39].

The result of the pressure waves produced at the target surface is a shockwave
travelling laterally in the plane of the sample since the skin depth limits the energy spread
in the transverse direction to 55 nm. This is also valid when the peak pressure exceeds
the yield strength of graphite and agrees with Jenkins Model of plastic deformation for

which micro-sized cracks within the centre of the irradiated spot due the strain induced
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by the shockwave in elevated temperature were observed with electron microscopy [108],
[109].

‘ HvV mag WD |mode| det

30.00 kV SE |ETD

Figure 5.1: SEM image of irradiated HOPG sample for laser excitation fluence of 2 J.cm-2, 15 sccm
flowing rate, 1000 pulses, and 5Hz, showing the rim and the structural damages (disordered graphite and
graphene-like sheets) caused by the shockwave in the surrounding area of the impact region. The yellow
square in the inset image represent the magnified zone reported in the next figure.

1500 x| 5.0 mm

Upon closer surveillance of the region at the edge of the rim and by using higher
SEM magnification (x120000), additional interesting nanostructures with spherical
morphology and a size range between 40 and 50 nm were observed, as seen in Figure
5.2 (a) and (b). EDX analysis performed over these nanostructures in this region next to
the rim confirmed the pure carbon composition of the observed nanospheres and a typical

EDX spectrum is shown in Figure 5.3.
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Figure 5.2: High magnification SEM images taken at the shockwave region shown in Figure 5.1 (yellow
square), revealing the formation of carbon nanospherers on HOPG surface for a laser energy density of 2

J.cm=2, 15 sccm flowing rate, 1000 pulses, and repetition rate of 5 Hz (a). (b) is a zoom within the region
where the carbon nanospheres are formed.
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Figure 5.3: EDX spectrum was taken on the carbon nanospheres as in Figure 5.2 (a). The only presence
of the carbon peak shows the purity of the formed carbon nanospheres from HOPG, and no external
contaminations are detected.

5.2 Raman analysis

Subsequently to the morphology and elemental composition investigation, we
performed Raman spectroscopy studies over the pulse laser irradiated areas and over
the region where the nanospheres were observed. The micro Raman facility used in the
present work was equipped with a scanning laser beam of ~1um in diameter at the focal
point, a CCD and a motorized micro-controlled stage for easy identification of the
irradiated spots. In order to map the surface structural morphology caused by the laser in
different areas of the impact and of the shockwave, line-scan spectra were acquired. The
line-scan covered regions located within the impact area directly exposed to the laser
(beam spot) and extended to the outer region over which the shockwave propagates, as
seen schematically in Figure 5.4. These line-scan spectra are compared to Raman
reference spectra obtained over the virgin HOPG surface of the same sample prior to
irradiation, as shown in Figure 5.5. The corresponding laser irradiation was performed
with 1000 pulses, with each pulse having energy density of the order of 2 J.cm and with
an optimized Ar/Hz gas flow rate of 15 sccm.
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Figure 5.4: lllustration of the selected Raman spots (green spots) from a prior applied line-scan (inset on
the left). The line-scan was taken within the impact laser region and extended to the shockwave area
where carbon nanospheres are grown, as described in Figure 5.1.

The Raman spectrum of the pristine region shows a strong presence of the so-
called G band around 1580 cm™ corresponding to the first-order scattering of the Ezg
mode. Also, it is the characteristic signature of the stretching of sp? bonds, forming the

HOPG honeycomb structure [110].

In regions within the initial beam impact size, a second band at around 1350 cm?
developed, and it corresponds to the well-known D band, associated with the breathing
mode of the lattice. This mode describes any disorder or modification in the lattice that
may be induced by laser irradiation. Raman spectra corresponding to regions just a few
microns away from the formed rim of the shockwave (rl, r2) exhibits a progressive
increase of the D-band intensity and the relative intensity ratio of the D and G bands.

The spectra over the rim boundary, where carbon nanostructures are observed
according to the SEM analysis, are finally characterized by a noticeable decrease of the
G band intensities and a visible shift to higher wavenumbers is observed by comparison

to the virgin HOPG Raman spectrum.
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The D band intensity increases and eventually becomes more prominent than the
G band (r3, r4 (Figure 5.5 (a))). The progressive increase of the D band intensity is due
to the intensification of the damage in agreement with the propagating shockwave.

As has been elaborated by Ferrari et al. [111], in their “Interpretation of Raman
Spectra of Disordered and Amorphous Carbon”, the transformation from graphite to nano-

crystalline graphite is confirmed by

e the shift of the G peak from 1581 to ~1600 cm™,

e the appearance of the D peak,

e anincrease of Io/lg ratio, and

e the loss of the doublet of the 2D peak (~2700 cm?).

The manifestation of all these characteristics is conspicuous in our Raman spectra
in Figure 5.5 (a) and (b), obtained over the region where the carbon nanostructures are
formed and argue strongly for the formation of carbon nanospheres as visualized by the

SEM imaging.
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Figure 5.5: Low (a) and high (b) wavenumber spectra of micro Raman line-scan as schematically
illustrated in Figure 5.4 for an irradiated HOPG sample with parameters of 2 J.cm-2, 1000 pulses, 5 Hz,
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and 15 sccm. The line-scan covered the laser impact region (r-1, r-2), and the shockwave region (r-3, r-4),

where carbon nanospheres were formed. The line-scan spectra were compared to Raman spectra of

virgin HOPG sample.
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Figure 5.6: (a) and (b) shows respectively the low and high wavenumber of Raman spectra at the position
r-4 (where carbon nanospheres are located) as mentioned in Figure 5.5.

It is interesting to note that, as seen in Figure 5.6 (b), additional broad bands in the
range between 2700-3200 cm? have been observed in the Raman spectra
corresponding to the nanospheres. These lines have been reported and discussed in the
relevant literature before on carbon nanomaterials. The 2720 and 3242 cm bands of
HOPG are attributed to the second-order D (2D) and G (2G) modes respectively [110].
The observed band at 2950 cm corresponds to the combination mode of D and G bands.
The characteristics of these bands in terms of intensity, broadness, and red-shifts follow
a well-established pattern reported in the literature [112], which is directly related to the
growth of carbon nanostructures. Such a pattern can be noticeably seen in the present
spectra (Figure 5.5 (b)). The 2720 cm™ D’ (2D) band progressively shifts to low
frequencies, with broadening and decrease in the intensity in the region of high
nanospheres production. The 3242 cm G’ (2G) band follows a similar pattern until it
almost disappears in the region of high production of nanospheres.

In addition, the Raman spectra from the nanospheres produced with our pulsed
Laser method were compared to Raman spectra obtained from carbon nanospheres
produced by using the Non-Catalytic Chemical Vapour Deposition (N-CVD) approach.
These CVD nanospheres were acquired from Neil Coville’s group [12]. The comparison,
as seen in Figure 5.7, shows a similar trend in terms of the intensity and the Raman shifts.

The FWHM of the D band in our case is harrower suggesting that the carbon nanospheres
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produced by our technique are much more crystalline with more ordered local structure
and probably contain sp? type crystallites in comparison to carbon nanospheres formed
by CVD. Furthermore, the combination mode of D and G bands at 2950 cm! is noticeably
pronounced in the case of the laser-induced carbon nanospheres (Figure 5.7 (b)). This
feature has also been observed in carbon nanospheres produced by Miao et al. [112].

(a)

..... CNS
—— CVD CNS

800 A

)}
[=]
o

FS

(=]

o
1

Intensity (a.u.)

200 4

.

,
N et ot st 7

1000 1200 1400 1600 1800
Raman Shift (cm~1)
(b)
250 A
----- CNS
l —— CVD CNS
g
200 4 E i ';{--a
o S F. HS
20N %
5150
T
2
192]
8
< 100 A

50 e

0 T T T T T
2200 2400 2600 2800 3000 3200

Raman Shift (cm~1)

Figure 5.7: Low frequencies (a), and high frequencies (b) micro Raman spectra of carbon nanospheres
produced by pulsed laser irradiation (green dashed line) of parameters of 2 J.cm-2, 1000 pulses, 5 Hz,
and a flow rate of 15 sccm, and carbon nanospheres produced by CVD (blue line). The red arrows shows
the common peak observed at the high wavenumber in our carbon nanospheres spectra, and the spectra
of carbon nanospheres reported in [112] (upper left inset of (b)).
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5.3 Study of the Growth Process Parameters of carbon nanospheres

In order to establish the optima experimental conditions for the formation of carbon
nanospheres and at the same time to obtain an insight on the physical processes and
growth mechanism involved, the role of certain physical parameters was investigated,

namely;

e the energy density,
e number of laser pulses,
¢ the hydrogen flow rate, and

e the pulses repetition rate.

5.3.1 Growth Dependence on Energy density

The fluence or energy density deposited by a laser pulse on the surface of
materials determines, to a large degree, the surface response of the material and the
possible phase transitions thereafter. Hence, in the present case, the fluence is regarded
as an important parameter for the formation of carbon nanospheres. The carbon
nanospheres growth dependence on the energy density deposited by the laser on the

HOPG has therefore been investigated with and without the Hz precursor gas.

The energy density was varied by changing the size of the focused beam spot on
the HOPG surface. This was accomplished by manipulating the focal distance of the UV
lens mounted on a translation stage, to forward or backward directions with respect to the
HOPG surface. The repetition rate (5Hz), the number of pulses (1000 pulses) and the
flow rate (15 sccm (standard cm®/min)) of the H2/Ar gas inside the chamber were kept
constant. In this manner, energy densities of approximately 1, 2, 5, and 9 J.cm were

selected.
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The induced temperature and pressure rise upon the laser absorption and the
plasma expansion was calculated. These calculations are based on the work of Burgess
et al. [63], and Fabbro et al. [39] for different intensities, including the ones applied in our
fluence study, and with A= 1800 W.m1.K%, ¢p=0.72 J.gt.K?, and p = 2.27 g.cm™ are
the HOPG parameters provided by the material manufacturer. Figure 5.8 shows the

temperature and pressure evolution as the pulse laser propagates to focus.
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Figure 5.8: Calculated temperature (K) and pressure (bar) generated by the laser pulse as it propagated
in the z-direction to focus. The temperature and the pressure were calculated based on the work of
Burgess et al. [63], and Fabbro et al. [39].

SEM analysis was carried out on the sample irradiated by different laser energy
densities (1, 2, 5 and 9 J/cm?), in order to inspect and establish the degree of production
(yield) of carbon nanospheres and morphology in terms of shape, size, and abundance.
As before, the SEM images reveal two distinct regions; modifications at the epicentre and
on the boundary of the laser impact. The common feature for all these different energy
densities/fluences, as revealed in the SEM images, is the clear damage caused by the
laser pulse at the centre of the impact region. Micro-sized cracks at the centre of the spots
were observed in the four SEM images in the regions highlighted by the yellow arrows.
The observed damaged morphology agrees with the Jenkins Model of plastic deformation
according to which micro-sized cracks within the centre of the irradiated spot are formed

due to the strain induced by the laser pressure in elevated temperature [108], [109]. These
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pressure waves produced at the target surface are shockwaves travelling laterally in the

plane of the sample, as shown in Figure 5.9 (b) (red arrows).

500 pm

e—"_%, 1 111}

Figure 5.9: SEM imaging of irradiated spots with different energy densities. (a), (b), (c), and (d) represent
spots irradiated with fluences of 1, 2, 5, and 9 J.cm-? respectively.

Micro-structuring and nano-structuring takes place in different regions as the
shockwave propagates along the surface seen in (b), (c), and (d) of Figure 5.9. This is
indicative of phase transformations that require different optima values of temperature
and pressure attained in different regions away from the epicentre and predicted by the
graph seen in Figure 5.8. The nanostructures were observed under high-magnification in
a region next to the rim of the created crater by the shockwave and covered an area of a
couple of hundreds of squared microns (Figure 5.10 (b)). Microstructures are, on the other
hand, observed further from the epicentre, close to the nano-structured HOPG surface
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(Figure 5.10 (c)). These microstructures are mostly carbon lifted micro-size fragment

shards, or simply graphene-like sheets as shown in Figure 5.10 (a).

| RV ‘mag WD |mode| det |

*130.00 kV|1000x|4.9mm| SE |ETD|

Figure 5.10: Example of (a) micro-structuration and (b) nano-structuration of the HOPG surface near the
rim of the laser impact caused by the shockwave generated by the laser pulse (5 J.cm-?, 5 sccm of Hz2/Ar,
1000 pulses, and 5 Hz). (c) shows the damages and structurations (graphene like-sheets) evolution as
the shockwave travelled to the outer region of the created crater. (a) and (b) are zoom-in from (c).

No production of carbon nanospheres was observed for the energy density of 1
J.cm. The quality of the carbon nanospheres for fluences of 2 and 5 J.cm are very
similar (Figure 5.2 and Figure 5.11 (a). A lower fluence threshold for the formation of
carbon nanostructures was therefore established to be of the order of 2 J.cm2. SEM
images corresponding to the energy density of 9 J.cm revealed extensive structural
damage of the HOPG surface caused by the laser pulse accompanied by carbon
nanospheres formation of inferior quality in terms of size, shape, and rate, as seen in
Figure 5.11 (b). These type of carbon structures are referred to as nano-crystalline

graphite [76].
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It has been shown that the energy density is a highly critical laser parameter which
influences the effect that the shockwave has on the modification and damage of the
HOPG surface.

The different rate of formation of carbon nanospheres was established by careful
inspection of their sizes and shapes in the acquired SEM images. The number of carbon
nanospheres over ten different 250x250 nm 2 surfaces of the SEM images were counted
and then the averages and standard deviations of created carbon nanospheres with
different fluences (2, 5, and 9 J.cm?) were deduced. The results are tabulated in Table
5.1.

Figure 5.11: SEM images of carbon nanospheres formed using fluences of 5 J.cm2 (a), and 9 J.cm (b).
The repetition rate, the number of pulses, and the flow rate were kept at their optimum values for both
applied energy densities.

Table 5.1: Comparison of the different carbon nanospheres formed as the energy density applied is
varied and the flow rate, the repetition rate, and the number of pulses were kept at 15 sccm, 5 Hz, and

1000 pulses.

No carbon nanospheres
38+3
24+5
19+3

© 0o N P
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Raman spectroscopy supplemented the scanning electron microscopy
investigation of the aforementioned irradiations with respect to the role of the energy
density influence. The same procedure which has been described in section 5.2 was
followed to characterise the irradiated spots.
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Figure 5.12: Low (a) and high (b) wavenumber spectra of micro Raman line-scan for an irradiated HOPG.
The line-scan covered the laser impact region (r-1, r-2), and the shockwave region (r-3, r-4), where
carbon nanospheres were formed. The characterized spot was irradiated under the laser condition of 5
J.cm-2, 1000 pulses, 5 Hz, and gas flow rate of 15 sccm.
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Micro Raman line-scan using low and high wavenumbers performed over an area
irradiated with a fluence of 5 J.cm2 are shown in Figure 5.12, corresponding to regions r-
1, r-2,r-3 and r-4 as in the schematic representation of the crater/shock wave Figure 5.4.
The spectra show a similar trend with respect to the peaks shifts and intensities increase
and decay were observed in similar spectra corresponding to fluence of 2 J.cm2 (Figure
5.5). This finding confirms that the carbon nanospheres created with 2 and 5 J.cm™ are

of similar structure.

The ratio between the intensities of the D and G lines of the Raman spectra, Ip/I,
constitutes a good comparison with respect to the induced defect and nanostructure
formation under different fluences. The calculated /p//¢ratio in that respect, for the 2 and
5 J.cm? fluences are tabulated in Table 5.2. The G and D intensities were selected from
Raman spectra acquired exclusively from regions r-1, r-2, r-3, and r-4 of Figure 5.5 and
Figure 5.12.

The crystallite size, L,, can be deduced from the /p//sratios using the generalised
Tuinistra-Koenig expression [111], which is valid for Raman with visible laser excitations
[113], [114].

-1

I
L,(nm) = 2.4 x 10710 x 24 (I—D) (5.1)
G

The crystallite size, L,, provides further evidence of crystalline disorder induced
upon the laser impact. Table 5.2 shows the increase of disorder, expressed in the form
of Ip/Is ratios and their corresponding crystallite sizes L, as the Raman line-scan

progresses from the epicentre to the region with the formed carbon nanospheres.
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Table 5.2: Io/lc ratios and their corresponding crystallite size L, of Raman line-scans selected from laser
spots irradiated with 2 and 5 J.cm2. The r-4 represented the crystallite size at the carbon nanospheres

regions.
2J.cm? 5J.cm?
Region Io/lc La (nm) Io/le La (nm)
r-1 0.23 71.41 0.24 69.12
r-2 0.61 27.15 0.66 25.36
r-3 1.07 15.66 1.07 15.70
r-4 1.24 13.51 1.22 13.70

5.3.2 The Role of Background Gasses on the carbon nanospheres

growth

i. Therole of Hydrogen content
As has been pointed out in the literature [115], [116], a non-catalytic growth
process of carbon nanospheres involves the conversion of a carbon source into carbon
and hydrogen radicals in a reaction that forms carbon nanospheres. The presence of
hydrogen therefore during the laser irradiation of HOPG in the present work was an

essential protagonist in the carbon nanospheres growth process.

The role of the hydrogen was consequently investigated in a two-pronged
approaches namely

e foremost at constant laser irradiation conditions with varying hydrogen flow
rates

e secondly by varying the laser pulse conditions at the optimized flow rate.
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Thus, the evolution in the formation of carbon nanospheres was investigated in
vacuum without Ar/Hz2 gas flow, as well as with gas flow rates of 2, 5, 15, and 30 sccm,

while the rest of the parameters were kept on their optimum as stated in Table 5.1.

It became apparent that no nanostructures could be obtained without the presence
of hydrogen. This is because hydrogen is an essential quencher of the carbon vapour
atoms and that it easily forms the C-H covalent bond [117]. SEM imaging of the formation
of carbon nanospheres with respect to the hydrogen content corresponding to gas flow
of 2 and 5 sccm is shown in Figure 5.13 (a) and (b) respectively. As the gas rate increased

progressively, products that looked like carbon nanospheres appeared.
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Figure 5.13: SEM images of carbon nano-structuration within the shockwave region. (a) and (b) are
carbon nanospheres in gradual formation with a mixture gas of a flow rate of 2 sccm (a), and 5 sccm (b),
as the energy density, the repetition rate, and the number of pulses were kept at their optimum values.

At higher flow rates (30-35 sccm), carbon nanospheres were still produced,
however, of lower quality and rate (Figure 5.14 (a)), by comparison to the ones created
with a flow rate of 15 sccm (Figure 5.2 (a)). In some parts of region r-4, structures like
carbon nanospheres were observed aligned in a string-like pattern and finally
conglomerated into clusters (Figure 5.14 (b)).
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Figure 5.14: (a) SEM image of carbon nanospheres created with a Hz2/Ar mixture of a flow rate of 35
sccm, a fluence of 2 J.cm, a 1000 pulse, and a repetition rate of 5 Hz. (b) formation of different carbon
nanostructures as strings and chains, or ropes of carbon nanospheres near within the shockwave region
(as shown in Figure 5.1).

Table 5.3: Summary of the hydrogen influence on carbon nanospheres rate within the region of their
formation and growth under the optimum condition.

Ha/Ar flowing rate (sccm) Rate (per 250 nm?)
0 No carbon nanospheres
2 4+2
5 7T+2
15 38+3
30 19+5

In summary, monodispersed and distinct carbon nanospheres as seen in Figure
5.2 are only observed for a flow rate of 15 sccm. These observations are consistent with
the finding of You Zhang et al. in their paper “Preparation of Carbon Nanospheres by non-
Catalytic Chemical Vapour Deposition and Their Formation Mechanism” [118], and more

specifically the role the hydrogen plays in reducing the probability of collision between
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carbon nanospheres nuclei, then their growth as spherical structures. Pol et al. showed
the important role of hydrogen as a fluidizing agent in the formation of carbon spheres
from hydrocarbons [119]. The hydrogen favoured the formation of hydrocarbon radicals
that lead to carbon nanospheres growth [103]. The hydrogen contents controlled the

morphology, size and the quality of the formed carbon nanospheres [101], [102].

ii.  The Role of Methane (CH4) content
In order to investigate further the effect of hydrogen on the formation of the carbon
nanospheres during the laser ablation of HOPG, methane gas was used under the same
vacuum conditions as before. The advantage has been that methane under the same
vacuum conditions provides more hydrogen atoms by comparison to the H2/Ar gas
mixture which contains only 4% of hydrogen. In contrast methane, CHa4, contains 80%
hydrogen in terms of atomic weight.

The same procedure as with the case of Hz/Ar was followed and a series of
irradiations took place with the same optimised parameters as before. Therefore, the
fluence, repetition rate and the number of pulses were set at 2 J.cm, 5 Hz, and 1000
pulses, while the selected flow rates of methane inside the chamber were 1.2, 2, 5, and
10 sccm. Subsequent to the laser irradiations, SEM imaging analysis was conducted to
investigate the morphological features of the impacted area and of the formed

nanospheres.

The SEM analysis revealed very similar topological features and effects as the
ones observed using Hz2/Ar background gas described in the previous sections. As can
be seen in Figure 5.15, the laser affected area is again characterised by two different
regions; a central laser impact area with a crack at the origin (yellow arrows) and an area
related to an outwards propagating shockwave (red arrows). At high magnification, the
formation of carbon nanospheres is observed. Their location lies again at the outer region
of the laser impact (yellow square). These nanospheres have similar shape, and size

characteristics to the ones observed using Hz/Ar with the optimum flow rate of 15 sccm.
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Figure 5.15: Laser ablated areas for variant methane flow rates (2 and 5 sccm) and laser parameters of 2
J.cm=2, 5 Hz, and 1000 pulses. The image of the spots affected area displays a central laser impact region
and the shockwave expansion in the surroundings (red arrows). High magnification from the shockwave
region (yellow square) revealed the presence of carbon nanospheres as presented in Figure 5.16.
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Figure 5.16: Map distribution of formed Carbon nanospheres within the shockwave region (yellow square
from Figure 5.15) upon laser ablation in the presence of 2 sccm methane. (laser parameters: 2 J.cm=2, 5
Hz, and 1000 pulses).

In contrast to the irradiations carried out in H2/Ar environment, no flow rate
threshold was observed for the formation of carbon nanospheres in the presence of
methane. For all four flow rates selected (1.2, 2, 5, and 10 sccm), carbon nanospheres
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formation were observed (Figure 5.17). The optimum spherical shape of the carbon
nanospheres and their size distribution (between 40-50 nm), are clearly comparable to

the carbon nanospheres grown under Hz/Ar gas background.
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Figure 5.17: From shockwave regions revealing carbon nanospheres formation at spots irradiated at

multiple flow rates of methane. The HOPG surfaces were irradiated with parameters of 2 sccm, 2 J.cm2,
5 Hz, and 1000 pulses.
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Although carbon nanospheres are always formed, their abundance, shape and
size, as seen in the SEM images (Figure 5.17), depend strongly on the methane flow rate
used. The flow rate of 1.2 sccm is the lowest that could be used in the measurements, a
limit imposed by the the potentiometer of the gas flow controller available. Even with this

lowest flow rate (1.2 sccm), a high abundance of carbon nanospheres is formed, but of
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inferior quality to that corresponding to 2 sccm. It seems that even at low flow rate there
is enough quantity of hydrogen from the methane available to trigger the reaction. The
optima values in terms of shape, size and abundance correspond to methane flow rates
between 2 and 5 sccm.

5.3.3 Influence of Number of Pulses and Repetition Rate

The role of numbers of pulses was also investigated by using 100, 500, 1000 and
10,000 laser pulses while keeping the optimum values for the fluence at 2 J.cm, for the
hydrogen flowing rate at 15 sccm and the repetition rate at 5 Hz, constant. The first
assemblies of carbon nanospheres are seen for 500 pulses. It was found that a critical
number of 1000 pulses was needed for the optimum formation of carbon nanospheres
with respect to abundance and quality as seen in Figure 5.18 (a) and (b). However, carbon
nanospheres formation could still be observed after more than 10000 pulses were

applied.
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Figure 5.18: SEM imaging showing the effect of the number of pulses on the carbon nanospheres growth
rate (a: 500 and b: 1000 pulses), as the rest of the parameters were kept at their optimum.

The pulse repetition rate seems to also be critical. As it was found to influence the
carbon nanospheres formation, and in particular their growth rate or yield. Unfortunately,
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with the currently available laser setup, it was not possible to use higher than 7Hz
repetition rates (Table 5.4).

Table 5.4: Summary of the parameters study influence (number of pulses and repetition rate) on carbon
nanospheres formation and growth.

CNS rate CNS rate

Number of pulses (per 250 nm?) Repetition rate (Hz) ( per 250 nm?)

100 No CNS 2 8+1

500 9+2 5 38+3
1000 38+3 7 18+3
10000 15+3 - -

Figure 5.19: SEM images collected from the shockwave region of spots ablated with 2 J.cm, 15 sccm of
Hz/Ar, 7 Hz and numbers of pulses of 100 (a), 500 (b), and 1000 (c). (d) represents the new form of
nanostructures depicted within the shockwave region for 1000 pulses.
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Chapter VI

6 SYNTHESISED CARBON NANOSPHERES BY PLA:
DISCUSSION

Numerous processes occur progressively during laser-solid interactions which
involve intense, ultrafast electronic and vibrational states excitation and carrier diffusion,
lattice expansion, photoionization, evaporation, melting, and shock wave generation [44].
The major portion of the energy carried by the laser is initially deposited into the electronic
system of the lattice within the optical absorption depth (of the order of 55 nm in the
present case) and the surface. Picosecond time-resolved shadowgraph and
interferometry experiments [120], indicate that the plume is formed within the first
picoseconds during laser ablation of solids above the ablated zone. This vapour plume
may be associated with a large number of solid and liquid clusters emitted mainly from
the ablated surface of the solid. Under more laser ablation, these clusters are ionized and
phase transform into a gas phase known as plasma. The expansion of the hot plasma
just a few microns from the irradiated surface launches a mechanical impulse, which

propagates at sonic speed within the bulk of the crystal as a shockwave [39], [121]-[126].

Similarly, in the present case, the ablation of the surface resulted in two distinct
regions of damage. The first region is noted as the laser impact region in which clear
micro-cracks are revealed by SEM analysis. The damage induced upon impact is the
result of numerous processes of photo-thermal nature (described above) during laser-

solid interactions.

The second depicted region surrounds the impact regions. The generated vapour
plume initially contains clusters of solid and liquid forms. Under successive ablations,
these clusters become ionised forming a hot-dense plasma-plume. The expansion of this
high-temperature plasma, just a few micrometres above the irradiated zone and in the

presence of a background gas, causes a significant compression. Subsequently, the

90



pressure of the system (plume and background gas) reaches equilibrium by the launch
of a mechanical impulse. The result of the pressure waves produced at the target surface
in this manner is a shockwave which propagates at sonic speed laterally in the plane of
the sample. These shockwaves induce the damage observed by SEM in the form of
micro-sized cracks within the centre of the irradiated beam spot and at the borders of the
laser impact regions. The latter agrees with Jenkins Model of plastic deformation due to

the strain induced by the shockwave in elevated temperature [108], [109].

An important and exciting finding in the present work has been the formation of
carbon nanospheres at a certain region of the shockwave propagation area. SEM
imaging, EDX and Raman spectroscopy gave clear evidence that the formed
nanostructures were pure carbon of nano-spherical forms, and linked them to similar

findings in the literature, as has been reported in chapter VI.

It is clear that the formation of the carbon nanospheres is possibly initiated by
photo-thermal ablation and a subsequently generated shockwave. The ablation and
shockwave propagation leads to material extraction and liberation of carbon ions, after
each laser pulse. The carbon ions recombine with hydrogen ions present in the
background gas (H2/Ar or CHa4) to form hydrocarbon radicals [127] prior to equilibrium,
and prior to the next impact pulse. The coalescence and the recombination of the carbon-
hydrogen species were favoured due to the large time scale between each pulse and the
short relaxation time of the metallic system considered to be in the order of a few

picoseconds.

The process of formation of these carbon nanospheres starts naturally with
nucleation and ends with the complete growth of the created nuclei. Here, the nucleation
is considered to be heterogeneous since hydrogen species are part of the nucleation
process together with carbon ions. These hydrocarbon radicals constitute the embryos,
which after each pulse become growth species (nuclei) and start to grow to clusters of a

number of carbon-hydrogen molecules.
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Based on the fundamental theory of nucleation, the nuclei are formed as follows:

e the formed plasma-plume is in a metastable state, contains carbon-hydrogen
species and attempts to reach equilibrium by loss of Gibbs free energy,

e the variation in the Gibbs free energy, or simply the supersaturation, causes
the transition from a metastable (plasma-plume) to a stable state (solid:

nucleus).

The nuclei are considered to be of spherical shape with a radius greater than the
critical radius R,,,,. and contain n molecules of carbon-hydrogen. They need a minimum
energy of W,;,. to form. Once a certain concentration of the nuclei is reached, they begin

to grow by accommodating new hydrocarbon species produced after each laser pulse,

until equilibrium is reached at which point stable clusters of 40-50 nm are formed.

The formation of these carbon nanospheres depends strictly on well-defined
conditions, and each parameter plays a specific role and contributes towards the
formation of the carbon nanospheres. These optimum conditions are summarized in
Table 5.1, Table 5.3, and Table 5.4 and correspond to a fluence of 2 J.cm?, a gas flow

rate of 15 sccm of Hz2/Ar (2 sccm of CHa), a 5 Hz repetition rate and 1000 of pulses.

Based on the fundamental theory of nucleation [86], there seems to be a critical
carbon ion density needed in order to increase the probability of recombination to
engender nucleation, and hence a critical number of pulses is a fundamental prerequisite.
In the present study, 500 pulses were found to be the threshold pulse number needed for
the growth of the nuclei, and the beginning of the carbon nanospheres configuration. It is
interesting to note that the process has to follow the well-known phase diagrams with
respect to temperature and pressure for any given phase. There are distinct temperature
and pressure gradients along the direction of propagation of the shockwave from the
epicentre of the impact to the rim. A critical combination of these parameters, in order to
form Carbon Nanospheres, seems to be reached at the edge of the rim of the shockwave

which promotes the phase transition and the growth of carbon nanospheres.
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Following the theoretical description mentioned before, the values of these
thermodynamic parameters, namely temperature and pressure, generated by the laser
beam, have been calculated using formulas (2.13) and (2.17) respectively and the results
are shown in Figure 6.1.
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Figure 6.1: Calculated temperature (K) and pressure (bar) generated by the laser pulse, as it propagates
in the z-direction to focus. The graph is cropped from Figure 5.8.

The calculated temperature and pressure values, therefore, corresponding to
values of fluences 1, 2, 5, and 9 J.cm™ used in this study are deduced from Figure 6.1
and presented in Table 6.1.

Table 6.1: The corresponding pressure, temperature, and supersaturation values calculated with formulas
(2.17), (2.13), and (2.23).

1 94.69 1731 -1.77
2 147.0 3349 16.9
5 264.5 8081 106.3
9 392.9 14630 272.4
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These fluences are pinned in the P-T phase diagram of carbon shown in Figure
6.2 in order to assess the possibility of phase transition with respect to the different carbon
phases. It was found that the experimentally determined optimum energy density (2 J.cm-
2) is located close to the border line between the carbon solid and carbon vapour phases.
Within this area, most of the formed plasma-plume of metastable state transitions to a

stable state (solid) to reach equilibrium.

This area between the solid and vapour carbon phases is known to be significant
for thin carbon film formation where carbon deposition equilibrium is reached as well as
for growth of carbon nanotubes [128]. Then, the nucleation process can be possible,
provided that a high concentration of nuclei, becomes available, leading to a high rate
formation of carbon nanospheres. It follows that the repetition rate, therefore, is also an
important parameter which can control the critical number of carbon ions extracted

between two pulses needed for the nucleation process to take place efficiently.
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Figure 6.2: Pressure-Temperature diagram based on the fluences applied to the sample. The
temperature and pressure are deduced from Table 6.1. S, L, and V represent the solid, liquid, and vapour
carbon phases based on the P and T triple point data presented by the National Institute of Standards
and Technology (NIST).
The supersaturation (Ap) values were also calculated with respect to the

corresponding fluences used in Table 5.1. The calculation was based on equation (2.23)

94



which is commonly used to determine the supersaturation of a phase transition from a
vapour to a solid phase as is the case in the present study (from a plasma-plume to
carbon nanospheres). The calculations made use of the corresponding values of pressure
and temperature listed in Table 6.1. The pressure at the thermodynamic equilibrium was
taken as the pressure at the triple point (102 Bar), at which the three phases (solid,
vapour, and liquid) coexist. The relation between the calculated values of supersaturation
and the fluences of 1, 2, 5, and 9 J.cm are shown in the graph in Figure 6.3: The blue
markers show fluences for which the process of nucleation occurred, and the red marker
where the nucleation process did not occur. The red and blue arrows define the directions
of nucleation (Ap > 0) and non-nucleation (Ap < 0) respectively. This explains
undoubtedly the reason why no nucleation occurs and therefore no carbon nanosphere

formation was observed for fluences below 1 J.cm™.
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Figure 6.3: The graph represents the calculated values of supersaturation related to fluences of 1, 2, 5,
and 9 J.cm-2. The blue markers show fluences for which the process of nucleation occurred, and the red
marker where the nucleation process did not occur. The red and blue arrows define the directions of
nucleation (4u > 0) and non-nucleation (4Au < 0) respectively.

The critical role of hydrogen to catalyse the sp? to sp® hybridisation is well known

as is the characteristic sp?/sp? fractions during the growth of carbon nanostructures. In
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addition to the ease of forming the covalent C-H bonds. The hydrogen content as injected
background gas during the laser ablation was an essential protagonist during the growth
process of carbon nanospheres. The background gas has a dual role; firstly, it facilitates
the generation of the shockwaves by introducing the required compression during the
expansion of the hot plasma. Secondly, hydrogen ions in the background gas combine
with carbon ions forming the hydro-carbon radical’s embryos necessary for the initial
nucleation process. It must be noted that in the present studies not a single carbon
nanosphere was observed in ablations that took place in the absence of the background
gas (H2/Ar or CH4). However, the progressive growth of carbon nanospheres started with
injecting the background gas gradually (Table 5.3 for the case of H2/Ar). The hydrogen
played an important role in the formation of hydrocarbon species that enhanced the
growth of carbon nanospheres. Also, the hydrogen content allowed the control of the
morphology and the quality of the carbon nanospheres. Besides, this demonstrated the
role of hydrogen as a fluidising agent and in reducing the probability of nuclei collision,
then the growth of spherical carbon nanostructures. A critical hydrogen content was
established at which carbon nanospheres were regularly-shaped and formed at high
rates. The large difference between the optima flow rates of the two background gases
needed is related to the high abundance of hydrogen ions in CH4 (80% atomic weight) by
comparison to Hz/Ar (4% of H2).
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Chapter Vi

7 CARBON NANOSPHERES SYNTHESISED BY CVD:
RESULTS AND DISCUSSION

7.1 Results and Discussion

High magnification SEM analysis performed on two sets of carbon nanospheres (
A and B) produced in the School of Chemistry, University of the Witwatersrand [12], using
the CVD method without catalysts, revealed nanostructures of spherical morphologies
with diameters distribution of approximately 200-400 nm (A) and 400 nm (B). The carbon
nanospheres from SEM images are not dispersed and are packed in necklace-like and

foam-like structures.
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Figure 7.1: (a) and (b) are high magnification SEM images of carbon nanospheres powder of samples (A)
and (B) respectively. The images show the necklace-like form structures of the carbon nanospheres of
diameters of 200-400 and 400 nm.

EDX analysis of these carbon nanospheres shows the presence of carbon only,
with no other elemental impurities detected within the limits of the measurements (at the

parts per thousand sensitivity level), (Figure 7.2).
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Figure 7.2: EDX spectrum of carbon nanospheres from the synthesized powder noted “A”. the spectrum
shows the presence of the carbon elements only.

In addition, trace element analysis with sensitivity at the part per billion level was
performed by means of Induced Coupled Plasma Mass Spectrometry (Perkin Elmer
NexION 300 ICP-MS) on both samples “A” and “B” of the CVD synthesised carbon
nanospheres. The main concern and focus has been on possible presence of elemental
impurities that are magnetic. The ICP-MS scan was tuned to detect the following
elements: 2*Mg, 51V, 52Cr, %°Mn, 56Fe, 5°Co, ONi, 53Cu, and the elemental composition is

summarized in Table 7.1.

Table 7.1: Summary of the ICP-MS elemental analysis in part per million (ppm).

sample g1 9 4 1 126 0 3 1
sample 16 8 0 0 20 0 0 1

As can be seen, the metal contaminations detected are lower than 10 ppm in both
samples except for Mg, and %¢Fe impurities. These elements were detected in high

quantities in sample “A” in comparison to sample “B”. For example, in sample “A”, the
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amount of °Fe detected was 126 ppm, and 20 ppm in sample “B”, making °¢Fe the

highest impurity in sample “A”.

7.1.1 Magnetic properties

Magnetic characterisation measurements were performed on the two synthesised
samples “A” and “B” using the DynaCool 12T PPMS operating in DC-magnetisation of the
VSM measurement mode. Prior to the measurements, the mass of the carbon powder
samples was carefully measured with an electronic balance and then the samples were
transferred to the poly-carbonate capsule and fitted in the gold coated brass holder at 35
mm. The sample holder was connected to the VSM probe and loaded onto the PPMS for

calibration measurement and analysis.

Two types of measurements were performed. Firstly, the temperature dependence
within a range of 2-300K of the magnetic moments u(T) was determined at zero-field
(ZFC) and field cooled (FC) conditions. The FC measurements were collected in both
directions after the temperature was decreased (cooling) and then increased (warming)
at constant ramp rates. Moreover, the dependence of the magnetic moments (in emu) on
applied magnetic field (H) in Oersted (Oe) was investigated. These measurements were

performed at a number of different temperatures from 2 K up to 310 K.

Figure 7.3 presents the temperature dependence of the magnetic moment g (7) of
samples “A” and “B” of the carbon nanospheres measured at 5 kOe in the temperature
range 2 < T < 310 K. Based on this graph, the FCC and FCW curves of both samples “A”
and “B” are non-linear and the magnetic moment dependences typically show monotonic
exponential increase with decreasing temperature. The values of the magnetic moments
w(T) for sample “A” are positive with high magnitudes, while for sample “B” the magnetic

moments are negative all along the x-axis indicating a diamagnetic behaviour.

It is interesting to note that a discrepancy/gap between the FCC and FCW

measurements, in the temperature range between 50 and 140K for sample “A”, was
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observed as depicted in a close-up within this temperature range in the upper right-hand

inset of Figure 7.3. The temperature dependence on magnetic moment could also be

indicative of the condensation of electrons/fermions in Landau level n = 0 with H field (T

>> 0K).
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Figure 7.3: The magnetic moment as a function of the temperature of the samples Aand B at 0.5 T.
(FCC) and (FCW) represent the field-cooled cooling and warming respectively. The upper inset shows the
FCC and FCW of sample “A” in a temperature range of 40-180K.

In order to determine whether the observed positive value of the magnetic moment

as a function of temperature for sample “A” correspond to ferromagnetic or ferrimagnetic

behaviour, the magnetic moments u(H) versus the magnetic field / were measured at

temperatures 2, 10, 50, 100, and 300K as shown in Figure 7.4. All curves are

characterized by a hysteresis at all temperatures with a clear saturation of the magnetic

moments tsar (Msar= usadmass) at high temperatures (> 100K). The magnetic moments

reached saturation faster at high temperature, while at low temperature, the saturation of

the magnetization was greater and a larger magnetic field A was required for saturation.
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The remanent magnetization M, of the sample exhibited a similar trend as the magnetic
saturation Ms. The remanent magnetization M, demonstrated a gradual increase as the
sample temperature decreased. In contrast, the minimum magnetic coercivity Hc was

recorded for a temperature of 50K and the maximum was recorded at 300K as seen in
Table 7.2.

Table 7.2: The coercivity, saturation and remanent magnetic moments generated from the hysteresis at
diverse temperatures.

2 >8.5 -104 5.20
10 5.20 -111 4.80
50 4.16 -112.5 4.70
100 3.92 -92.5 3.95
300 3.54 =79 3.34
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Figure 7.4: The magnetic moments yx(H) in a range of -0.5-0.5 T of sample “A” at temperatures 2, 10, 50,
100, and 300K. The curves show clearly the progress of the hysteresis at all temperatures.
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The magnetic moment measurements y(H) on sample “B” at temperatures of 2,
10, 50, 100, 200, and 300 K confirmed the conclusion drawn before from the x(7T) trend
in Figure 7.3. The curves exhibit a clear diamagnetic behaviour above 2 K. In contrast, at
2 K the curve reveals a hysteresis with a very small width and a remanent magnetic
moment of less than 3x10° emu. Moreover, the mass susceptibility above 50 K was
calculated from Figure 7.5 to be ~-5.6x10" emu.g*.0e . This value is in good agreement
with the susceptibility range of -(10-°-10"") emu.g*.0e™* for carbon allotropes exhibiting
diamagnetic behaviour [21]. Also, the appearance of positive magnetic moments at very
low temperatures (>3 K) could be attributed to the retention of isolated paramagnetic

spins in the carbon mass [21].

H {Oe) '3 B
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Figure 7.5: The magnetic moment x(H) of sample “B” at temperatures 2, 10. 50, 100, 200, and 300 K.
The curves show the diamagnetism at temperatures between 10 to 300 K, and superparamagnetic
behaviour at 2 K. The down left inset shows clearly the ferromagnetic hysteresis at 2 K.

The above measurements point towards two different magnetic behaviours of the

two different samples of carbon nanospheres investigated. With respect to y(H), sample
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“A” is characterized by ferromagnetic behaviour with a clear hysteresis observed at all
temperatures, while sample” B” exhibits diamagnetism except at 2 K at which a hysteresis
with small width is observed. These results are unusual as bulk carbon materials are
known to be diamagnetic, and also, the samples were synthesized with the same method
under similar conditions. The observed ferromagnetism in sample “A” might be as well
attributed to the presence of magnetic impurities, however, if these cannot account
guantitatively for the entire effect, then the rest of the magnetization must be related to

magnetic moments induced within the carbon nanospheres.

The magnetism in carbon nanomaterials and the precise origin of ferromagnetism
are still complicated and controversial. A number of different research studies have
implied that carbon nanomaterials (carbon nanofoam, carbon nanospheres) could exhibit
ferromagnetic behaviour without the introduction of magnetic elements [21]-[23], [129],

but a well-defined explanation of such behaviour is still unclear.

In order to obtain a better understanding of the origin of ferromagnetism in the
samples investigated, and determine whether the contribution of the ferromagnetic
behaviour is intrinsic or extrinsic, more evidence was needed other than the
magnetization measurements to supplement the reported results. Therefore, ICP-MS and
Mossbauer analysis were performed on the two samples. The ICP-MS results are
presented in Table 7.1, and have assisted in clarifying the possible contribution of the

magnetic impurities in the samples towards the observed ferromagnetism.

The ICP-MS has shown that there exists only one magnetic impurity in the form of
Fe in the samples “A” and “B”. The concentrations of Fe impurities were 126 ppm in
sample “A” and 20 ppm in sample “B”. Concentrations of other magnetic elements such
as Ni and Co were very low and less than 3 ppm (Ni) or not detectable at the ppm level
(Co) for the two samples. The Fe impurity within the carbon nanospheres forms most

probably complexes of FeC or FeO.
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The saturation magnetization Msa: for the samples “A” and “B” was estimated by
extrapolation from the measured magnetization curves (Figure 7.4 and Figure 7.5) , to be
7.4x10? emu.g* and 2x102 emu.g respectively. Given the amount of Fe impurity in the
samples as measured by ICP-MS, the corresponding calculated magnetic saturation Msa:
values are expected to be of the order of 2.64x102 emu.g* and 4.44x10 emu.g™ for
sample “A” and “B” respectively, by making the gross assumption that all Fe atoms of the
impurity content are participating in the form of magnetic complexes. This value for
sample “A” is still 2.6 times lower than the observed magnetisation and it indicates that
Fe cannot be the sole contributor to the magnetisation observed in these carbon
nanospheres. We can speculate that the existence of edge states in sample A could also

foster the localization of unpaired electrons and contribute to ferromagnetism.

In order to investigate further the possible origins of the observed ferromagnetic
signal, Mossbauer spectroscopy was performed on the sample noted “A” with using iron
5’Fe as a source. As the concentration of Fe is extremely low, data were collected for
more than 10 days (over 10000 counts) and the corresponding Mossbauer spectrum is
presented in Figure 7.6. The spectrum is characterized by a weak signal in the form of a
doublet around zero velocity with a large background. The signal is directly related to the
presence of the iron element in the sample, and confirms the reported results by ICP-MS

concerning the presence of Iron within the samples.
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Figure 7.6: The Mossbauer data of sample “A” and its fit with a Lorentzian doublet.

The Mossbauer spectrum was fitted with a Lorentzian doublet. The characteristic
parameters of this doublet such as the isomer shift, quadrupole splitting and Lorentzian
linewidth have values 0.05, 0.5, and 0.25 mm/s respectively. By comparison to
Mossbauer analysis results obtained in the literature [130] with respect to Fe inclusions
in carbon materials, the present spectrum and the inferred associated parameters from
the fit strongly suggest that the observed signal is due to Fe3* and is of
superparamagnetic nature. Moreover, the Fe3* might also have ligand of hydrocarbon as
the quadrupole splitting values found below 1 mm/s confirmed this observation [131].

It is important to note that in the Mossbauer spectrum no sextet signatures were
detected, which is a typical characteristic of ferromagnetic Fe structures as shown by
Alain Peigney et al. [130]. The Fe in the present samples therefore does not form
ferromagnetic molecular complexes. This finding is important with respect to the clear
ferromagnetic signal that has been observed for sample “A” using PPMS as it excludes

the association of the observed ferromagnetism to Fe impurities.

The experimental data from ICP-MS and Mossbauer spectroscopy of sample “A”
indicate that the observed ferromagnetic-like behaviour originate from s-p symmetry

unpaired at structural defects rather than the d or f electrons of the magnetic impurities
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[14], [17], [22]. Also, the hydrogen contents in the carbon nanospheres may play a

significant role in the formation of the magnetic ordering as reported in [17].

Unlike sample “A”, sample “B” did not exhibit ferromagnetic-like behaviour (Figure
7.5). The absence of the ferromagnetism in sample “B” and its presence in sample “A”
can be due to the difference in the morphology, size, and crystallinity of the two samples.
A similar explanation is reported by Li et al. [14]. In the latter reference, it reveals that the
disordered carbon with an interlayer spacing of 0.342 nm is diamagnetic, while the highly
oriented pyrolytic graphite (HOPG) with a 0.337 nm spacing shows ferromagnetism.
While at temperature below 10 K, the superparamagnetic characteristic or the spin-glass

behaviour in sample “B” is attributed to the Fe nanoparticles of the impurities [14], [132].

7.1.2 Electronic properties

The electronic properties of carbon nanospheres and carbon nanomaterials, in
general, are complicated and their behaviour (metallic or non-metallic) depends on many
intrinsic characteristics such as structure, crystallinity, doping and defects. Moreover, the
contact area between the carbon nanospheres plays an important role in the increase of

the resistance within the carbon nanospheres network [133].

The electrical transport properties of the aforementioned CVD carbon
nanospheres were investigated by performing electrical measurements on a pellet using
a four-point probes system in the PPMS setup described above. These measurements

included both resistance as well as magneto-resistance measurements.

The relevant results of these measurements from the carbon nanospheres pellets
are presented in Figure 7.7. The measurements were conducted over a temperature
range between 2-300 K, and the logarithmic of the inverse of the resistance

(conductance) was plotted as a function of the inverse of the temperature too.
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As seen in Figure 7.7, the resistance of the nanospheres network decreases non-
linearly with the increase in the temperature, which indicates a nonmetallic behaviour of
the sample. A logarithmic plot of the inverse of the resistance as a function of T-V4, shows
that the electronic behaviour is described by three different sections. From 20 to 100 K,
the resistance increases drastically with decreasing temperature, and the sample displays
a semiconducting behaviour, while between 250 and 300 K, the resistance shows a linear
relationship with the temperature. In the interval between the above two ranges (100-250
K), the resistance shows a transition-like point and decreases steadily.
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Figure 7.7: The resistance, logarithmic of the conductance as a function of the temperature in (K) and the
fitted curves based on the 3D Variable Range Hopping (VRH). The absence of the data at low
temperature (2-20 K) was related to the limitation of the PPMS, as very high resistance was measured
within that temperature range. The upper axis represents the temperatures in (K).
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Similar semiconducting features to the reported above were demonstrated in the
literature for carbon microspheres [134], [135] and carbon nanotubes networks [133].
Furthermore, it has been reported that these non-metallic characteristics arise from
disorder and defects within the structure of the carbon nanomaterials and have been
successfully explained by the Variable Range Hopping (VRH) model [133]-[137]. It must
be noted here that an important characteristic of the nanospheres studied in the present
work is that they are of the order of 200-400 nanometres by comparison to the micrometre
size of carbon spheres in [134], [135], and very importantly they have been produced

without metal catalysts which have affected previous conductivity results in the literature.

According to the VRH model, the conduction in disordered carbon materials is
mediated by hopping of the charge carriers between localized electronic states near the
Fermi level in an extended temperature range. The process of electron hopping from one
localized state to another is thermally assisted by phonons which offer the necessary
energy, which explains the temperature dependence with respect to lattice vibrations

modes.

In the VRH model, the resistance is expressed as a function of the Mott
temperature 7y, the localization length L., and the density of states, N(Er), at the Fermi
level [133], [136], [138]. In this model, the Mott characteristic temperature 75, and the
exponent n(1/2 (1D), 1/3 (2D), 1/4 (3D)) represent the degree of disorder and the hopping

dimension respectively, expressed as

n

T,
R(T) = Ry exp (70) (7.1)

24

T, = —————— 7.2
0 = Tkp AN (Er) (72

Based on the VRH model, the conduction in disordered carbon materials is

displayed by the hop of the charge carriers between localized states located near the
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Fermi level. The process of hopping is assisted by the phonons, which explains the

temperature dependence.

From Figure 7.7 (R-T), the exponential escalation of the resistance with the
decrease of the temperature reveals the strong localisation within the disordered carbon
nanospheres network. Besides, at low temperature (2-180 K) the data are fitted with the
3D VRH model (n = 1/4), corresponding to the high disorder and the extreme localisation
of the electrons within the carbon nanospheres. Moreover, the estimated value of the Mott
characteristic temperature, 7y, and the subsequently deduced density of states N(Er)
(7.2) were found to be 2.95x10° K and 3x10%° eV-1.cm respectively. These are in good
agreement with the ones which have been reported in the literature for a localisation
length of 10 A [136].

L. Wang et al. [133] reported on distinct electrical effects of multi-walled carbon
nanotubes and their conductivity results, as shown in Figure 7.8, exhibit strong similarities
with the ones presented here. Three distinct regions were also observed and the data

were in good agreement with the VRH model.
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Figure 7.8: The graphs represent the temperature dependent conductivity of carbon nanotubes (left: from
[133]) and carbon nanospheres (right: from our work) networks. The two graphs exhibit similarities
concerning the evolution of the resistance as a function of the temperature.
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In order to investigate the effect of the magnetic field on the charge carriers
transport, magneto-resistance measurements were also conducted. For this, three
different external magnetic fields of 0.5, 3, and 6 Tesla were applied while the
magnetoresistance was measured with the same PPMS system described above. These
electrical measurements were accomplished in a temperature range between 2-300 K.

The acquired data was compared to the resistance measurements at zero fields.

The introduction of the magnetic field while measuring the conductivity of the
carbon nanospheres network did not show any significant changes by comparison to the
zero fields measurements, and the resistance in the presence of external magnetic fields
showed again a semiconducting behaviour. Unfortunately, most of the quantum effects
related to the introduction of the magnetic fields are taking place at very low temperatures
(1-10 K), which are unattainable by the present PPMS setup.
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Figure 7.9: Magneto-resistance of the carbon nanospheres network at magnetics fields of 0, 0.5, 3, and 6
Tesla.
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Chapter VIII

8 CONCLUSION

A novel technique for the synthesis of carbon nanomaterials based on the Pulsed
Laser Ablation (PLA) method has been successfully developed. The PLA was chosen for
its ability to control the power density deposited on the ablated surface as well as other
physical parameters in order to achieve the necessary conditions required for inducing
carbon phase transitions. In this manner, PLA was applied on highly oriented pyrolytic
graphite surfaces, and an extensive investigation involving many different experiments

took place in which critical parameters such as

e the energy density,
e number of laser pulses,
e the pulses repetition rate,

e as well as type and flow rates of catalysing confining gasses.

were carefully studied and considered.

The optimum conditions, within the available set up, were established making use
of an ultraviolet pulsed laser with power densities in the order of 108 W.cm under the
presence of hydrogen gas. The morphological and elemental characterisation carried out
with Scanning Electron Microscopy revealed the existence of two different regions within
a shockwave generated at the irradiated spots and the formation of pure carbon
nanostructures with spherical shape. The diameter of the formed nanospheres is of the

order between 40-50 nm, which is among the smallest reported in the literature so far.

Raman analysis of the laser impacted regions using micrometre size line-scans
along the shockwave area confirmed the nano-structuration of the HOPG surfaces and

the appearance of carbon nanospheres at specific shockwave regions. The Raman
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extracted parameters from the spectra were shown to be in complete agreement with
what has been suggested by Ferrari et al. [111], regarding phase transformation from

graphite to nano-crystalline graphite in terms of

e the shift of the G peak from 1581 to ~1600 cm™,

e the appearance of the D peak,

e an increase of Io/lg ratio, and

e the loss of the doublet of the 2D peak (~2700 cm).

Previously reported Raman broad bands in the literature corresponding to the
nanospheres in the range of 2700-3200 cm™ have also been observed in the present
work. The 2720 and 3242 cm* bands of HOPG are attributed to the second-order D (2D)
and G (2G) modes respectively [110]. The observed band at 2950 cm™ corresponds to
the combination mode of D and G bands. The characteristics of these bands in terms of
intensity, broadness, and red-shifts follow a well-established pattern reported in the
literature [112], which is directly related to the growth of carbon nanostructures. Such a
pattern can be noticeably seen in the present spectra (Figure 5.5 (b)). The 2720 cm™ D’
band progressively shifts to low frequencies, with broadening and decrease i )2D)n the intensity
in the region of high nanospheres production. The 3242 cm* G’ (2G) band follows a
similar pattern until it almost disappears in the region of high production of nanospheres.
These characterisations of the surfaces showed interesting evidence of surface nano-

structuration.

The formation of nanospheres was found to depend on the generated heat along
the propagation of the shockwave induced by the laser ablation. The important
thermodynamic parameters, such as the temperature and pressure and plasma
expansion, for the phase transition and the formation of nanospheres were calculated
from the studies of the different fluences used and a P-T diagram was presented. From
the same diagram, an explanation in regard to the optimum fluence was presented. The
reason was found to be due the location of the applied fluence (2 J.cm2) within P-T

diagram near the line that separates the solid and vapour carbon phases. These
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calculations were based on the work of Burgess et al. [63] and Fabbro et al. [39] for
different intensities, including the ones applied in our fluence study and confirmed that
the use of the laser ablation offered the advantage of reproducibility of the results under
optimum conditions. This reproducibility was introduced by the possibility of the laser to

control the pressures and temperatures generated.

In addition, by referring to the fundamental theory of nucleation, we narrated in
details and step by step the path that led to the transformation of HOPG to carbon
nanospheres. Hence, processes such as nucleation and growth have been in the spotlight
of our discussion. The calculations of the supersaturation Ay, nucleation work W, ., and
the critical radius of the nuclei R;,,,. were included in our research works and contributed

to reasoning about the formation of the carbon nanospheres.

It was found that the minimum nucleation work W, . is 4.52x10-%? Joules, and for

*

the nuclei to grow to become a cluster, its radius must be greater than R,,,,., and was
calculated to be 0.479 A. These values still have to be thoroughly verified due to the lack
of related information in the literature. Also, the unidentified composition of the plasma-
plume and the type of hydrocarbon bonding make it difficult to firmly confirm the calculated
parameters (mostly for R;,,.). In the future work, the use of optical emission spectroscopy

to characterise the generated plasma-plume may resolve this issue.

Furthermore, from the parameters study, the presence of hydrogen contents
during the ablation of HOPG was found essential for the formation of carbon
nanospheres. The study was conducted with H2/Ar and CH4 gasses. It was established
that 15 and 2 sccm were the optimum flow rates respectively in regard to the formation of
carbon nanospheres of high quality and production rate. Besides, the present study has
confirmed the important role played by the hydrogen during the nucleation process.

The research was further extended to include studies of electronic and magnetic

properties of carbon nanospheres grown with Chemical Vapour Deposition method using
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a state of the art physical property measurement system. Scanning electron microscopy
imaging of the two investigated sets of carbon nanospheres, grown under slightly different
conditions, revealed a difference in size with diameters of about 200 and 400 nm
respectively. Induced coupled plasma mass spectroscopy showed the presence of
ferromagnetic impurities such as Fe, and Ni at concentration levels to be less than 120
and 3 ppm respectively. PPMS magnetic measurements of the two samples showed two
different characteristics. In Sample “A”, with nanospheres of about 200 nm in diameter,
clear ferromagnetism behaviour was observed, while in sample “B”, diamagnetic
behaviour was observed except at low temperature (>10 K), at which clear
superparamagnetic behaviour is observed. The gathered evidence from ICP-MS and
Mossbauer spectroscopy showed that the observed ferromagnetism in the sample “A” is
in excess of what it could be accounted for by the magnetic impurities introduced during
the synthesis process. Presently, it is difficult to elaborate on the origin of the observed
ferromagnetic behaviour and it will become the main focus of the future work with a series

of new experiments and theoretical models.

For the electrical properties, the network of carbon nanospheres expressed a
semiconducting behaviour, and fitted the 3D variable range hopping at temperature range

in between 2-200K in agreement with work conducted on carbon nanotubes networks.

These properties of the carbon nanospheres discussed and described above, and
more importantly the ferromagnetic behaviour, could open a door for biological related
applications as drug delivery and photo-dynamic therapy. This characteristic of
ferromagnetism without introducing any magnetic impurities makes these carbon

nanospheres a good candidate for such applications.
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