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Abstract

BROADBAND PHOTON ABSORPTION IN SELF-ASSEMBLED NETWORKS OF

MULTIPHASE OXIDES OF TITANIUM

Pooja Thakur

Doctor of Philosophy, Aerospace Engineering, Ryerson University, Toronto (2017)

Titanium -dioxide (TiO2) has garnered immense interest as a potential photon absorber after the
discovery of its photocatalytic properties. However, its absorption is limited to the ultraviolet
region of the solar spectrum. Despite numerous efforts being made, the challenge to extend its
absorption capability to the entire visible and near infrared region (vis-NIR) still exists, which

together constitute about 90 % of the solar spectrum.

In this dissertation, a multiphase nano TiOx network, rich in defects and oxygen vacancies, has

been presented which can absorb photons over a broader range of the solar spectrum.

Experimental studies were initially conducted to phase functionalise titanium towards enhanced
photon absorption via a single step, ultrashort laser pulse material interaction process. This phase
functionalised titanium, characterised to be uniquely composed of multiple oxide phases of

titanium, can effectively absorb photons in the vis-NIR region

Using the above study as a template, a complex three-dimensional self-assembled nano network
composed of similar multiphase titanium oxides, was then synthesised. Free of any external
dopants, it exhibits a remarkable absorption of photons ranging from 300-1000 nm. To further

improve the absorptive properties of this ‘multiphase nano TiOx network’, particularly in the lower



visible range, the phenomenon of Surface Plasmon Resonance was utilised via its hybridisation
with gold and gold/palladium alloy. This successfully resulted in further optimisation of its

absorption.

The final study of the multiphase nano TiOx was done to understand the fundamental physics
behind its broadened photon absorptive behaviour. The condition of synthesis was varied by
introducing various contrasting plasma environments. Pronounced disorders and oxygen defects
of varying degrees within the crystalline structure were observed. The enhanced and broadened

absorption spectrum achieved was attributed to such defects and disorders.

The research done in this thesis demonstrates a unique nanomaterial based on multiple oxides
phases of titanium that is capable of absorbing photons both in the visible and NIR regions. The
contribution made towards the synthesis, investigation and subsequent manipulation of the self-
assembled multiphase nano TiOx network can thus be exploited in various photon harvesting
applications like photovoltaics and photo catalysis, where such a broadband photon absorption is

desirable.
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Chapter 1
Introduction

Absorption of photons is desirable in diverse applications. Generally, this involves the transfer of
energy from photons to electrons of the absorbing material. The range of the solar spectrum, from
which photons need to be harvested, is application specific. Selective absorption of photons from
sections of the visible light range is adequate for substances like pigments, dyes and photonic
crystals. Photo-electronic devices, like photo detectors and diodes, are often designed to be
sensitive to narrow wavelength ranges, and can convert the energy of those photons to an electric
current. Solar cells and various solar energy harvesting devices on the other hand, desire materials
that have a steady photon absorption over a broader range of wavelengths, and can harvest as many

photons as possible.

Numerous techniques have been applied to increase the absorption of materials. Surface texturing
and destructive interference coatings have been utilised to reduce reflection and to trap more
photons. They attempt to enhance absorption by coupling and trapping of light through total
internal reflection [1]-[5]. To collect infrared radiation, the process of up-conversion was first
implemented for infrared detectors, [6]. It was then explored for photovoltaic applications where
typical up-convertors consisting of active ions set in a host material were integrated into solar
devices [7]. With the advent of nanoscience and nanotechnology, attempting to harvest photons

over a broader wavelength using nanomaterials has become promising.



1.1 TiO, Nanomaterials

Nanomaterials based on numerous metals, metal oxides and semi-conductors like Si (both in
crystalline and amorphous form), TiO,, CdS, CdSe, CdTe, CIGS, ZnO and CuO have all been
applied as photon absorber materials [8]-[10]. But Titanium Dioxide in particular, has gained
much interest after the reporting of its excellent photo-catalytic behaviour [11], [12]. Titanium by
itself, (Atomic Weight: 47.88), is found abundantly in nature and is known for its high strength-
to weight ratio, low levels of toxicity and good corrosion resistance [12]. It has five naturally
occurring isotopes and two allotropic forms. Over the years, its reduced manufacturing costs has

propelled the usage of titanium compounds in numerous applications.

Titanium-dioxide, TiO>, the naturally occurring oxide of titanium occurs mainly in three different
forms: rutile (tetragonal), anatase (tetragonal) and brookite (orthorhombic). It is an n-type
semiconductor due to its oxygen deficiency [13]. It was and continues to be cheap, readily
available with low levels of toxicity, and is resistant to corrosion [12]. As mentioned earlier, its
been widely used as a pigment due to its high refractive index and brightness since decades.
However, since the discovery of the ability of TiO, to decompose water and produce hydrogen
under ultraviolet (UV) irradiation in 1972, a wide interest was generated into the research of TiO:
nanomaterials [11]. TiO2 based nanomaterials are synthesised using a number of methods like
Sol/Sol-Gel methods, physical and chemical deposition methods (PVD & CVD), oxidation
methods and hydro/solvo-thermal method [14], [15]. The method of manufacturing plays a

significant role in determining its properties.



1.2 Applications of TiO, Nanomaterials

Due to emergence of new physical and chemical properties at the nanometric scale, TiO>
nanomaterials of various shapes and sizes have been applied in photovoltaics, photocatalysis,

photonic crystals, sensors, UV blocks, pigment and paints [16].

With a large band gap value and a high absorption in the UV range, TiO2 nanomaterials have been
used in UV protection applications [17], [18]. These include sunscreen creams, textiles and plastic
films [18]. Its use in pigments and paints comes from the fact that it has a high refractive index
value of 2.70, which makes it better equipped to produce greater opacity [19]. As such, its colour

is controlled by its particle size [20].

The photocatalytic property of TiO2 arises due to the photocatalytic oxidation reactions that occur
after the absorption of a photon, of energy equal to its band gap or higher. This causes an excitation
of an electron from valence to conduction band, thereby leading to the generation of charge carriers
in the form of electrons and holes [21]. Such charge carriers then help in the degradation of
chemicals adsorbed on its surface [22]. The use of TiOz in photocatalysis is again driven by its
UV absorption capability and has been applied in the development of self-cleaning materials,
degradation of pollutants and bacteria killing agents [23]-[26]. W.ith the promise held by TiO>
nanomaterials by the virtue of their photocatalytic performance, many studies have been done to
overcome the limitation set by its narrow UV absorption spectrum. To exploit the properties of
TiO2 in numerous photon harvesting applications, broadening of the absorption capability of TiO-
to the visible spectrum is essential. This has led to many efforts being made to modify the optical

activity and hence absorption of TiO2, which will be discussed in the next section.



1.3 Efforts to Enhance the Optical Absorption of TiO>

Nanomaterials

Like any semiconductor, the optical absorption of TiO is determined by its electronic band
structure, especially its lowest energy transition. When this transition is direct, which corresponds
to electrical dipole allowed transitions, the absorption is characterised by sharp excitonic peaks.
Indirect transitions on the other hand require phonon assistance and have weak absorption with no
sharp peaks. Since TiO; has a large bandgap value, the lowest energy transitions occur in the UV-

near UV region.

Efforts made to enhance the optical activity of TiO. nanomaterials by broadening its absorption
capability to visible wavelengths can be broadly classified into three categories. This is illustrated

in Figure 1.1: Doping, Sensitisation and coupling [22].

Dopant

Semiconductor
or
organic dye

Figure 1.1: lllustration of the modification paths for TiO, nanomaterials [22].



Doping of TiOz has been done with both metal and non-metals to induce charge transfer between
the d-electrons of the dopant to conduction or valence band of TiO; and thereby cause a red shifted
visible light absorption [22]. This can help generate more electronic states above the valence band
of TiO.. Non-metals like Carbon, Nitrogen, Sulphur and transition metals like Vanadium,
Chromium, Nickle and Iron have all been used as dopants, with an effort to increase the absorption
in the visible region [27]-[32]. Figure 1.2 gives the red shifting of the absorption spectrum

achieved with different kind of doping.
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Figure 1.2: Absorption/Reflectance spectrum TiO2 nanomaterials doped with (A) Nitrogen (N), Tin(Sn) [33], (B)

Nitrogen [27], (C) Cerium (Ce) [34], (D) Silver (Ag) [35], (E) Ruthenium (Ru) [36], and (F) Gold (Au) [37].

Sensitizing of TiO2 with semiconductors like PbS nanoparticles, Ag nanoparticles and various
organic dyes is another method employed to improve its optical absorption. This has led to
improved photo conductance in visible regions, with dyes especially attracting more attention [38],

[39]. Organic conjugated polymers are also being studied for TiO2 sensitisation [40]. These



sensitizers when adsorbed onto the TiO> surface, are excited upon irradiation and act as electron
injectors into TiO2. The thermal and photochemical instability associated with such conjugated
polymers however, has restricted their usage [41]. This propelled research of Quantum Dots (QDs)

made of PbSe, CdTe ,InAs and other inorganic materials to sensitise TiOz [42]-[45].

The third method of TiO2 modification for improving its optical properties is the coupling of the
collective oscillations of electrons in the conduction band of the surface of the metal nanoparticles,
with those in the conduction band of TiO, [22]. This phenomenon, known as the Surface Plasmon
Resonance (SPR) has later been used to enhance the absorption of the nanomaterial developed in
this dissertation. This study is described in Chapter 6. Like sensitizers, Surface Plasmons are photo
excited in the visible region and act as electron sinks. Noble metals such as gold, silver and silver
halides have been used to enhance the visible light irradiation of TiO, [46]-[49]. Figure 1.3 given
below shows the enhancement in absorption achieved by inducing the plasmon resonance

phenomenon.
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Figure 1.3: Plasmon absorption spectrum of TiO. loaded with (A) Gold (Au) [50], (B) Silver (Ag) [51], and

(C) Absorption spectrum of TiO2 doped with Carbon and Fluorine and loaded with a Silver halide — AgCl [52].



More recently, efforts have been made to enhance the optoelectronic properties of nanostructured
TiO2 via ‘self-doping’. This is done by incorporating surface disorders and defects like titanium
interstitials (Ti®*) and oxygen vacancies in its structure [53]-[56]. Band gap reduction or induction
of mid gap states takes place which improve optical absorption [57]. Such surface defects and
oxygen vacancies also help in increasing the donor density by acting as electron donors and boost
charge transportation [57]. Thereby functional properties like electronic structure and catalytic
performance are much more effectively influenced and improved than by element doping [58].
This is because, conventional doping is afflicted by many issues. While metal doping causes
recombination of charge carriers, heavy doping with non-metals is often challenging, leading to
limited visible absorption [59], [60]. Furthermore, thermal instability and potential leakage of such
dopants can be an environmental hazard [61]. Thus ‘self doping’ strategies in TiO2 nanomaterials
are more advantageous and can help overcome such problems. Self doping is also favoured as it

helps retain the intrinsic crystal structure of TiO2[62].
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Figure 1.4 Absorption spectrum of various ‘self doped’ TiO, nanomaterials (A) stable blue TiO2« [63], (B)

black/brown/white defective TiO,.x[64], (C) black defective TiO,.x [65].

Latest works on ‘self doped’ TiO2 have resulted in the formation of TiO> nanomaterials which can

absorb the entire or part of visible light causing them to appear either black or of different colours



like yellow, blue, green or brown [54], [66]-[68]. This is due to the additional absorption bands
created due to defects and vacancies. Various reduction (from TiO) and oxidation methods (from
low valence state Ti species) have been employed to form self-doped TiO2, which are often
complicated and involve high costs [61]. Also, most of these methods result in the formation of
low concentration of Ti®* doping, often limited to surface, which either easily oxidise or show less
visible absorption due to inhibition of electron mobility [62]. The absorption spectrum of few such
‘self doped” TiO2 nanomaterials have been shown in Figure 1.4. Chapter 7 shows the work done
in promoting the formation of high degree of oxygen vacancies and defects in the nanomaterial
developed in this dissertation. The simple one step laser synthesis method is utilised to ‘self-dope’

and thereby disorder engineer the unique nanomaterial.

1.4 Research Motivation

As discussed in the previous section, many endeavors have been made by the scientific community
to broaden the absorption spectrum of TiO2 nanomaterials into the visible region. However, it has
been a challenge to extend the absorption capability of TiO> throughout the visible range and
beyond into the near infrared (NIR) spectrum. The entire visible and NIR regions constitute about
44 % and 40 % respectively of the solar irradiation reaching the ground level when the sun is at
its zenith [69]. It thus becomes imperative for any photon absorbing material to be able to
maximise the harvesting of this large pool of photons. TiO.-based nanomaterials have shown pre-
eminence as photon absorbers that can be applied in numerous disciplines, especially in
photovoltaics. This is due to their abilities in effectively generating charge carriers through UV

photon excitation, by the virtue of their superior photocatalytic properties. As such, there is



considerable incentive in extending the absorption spectrum of similar types of nanomaterials into

the vis-NIR region.

A simple one step method of fabricating three dimensional (3D) nanostructures via ultrashort laser
synthesis has been previously demonstrated in the Laser Micro Nano Fabrication Lab at Ryerson
University. Earlier studies conducted in the lab on nano Si showed improved absorption in the
visible region [70]. Oxides of Titanium, exhibiting semi-conductor characteristics themselves, like
Silicon were hoped to show an improved absorption enhancement via such a method. The
equipment and expertise to generate a Titanium Oxide based nanomaterial was thus already
available. Using the basics from those methods and by varying the laser material interactions,
nanomaterials can be developed whose physical and chemical properties can be manipulated on a
nano level. Leveraging such methods, the aim of this research has been to generate a nanomaterial
based on Titanium Oxides, and to engineer its properties for achieving enhanced and broadened

photon absorption.

1.5 Research Objectives

The main objectives of this research are given below:

e To develop a nanomaterial composed of Titanium Oxides that is capable of enhanced photon
absorption over a broader range of solar spectrum.

e To improve photo absorptive capabilities of the nanomaterial developed, by tuning its physio-
chemical properties through the utilisation of methods like plasmon resonance and disorder

engineering.



1.6 Dissertation Organisation

So far, Chapter 1 has introduced the diversity in applications of photon absorption materials. A
literature review of applications and limitations of the photo absorptive capability of TiO> has been
presented. This has been followed by a summary of efforts made by other researchers to overcome
such limitations, and a discussion of research motivations. This dissertation’s objective, as stated

in section 1.5, is to potentially attain ‘full spectrum’ photon absorption.

Prior to discussing the contributions of this dissertation, Chapter 2 and Chapter 3 lay out several
preliminary materials. The method used to synthesize nanomaterials based on the Oxides of
Titanium is laid out in Chapter 2. Following this is an explanation of the physics behind the
interaction of ultrafast laser pulses with the target material, along with the various mechanisms
leading to its formation. A mathematical analysis of surface-temperature calculation of the target
material is also presented, and a discussion of the mechanism behind the nanostructure’s formation
and growth is given. Chapter 3 lays out the experimental setup used for the material synthesis, i.e.,
the femtosecond laser fabrication system, and the material used for research studies. Next,
characterisation methods for the analysis of morphological, chemical and optical properties are

discussed, which have later been used on the nanomaterials developed in this dissertation.

Chapter 4 shows the phase functionalization of Titanium for the formation of a novel multiphase
Oxide of Titanium, which has an enhanced and broadened photon absorption capability. To better
understand the composition of this novel Oxide and the conditions leading to its formation,
material and phase characterisation studies have been carried out. This chapter concludes with
measurements of absorption enhancement achieved by the phase functionalization of Titanium,

and shows a calculation its band gap.

10



The incorporation of the above mentioned multiphase Oxide of Titanium in the form of a 3D self-
assembled nano network is presented in Chapter 5. The formation mechanism of this nano TiOx
network is elucidated, along with surface and material characterisations. A study has also been
performed by varying the laser synthesis conditions, and observing the changes in size distribution

of the nano networks and their absorption spectrum.

Building on this study, Chapter 6 delves into the modification of the nano TiOx network to improve
its ability to absorb photons. The induction of the surface plasmonic effect on the self-assembled
nano TiOx network is demonstrated through its hybridisation with gold and a gold/palladium alloy.
Illustrated in this chapter, are the studies that were performed to examine the impact of several
factors (like size, composition and degree of hybridisation) on the photon absorption capability of

this self-assembled 3D multiphase nano TiOx network.

Chapter 7 takes this a step further with the synthesis of a disordered multiphase nano TiOx network,
to promote the formation of defects and vacancies, achieved through alterations made in the plume
kinetics during the laser synthesis process. Characterisation of its surface and material properties
is presented, followed by an analysis of defects. Spectroscopy studies of this disordered material

are also offered, which include the absorption, emission and Raman spectrum results.

Chapter 8 then gives a brief discussion on the extended potential applications of the multiphase
nano TiOx network. Finally, Chapter 9 gives a summary of the entire dissertation, along with
concluding remarks on future research. Throughout the thesis, suitable references that touch upon
the theoretical aspects have been provided from literature, to cross reference and/or support the

research study results.
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Chapter 2

Laser Synthesis Mechanism

2.1 Physics of Ultrafast Laser-Material Interaction

Femtosecond (fs) lasers (also known as ultrashort pulse (USP) lasers) emit laser pulses with
duration of few femtoseconds to a couple of hundred femtoseconds. They are usually generated
using the passive mode locking technique. The femtosecond laser deposition timescale is less than
the time required for the atomic relaxation (thermalization) of the specimen. As such, the pulse
duration is much shorter than the time of transfer of energy between the free electrons and material
lattice. This results in the electrons absorbing the energy and the lattice being left cold. Threfore,

high temperatures and pressures are seen within a very short depth.

Femtosecond laser pulses can thus cause optical breakdown of the material. High laser intensities
result in a non-linear absorption of energy, leading to processes such as multi-photon ionisation.
Thereby, upon laser irradiation, the target material undergoes significant changes. Its response is

a function of local heating and cooling rates and the maximum temperature reached.

The “ablation threshold’ refers to the minimum energy of the laser required for starting the ablation
(atomic and molecular separation or displacement) of the material. When the incident laser beam
energy is smaller than the melting and ablation threshold of the target material, rapid phase

transformation and restructuring of the crystal lattice can occur at such high temperatures [71].
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The material used in this study, Titanium, was subjected to this kind of thermal activation process

to develop a novel multiphase Titanium Oxide. This study will be discussed in Chapter 4.

When irradiated with a laser energy greater than its ablation threshold, the target material
undergoes a material removal process. The energy dissipation and the corresponding material
removal after laser interaction can occur by two different mechanisms: (a) Thermal Vaporization,
(b) Coulomb Explosion. In thermal vaporization, the collisions between the photons and electrons
cause a significant increase in local temperature leading to vaporization of the material. This
usually occurs way above the ablation threshold leading to strong ablation. In Coulomb Explosion,
excited electrons escape bulk material and form a strong electric field, which causes the ions to be
pulled out in the impact area. This occurs near the ablation threshold leading to a gentle ablation.
The ionization generated by the above mechanisms continues until critical dense “plasma” is
created, above the sample surface. This “cloud” of plasma thus generated, called as the plasma
plume, consists of clusters of electrons, ions and target material particles [72]. In metals, the plasma
plume tends to form at lower laser energies than in dielectrics due to the presence of a large number
of surface electrons. Sometimes the “incubation effect” caused by the thermal influence of
previous laser pulses on the ablation performed by the ensuing laser pulses, affects the ablation
rate. The interaction of the species ejected from the target with that of the ambient gas influences
the formation and growth of nanoparticles. In laser pulses of femtosecond range, secondary
interactions between the ablated species and the laser beam do not take place, and the kinetic
energy of the expanding plume is large [73]. The angular distribution of the ablated species and
the kinetic energy of laser plasma plume influence the nanostructure formation and growth [73].
The use of femtosecond lasers for the synthesis of nanostructures is advantageous for several

reasons. Firstly, the pulse ends before the expansion and the laser does not interact with the ejected
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material [72]. This makes the study of hydrodynamics and thermodynamics possible without the
consideration of any external disturbances [72]. Secondly, the density of the material remains
unchanged, so the initial thermodynamic properties are easily known [72]. And finally, due to its
greater fluence, the femtosecond laser has the ability to heat any material to a solid density plasma

state with temperatures and pressure above the critical point [72].

2.2 Surface Temperature of Target Material

The surface temperature of the target material at the cessation of the laser material interaction is a
function of its thermal diffusivity and light absorption. The following method proposed in [74] for
the femtosecond laser system used in this dissertation, estimates the maximum temperature a target
material attains when heated by a train of femtosecond laser pulses. The heat loss due to radiation
and plume expansion is not considered for simplicity. It is assumed that the energy of the laser is
absorbed much before the complete penetration of the heat wave happens. The surface temperature
obtained at the end of a laser pulse, T,,, at the center of the laser spot area is given by the equation

[74], [75],

() 1(at,): W

Ty = »

where ¢, is pulse duration (pulse width), a is the thermal diffusion coefficient, « is the heat

conduction coefficient and I is the absorbed laser intensity, which for a wavelength of 1040 nm
(wavelength of the laser beam generated by the fabrication system outlaid in section 3.1 and used

for the generation of the nanomaterial in this thesis) was estimated to be [76]:
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where A is the laser absorption coefficient, P is the laser power, f is the pulse frequency or
repetition rate and d is the laser spot diameter.

As described in [74] and [75], Equation 1, applicable for a single laser pulse, is then used to arrive
at a second equation to calculate the average surface temperature T,, at the center of the laser spot

after ‘n” number of pulses [74], [75],

T, = 2a

(1—2“) Ty a —«
ire) 0= (1 A= a)) ©

where T, calculated in equation 1, is the temperature obtained at the end of the laser pulse at the

1
laser spot center, and « is a constant ratio given by [ tp -f] /2. Figure 2.1 shows this variation in
temperature of the target surface at a single laser spot centre, when heated by a series of laser

pulses [75].

-

<Tn>=2am
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Figure 2.1Temperature of the laser spot area on the target surface upon irradiation with a series of laser pulses [75].
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This equation 3 is eventually used to calculate the theoretical average surface temperature at the
laser spot center obtained for different laser parameters. The value of n in equation 3 was
substituted to be equal to the value of N, calculated for each specific laser parameters used. Negs
is the effective number of laser pulses which interact with a surface area equivalent to that of the
laser spot area, at a given pulse repetition rate and scanning speed. It can be calculated by equation

4 given below [77].
_ ()@ @

where d is the laser spot radius, f is the repetition rate and V is the scanning speed of the laser
beam on the surface of the target material. Furthermore, the laser fluence, Ly, defined as the as the

optical energy delivered per unit area (J/cm?) was calculated through out the thesis using the
equation [70]:

P

7= Fa@rzr ©

2.3 Nanostructure Formation and Growth

As the plume expands and diffuses into the surrounding medium, adiabatic cooling takes place
leading to vapour condensation and finally nanostructure formation. The time required for their
formation is much shorter than the time for which the plume exists [78]. And this difference in
time determines the growth of the nanostructures [78]. The laser plasma plume temperature and
the density of the ionic species inside the plume both increase with laser intensity until saturation

[72], [79]. The plasma species collide with molecules of the surrounding medium, causing
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aggregation of atoms and molecules which eventually form nuclei. The expansion of the plume
can be decelerated by introducing different background gases at various pressures. Apart from
compressing and restricting the plasma plume, it can lead to increased chemical reactivity between

the plume species and the gas molecules, forming various atomic and diatomic species [73].

The different stages of the vapour condensation mechanism involve the nucleation, growth and
finally cooling. Nucleation occurs when the barrier energy due to surface tension is overcome by
the surface energy. This surface energy is related to temperature and size. The particle formation

energy as a function of radius AG,,.(r) is given by the equation [80]:

4
AGyo () = 4mr?o — §m‘3(naAy) (6)

where r is the nuclei cluster radius (assumed to be spherical), Au = kT In(S) is difference in
chemical potential between condensed and uncondensed phases, o is the surface tension, n, is the
atom number density, k is the Boltzmann constant, T is absolute temperature and S is entropy.
Rate of nucleation is a function of super cooling and the rate of volume growth once the nuclei is
formed, is proportional to its area cross section [81], [82]. Both these factors determine the size of
the nanostructures formed which are usually below 100 nm. These newly formed nanostructures
continue to grow and agglomerate until they cool down, which is governed by the surrounding gas
medium. Furthermore, the rate of cooling influences the crystal behaviour of the nanostructure
formed. At higher cooling rates, metastable amorphous can nucleate but at lower cooling rates,
more stable crystalline phase can form [83]. Also, such crystalline nanostructures formed would
tend to be larger, as they had longer time to form (due to lower cooling rates) [83]. This influence
of cooling rate on the crystallinity of the nanostructure formed is observed and discussed further

in Chapter 7.
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2.4 Summary

This chapter provided the basics physics behind the interaction of a femtosecond laser pulse with
a target material. The formation of the laser plasma plume and its influence on the formation of
nanostructures is elucidated. The equation to calculate the surface temperature of the target
material, once the laser irradiation stops, at the laser interaction spot has been given. The chapter
closes with an explanation of how the vapour condensation mechanism leads to nanostructure

formation and the factors which influence its characteristics.
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Chapter 3
Experimental Setup and Procedure

This chapter deals with the experimental setup of the laser fabrication system, materials and
methodology employed for the experiments and the various characterisation methods used for the
studies in this dissertation. All experiments utilised the Megahertz femtosecond laser system
located at the Micro and Nano Fabrication Research Laboratory at Ryerson University, Toronto,

Canada.

3.1 Laser Fabrication System

All the experiments were carried out using a direct diode pumped, Yb-doped fiber amplified laser
system (Clark-MXR Inc. IM-PULSE series ultrashort pulse laser), to generate a femtosecond pulse
laser beam of pulse repetition rate (frequency rate) ranging from 200 kHz to 26 MHz. The laser
beam with a diameter of approximately 4.5 mm was expanded by using a combination of plano-
convex (f = —100) and plano-concave (f = 200) lenses. To circular polarize the beam, a quarter
wave plate was placed in its path and the beam was reduced to 8 mm. A two-axis computer
controlled Galvano scanner then scanned the laser beam normally on the sample surface. The beam
was then focussed normally on to the surface of the target material by using a telecentric lens of
focal length 63.5 mm. The laser beam has a Gaussian shaped beam profile and a central
wavelength of 1040 nm with a calculated highly focused spot diameter of about 10 um. Different

scanning speeds were used to scan the surface of the target material, at a constant average power
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of 16 W. The range of pulse separation varied from 250 fs to 10 ps. Repetition rate values were
chosen to be 4MHz, 8.36 MHz, 12.54 Mhz and 26.07 MHz. The laser fluence values calculated
2

using equation 5 at these repetition rates was 5.14 Jicm?, 2.46 Jlcm?, 1.64 J/cm? and .82 J/cm

respectively.

The laser spot overlap (LSO) percentage was determined to get a better understanding of laser

material interaction. The LSO formula is given by [84]:

LSO(%) = (1 _ fid) x100% (7)

where v is the scanning speed mm/s, f is the rep. rate in Hz, and d is the laser beam size in mm.
In this thesis, the following conditions were used, as shown in Table 3.1. For all laser conditions,

d = 0.01 mm, v and f values were varied.

Rep. Rate (Hz)

4x10° 8.36x10° 12.54%x10%  25.07x10°

1 99.9975% 99.9988%  99.9992%  99.9996 %

v (mm/s) 5 99.9875%  99.9940%  99.9960 %  99.9980 %

50 99.8750% 99.9402%  99.9601%  99.9801 %

Table 3.1: Calculation of LSO (%) values
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The experimental set up has been shown in Figure 3.1 using a schematic drawing.

Figure 3.1: Isometric view (top) & top view (bottom) of the experiment setup of the laser.
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3.2 Material

Titanium was used as the target material for all the experiments. It is available abundantly in nature
and is known for its high strength-to weight ratio and corrosion resistance. It’s a lustrous white
metal with low levels of toxicity. It has five naturally occurring isotopes and two allotropic forms.
The Titanium samples used for all the experiments were cut using a diamond saw and a coolant,
from grade 2 (ASTM B265) pure Titanium bars of 2 mm thickness. Any possibility of the presence
of minor surface defects and contaminants was removed by ground finishing and polishing,
followed by ultrasonic cleaning in distilled water. Thereafter, the laser beam was scanned on the
sample surface, under conditions of standard ambient temperature and pressure (SATP), at a
temperature of 298.15 K and an absolute pressure of 0.98 atm. The optical penetration depth of
the laser beam (central wavelength of 1040 nm) on the titanium substrate (absorption coefficient
of titanium at this wavelength is 4.8295e + 5 cm™) is 20.7 nm. The thermal penetration depth of
titanium for different laser pulse durations is approximately given as ~ \/5tp [85], where t, is the
laser pulse duration and D is thermal diffusivity of titanium (0.090123 cm?/s). The thermal
penetration depth for laser pulse durations of 214 fs, 714 fs and 1428 fs was calculated to be 1.39
nm, 2.54 nm and 3.59 nm respectively. Similarly, thermal penetration depth for a surface distance
equal to the laser spot diameter, at different laser scanning speeds of 50 mm/s, 5 mm/s and 1 mm/s

was calculated to be 42.45 pum, 134.25 pm and 300.2 pum respectively.
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3.3 Characterisation Studies

3.3.1 Morphology Characteristics

3.3.1.1 Scanning Electron Microscope (SEM)

The morphology of the functionalised Titanium and the nanomaterials was studied using an SEM
(Hitachi SU1510). This type of analysis is a non-destructive way to test the material. The
interaction between the high-energy electrons and the target surface is used to generate signals
which provide information about the external morphology of the sample surface. Two dimensional

(2D) images were acquired at numerous areas of the sample to provide special variation data.
3.3.1.2 Field Emission Scanning ElectronMicroscope (FE-SEM)

An FE-SEM (Hitachi SU8230) was used to perform ultra-high resolution imaging of the
nanomaterials. The cold field emission source of electrons in an FE-SEM leads to minimal heating
of the filament. This allows in obtaining better resolution images of the specimens. Through this a
better understanding of the 3D structure of the nano networks was achieved. Furthermore, highly
contrasting images of the plasmon hybridised nanomaterial were acquired, to better observe the

extent of coverage due to hybridisation.
3.3.1.3 Transmission Electron Microscope (TEM)

The nanospheres constituting the nanomaterials were studied by doing the TEM analyses (Hitachi
H 700 CTEM). The network was first detached from the substrate and immersed in isopropanol

solution. For homogenous dispersion of the nanospheres in the solution, the samples were ultra-
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sonicated. This solution of dispersed nanospheres was placed on copper grids and allowed to dry.
The TEM images were used to calculate the size of the nanospheres and a nanosphere size
distribution plots were constructed from the data. The size of the nanospheres were calculated by
using the public domain NIH Image program (developed at the U.S. National Institutes of Health

and available on the Internet at http://rsb.info.nih.gov/nih-image/).
3.3.1.4 High Resolution Transmission Electron Microscope (HR-TEM)

A HR-TEM can generate an interference image by using both transmitted and scattered beam of
electrons. This enables phase contract images to be created which can project 2D images of a
crystal. The HR-TEM (JOEL 2010) was used to study the crystal orientations of the nanospheres
in the nanomaterial and measure the d-spacing of the crystal lattice. The HR-TEM is also an ideal
tool to image the defects in a crystal. The analysis was used to image the defects in the disordered
nanomaterials and gain information about the type of defects in the crystal. Like the TEM analysis,
the nanomaterials were detached and dispersed in solution. This was then placed on copper grids

for analysis.

3.3.2 Chemical and phase characterisations

3.3.2.1 Energy Dispersive X-Ray Spectroscopy (EDX)

The elemental analysis of the functionalised Titanium and nanomaterials was done using the EDX
(Hitachi SU1510). Elemental mapping using line and area scans was done to know the chemical
composition of the nanomaterials. The EDX data gives peaks which corresponds to the elements

present in the sample. This technique has a benefit of being non-destructive.
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3.3.2.2 X-Ray Diffraction Analysis (XRD)

The phase composition of the functionalised Titanium and nanomaterials was determined through
XRD analysis (Bruker AXS D8 Discovery GADDS and X’pert PRO) using a CuKa radiation
source, conventional theta/2theta diffractometer. XRD works on the principle of constructive
interference between the sample and the incident X-ray beam. The subsequent diffraction of the
X-rays by the sample is then detected and processed to obtain the XRD pattern. The average
wavelength of the X-rays was 1.54184 A and the profiles were obtained with a 26 range of
30-78°. Compositional analysis was done using the Search-Match™ procedure to compare the
generated pattern with a standard reference pattern. This was followed by the Rietveld fitting to

know the approximate phase constituents of the samples.
3.3.2.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a surface sensitive technique to determine the chemical state of the material. The
characterisation of the functionalised Titanium and nanomaterials was done using an XPS (Themo
Scientific K-Alpha). Aluminum k-Alpha X rays are used as beam source to excite the samples and
cause emission of photoelectrons. An analyser then measures the energy of the photoelectrons.
From this value of binding energy, information about the elemental identity and chemical state can
be acquired. Average depth of penetration of source beams is 5 nm. Both the Ti 2p and O s1 spectra

of nanomaterial samples were obtained.
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3.3.3 Absorption, Emission and Raman Spectroscopic

Characterisation

3.3.3.1 Vis-NIR spectrometer

Optical absorption studies of all the material samples was performed using a reflection based
method. A spectrometer with a deuterium-halogen source in the range of 200-1100 nm (AvaSpec-
2048 Fibre Optic Spectrometer). The spectrometer has a fibre optic connector, collimating and
focussing mirror, along with a diffraction grating. The spectrometer was equipped with a
2048 pixel CCD detector array and calibrated to collect primarily diffused scattered light, as well
as some specular scattered light. The background ambient light is subtracted as ‘stray light’ by
taking an appropriate dark reference measurement. A single probe was used for both light emission
and detection, giving a high level of accuracy to the analysis. The set of the Vis-NIR spectrometer
has been given in Figure 3.2 [70]. In Chapter 7, the reflectance spectra of the disordered
nanomaterials were obtained using a UV-vis-NIR spectrometer (Lambda 1050) with a 150 mm

integrating sphere, for the calculation of band gap.

Spectrometer

Data analyzing system

Light emitting and
Detecting prop

Figure 3.2 Set of the Vis-NIR spectrometer [70].
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3.3.3.2 Raman Spectroscopy

The Raman spectra of the nanomaterials was measured using a Raman Spectrometer (BWTEK
NanoRam) with laser beam wavelength of 785 nm. The Raman spectra was used to characterize
the material phase composition of the nanomaterials. To compare the Raman enhancement at
multiple wavelengths of incident laser beam, a dual wavelength Raman microscope (BRUKER
Optics SENTERRA) was used. Raman spectroscopy is a form of vibrational spectroscopy and is
based on the principle of inelastic scattering of the laser incident on the sample. The interaction of
the laser light with the molecules and phonons in the system cause the energy of the scattered laser
photons to be shifted up or down. This shift is measured to give information of the vibration modes

and thus characterise the phase composition of the samples.

3.3.3.3 Spectrofluroscopy

The Excitation and Emission spectra of nanospheres constituting the nanomaterials was measured
at multiple excitation wavelengths varying in the range of 200-900 nm, by using a
spectroflurophotometer (Shimadzu RF-5301PC). The nanospheres were dispersed in aqueous
solution for stability in measurements. The Emission spectra was acquired to indicate the photon
excitation capability of the nanomaterials. Upon absorption of a photon of a certain wavelength by
the sample molecule, its electronic state changes from ground to one of the excited states (often
first excited state). The relaxation back to one of the lower vibration states then occurs, leading to
emission indicating fluorescence (at longer wavelength emission) or up-conversion (shorter

wavelength) process.
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3.3.4 Summary

This chapter describes the experimental set up used for synthesis of the nanomaterials for this
study, followed by the various methods used for its material characterisation and absorption
studies. A direct diode pumped Yb-doped fibre amplified laser system (Clark-MXR Inc. IM-
PULSE series ultra-short pulse laser) was used to synthesis the materials. Characterisation of
morphology was done using SEM, FE-SEM, TEM and HR-TEM. Material and phase
characterisation was done using EDX, XRD and XPS. Spectroscopy studies were done using a

spectrometer, Raman spectroscope and spectroflurophotometer.
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Chapter 4
Multiphase Functionalization of Titanium

Titanium on its own is a highly resistive and reflective metal. Its naturally occurring Oxide,
Titanium Dioxide has generated a wide interest due to its strong UV absorbing and photocatalytic
properties. It is extensively used as a mesoporous nanoparticle Oxide layer in solar cells and other
applications. But is still plagued by the issue of inefficient absorption in the visible and infrared
part of the solar spectrum, as indicated earlier in Chapter 1. Despite numerous efforts, there has
still not been any substantial gain observed in the vis-NIR region, especially beyond 700 nm.
Research in this area is still being pursued and continuous effort is necessary to look for neoteric
materials that can effectively tap visible and NIR photons This is to ensure that this part of the

solar energy doesn’t go untapped and then wasted, usually in the form of heat.

The study in this chapter is an effort directed towards the above-mentioned goal. It aims to improve
the photon absorptive capacity of Titanium itself and transform, to a certain extent, its wavelength
dependent absorptive response to a wavelength independent one. A novel multiphase Oxide of
Titanium was generated by a unique multiphase transformation. This was done to enhance its
absorption capability of visible and near infrared region photons and “functionalize” it towards
photon absorptive applications. Such a multiphase Oxide of Titanium with a high degree of
broadened enhancement in absorption, especially in the NIR region of 800-1000 nm, has seldom

been observed earlier for Titanium and its Oxides.
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4.1 Fabrication of Phase Functionalized Titanium

The multiphase Titanium Oxide was generated by laser irradiation of pure bulk Titanium by using
the laser system described in section 3.1. The grade 2 pure Titanium samples used for the
experiments were cut and prepared as per the process given in section 3.2. The experiments were

performed at a maximum average power of 16 W.

The laser beam was scanned across the Titanium surface along parallel lines at a constant pulse
width of 214 fs. The laser fluence was set in the range of 0.8208 J/cm? to 2.4614 J/cm?. Three
repetition rates were chosen 8.36 MHz, 12.54 Mhz and 26.07 MHz. To determine the optimal
scanning speed of the laser beam at which the functionalised titanium exhibited maximum
absorption, a preliminary set of experiments were conducted. The irradiation process was
conducted at laser scanning speeds of 50 mm/s, 100 mm/s and 200 mm/s, where no material
removal was observed. The absorption was measured for samples generated at each of these

conditions.

With laser pulse duration of 214 fs, it was found that the absorbance of the irradiated Titanium
surface reached maximum at the scanning speed of 50 mm/s. Therefore, 50 mm/s was chosen as
the optimum scanning speed to conduct all the experiments in this study. To test the effect of pulse
width on the absorbance, the above-mentioned experiments were repeated at pulse widths of
714 fs and 1428 fs. The laser scanning speed was kept constant at the observed optimum value of

50 mm/s.
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4.2 Material Characterization Studies

EDX analysis of the multiphase Titanium Oxide of the laser functionalised Titanium was
conducted to quantitatively identify and characterise its principal material components. This study
revealed the obvious increase in the Oxygen content in the laser material functionalised zone.
Figure 4.1(A) provides the EDX analysis of a laser functionalised Titanium sample done via a line
scan, where very little oxygen content along the base Ti substrate area is observed. However, an
apparent increase in oxygen content is seen along the area functionalised by the ultra-short laser
pulses. This can be confirmed by the greater value of the calculated O/Ti ratio in this area, as seen
in the plot of Figure 4.1(C). Further careful study of the O/Ti ratio within the laser functionalised
zone showed an increase in the oxygen content on the irradiated lines, bought about by the

oxidation process at the ultra-short laser material interaction site. The intensity decreased in

between the functionalised lines. This can be seen in Figure 4.1(B).
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Due to the inability of EDX to help characterise and identify the individual constituent phases of
the functionalised Titanium Oxide zone, XRD spectrum was obtained. The resultant XRD pattern
revealed that the Oxide layer was composed of three distinct Titanium Oxides phases: (TiO.716)3.76,
TiO2 (rutile) and TisO. The basal Titanium substrate showed highly discernible peaks
corresponding to Titanium with {002} and {101} lattice orientations. To quantitatively
characterise the multiple phases of the generated Titanium Oxide, Rietveld fitting of the XRD

patterns was done.
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Figure 4.2: wt. % distribution of each of the three identified Titanium Oxides as obtained by the Rietveld fitting and

the corresponding XRD patterns on the right, obtained at various laser parameters.

Figure 4.2 shows the plot indicating weight percentage (wt. %) of each of the Titanium Oxides
formed at a specific laser fluence and pulse width, along with their corresponding XRD patterns

obtained at each of those conditions. The most dominant phase (~70 % weight percentage) was
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found to be a non-stoichiometric Oxide of Titanium having the molecular formula of (TiO.716)3.76
(PDF2 source pattern: 01-073-1774 and ICSD collection code: 024286) . This rare Oxide of
Titanium, having an enlarged lattice when compared to that of the base Ti substrate, has a face
centered cubic structure (fcc) and a lattice constant of a = 4.1966 [86]. The structure is similar to
defective NaCl and its atomic position occupancy of Ti and O atoms are 94.0 % and 67.3 %
respectively [87]. Another rare Oxide of Titanium TizO (PDF2 source pattern: 01-072-1806 and
ICSD collection code: 020041), which has a hexagonal structure with lattice parameters of a =
5.15 and ¢ = 9.56, accounts for about 15 % of the weight [88]. The remaining is rutile TiO>, It
was observed from the Reitveld fitting that at constant pulse width, with a decrease in laser fluence,
the percentage composition of (TiO.716)3.76 and rutile TiO increased while that of TizO decreased.
Whereas, at constant laser fluence, as the pulse width decreased, the percentage composition

(TiO.716)3.76 decreased and the percentage composition of rutile TiO2 and TizO increased.

For an X-ray, with a Cu Ko radiation source, having a constant wavelength of 1.54060 A, the
calculated penetration depth is known to be approximately 7-8 um at 26 values of 60-65°. The
conspicuous absence of the Ti substrate peaks on the XRD plots of the samples shows that the X-
rays were not able to penetrate the multi-phased Titanium Oxide layer. It can therefore be safe to
ascertain the apparent thickness of the multi-phased Oxide layer on the laser functionalised zones
to be at least 7-8 um. This absence of a-Ti peaks also signified that the femtosecond laser
irradiation process lead to a “complete” and not partial oxidation of Titanium. To further
corroborate XRD analysis, Raman and XPS spectrum was acquired. The Ti 2p XPS spectrum
(given in Figure 4.3(A)) showed Ti 2ps2 and Ti 2pa2 peaks characteristic of Ti** oxidation state

and were thus attributed to TiO.. Since XPS is a highly surface sensitive technique, it is possible
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that it could only characterize the top most thin Oxide layer formed upon exposure to the ambient

air (TiO2) and not the other lower Oxides of Titanium otherwise identified by XRD analysis.
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Figure 4.3: (A) Ti 2p XPS spectrum, and (B) Raman spectrum of the laser functionalised zone when synthesised at

different laser conditions.

For the Raman spectroscopy analysis, a central wavelength of 532 nm was used as excitation laser
beam. The Raman plot of the non-functionalised Titanium substrate area on samples was devoid
of any peaks, which confirmed the absence of Oxides on these areas. The measurements taken at
ambient conditions of all the laser functionalised areas on the samples, showed three sharp peaks
at the following given wave numbers: 145 cm™?, 240 cm™, 443 cm™ and 610 cm™. The Raman
spectra taken for samples created at 2.4614 J/cm? laser fluence and various pulse width values is
given Figure 4.3(B). These peaks correspond to the characteristic peaks of rutile TiO,. As already
evidenced by the XRD results, no presence of anatase TiO2 was recorded by the Raman

spectroscope in all the laser irradiated samples. The absence of the other two Oxides of Titanium
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(TiO.716)3.76 and Ti3O on the Raman plots can be explained by the fact that neither of the two

Oxides are Raman active due to which they cannot be detected via the Micro Raman.

HR-TEM was used to identify the crystal lattice and verify the presence of the three Titanium
Oxide phases identified in the XRD study. The results are given in Figure 4.4. First, the d-spacing
of the different lattice orientations were calculated using the Fast Fourier transform (FFT) image
obtained by NIH's ImageJ™ software. The measured d-spacing values were then compared to
those listed in the standard Powder Diffraction File (PDF-2) database to see if the values agreed
with any of the three identified Titanium Oxides. In Figure 4.4(A), the d-spacing of the lattice
fringes seen in area 1, calculated from the FFT image (inset) was found to be 2.40 A. The two
lattice planes seen in the FFT image of area 2 were calculated to have a d-spacing of 3.300 A and
2.450 A. These values seem to be consistent with the standard PDF2 values of {101} orientation
plane (i.e. 2.487 A) and {110} plane (i.e. 3.248 A) of rutile phase of TiO,. Furthermore, the

tetragonal shape of TiO> is clearly visible in the marked area 2.

The lattice d-spacing of the FFT image of the fringes seen in Figure 4.4(B) were calculated to be
3.350 A, 2.630 A and 2.400 A. These d-spacing values are agreeable with the PDF2 values of
hexagonal TizO Oxide. The table in Figure 4.4 (C) shows the measured d-spacing values and the
standard reference values for the corresponding lattice planes of TisO. {102}, {103} and {004}
lattice planes with the d-spacing values of 3.260 A, 2.592 A and 2.390 A, respectively. Figure
4.4(D) has three marked areas. The Figure 4.4(E) shows the measured d-spacing values and the
standard reference values from the PDF2 source and the Titanium Oxides to which they most

correspond to.
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Figure 4.4: HRTEM image of (A) rutile TiO particle showing different planes in area 1 and 2, (B) hexagonal TizO,
with the FFT and magnified image given in the inset, (C) d-spacing values of different planes of TisO as measured

from figure (B) and standard (PDF2 source) values, (D) fcc-structured (TiO.716)3.76 (area 1 and 3) and Ti3O (area 2),
with the FFT image given in the inset, and (E) Measured and standard (PDF2 source) d-spacing values of fringes

present in different marked areas of figure and the corresponding identified Oxide of Titanium.
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Figure 4.5: N vs. Laser fluence plot with the corresponding SEM images of the laser functionalised zone at

extreme condition of laser fluence.

Surface morphology of the laser functionalised samples was then examined via SEM to reveal the
presence of a molten recast layer. This molten recast was more pronounced at higher laser fluence
values and was seen to have ‘round platelet’ like formation. The overlapping of the platelets was
seen to reduce with a decrease in the effective number of pulses due to fewer number of laser
pulses hitting the same spot on the metal target before the laser moves on to the adjacent area. On
the other hand, a ‘web-like’ surface was observed for areas functionalised at lower laser fluence.
No removal of material was observed on any of the laser transformed samples. Figure 4.5 shows
the variation of number of ultra-short laser pulses hitting the Titanium sample surface as the
fluence is changed. The corresponding change in surface morphology seen is indicated by the SEM

images provided in the inset.

37



4.3 Photon Absorption Under Various Synthesis

Conditions

The absorption properties of the irradiated Ti samples were obtained using the spectrometer. The
absorption was then plotted against the wavelength, at constant laser fluence values. The
absorption properties of the multi-phased Titanium Oxide zone were then compared with that of

the base untreated Ti substrate.

Several interesting observations were made. The absorption intensity showed a steady increase as
the wavelength increased from 300 nm to 1000 nm. The absorption plateaued for wavelengths
greater than 750 nm. This signified that the laser irradiation process had a significant impact on
the absorbance properties of the phase transformed Titanium in the vis-NIR region of the solar
spectrum. At a given laser pulse width, the direct proportionality of absorbance with the effective

number of pulses and inverse variation with the laser fluence was observed.

The spectral studies performed for samples prepared at different pulse widths revealed a similar
increase in absorbance at greater wavelengths with respect to the base non-laser transformed
Titanium surface. This can be seen in Figure 4.6. It was observed at higher laser fluence that the
absorbance tended to increase as laser pulse width became longer (Figure 4.6(A)). However, this
increase in absorbance with pulse width showed a reverse trend from 714 fs to 1428 fs at a lower
laser fluence values, as seen in Figure 4.6(B) and (C). This might indicate the presence of a lower
threshold value of laser fluence beyond which, the effect of increase in pulse width does not result

in absorption enhancement but rather veritably, leads to its inhibition.
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Figure 4.6: Absorbance measured at different wavelengths for the three pulse width values of 214 fs (red), 714 fs
(green), 1428 fs (blue), at a constant laser fluence value of (A) 2.4614 J/lcm?, (B) 1.6409 J/cm?, and

(C) 0.8082 J/cm?.

Further comparative analysis was done by plotting the increment in absorbance against the
Reitveld fitted weight percentage values of each of the Titanium Oxides calculated earlier for each
laser parameter. It was observed that the variation in the weight percentage of each of the three
Oxides had a much greater influence in the absorption at wavelengths longer than 800 nm. It was
also observed that at longer pulse durations, where lower amounts of rutile and more of (TiO.716)3.76

were present, a considerable amount of gain in absorption, in the wavelength range of 800-1000
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nm was seen. It is thus possible that the non-stoichiometric Oxide phase of Titanium (TiO.716)3.76
might have played a role in such an enhancement of absorption in the NIR region. This is

elucidated in Chapter 7.

4.4 Band Gap Calculations

To further study the optical properties of the multi-phased Oxide of Titanium, its band gap, Eg,
was calculated from the optical absorbance spectrum, e(A). The Tauc’s equation was used to
measure the band gap [89]:

w?e = (hw — Eg)* (8)

where w= 2m/A, and h is the Plank’s constant. The intersection of a straight line extrapolated from

the curve si/x vs. 1/ A with the abscissa axis gives the value of the band gap. The units of abscissa
axis are formatted to give the energy value E, in electron volts (E = hc/A), where c is the speed
of light. The table 4.1 gives the band gap values calculated for the functionalised Titanium
generated at various laser parameters. It was observed from the above calculation that the multi-
phased Titanium Oxide exhibited an average band gap value of 2.39 eV, which is much lower than
the bulk TiO2 band gap value of 3.2 eV. The presence of the (TiO.716)3.76 in the multi-phased laser
functionalised zone, could have rendered the lowering of the band gap value by the virtue of its

non-stoichiometry [90], [66].

Laser scanning speed (mm/s)

200 100 50

Laser fluence (J/cm?)  Eg (eV) Eg (eV) Eg (V)

2.4614 2.6 2.6 2.4
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1.6409 2.5 2.5 2.3

0.8208 2.3 2.2 2.2

Table 4.1: Band gap values, Eg (using Tauc’s equation), of the functionalised Ti generated at various laser

parameters.

4.5 Summary

In this chapter, a novel Oxide of Titanium composed of multiple rare phases is reported, which
due to its notable vis-NIR absorption capabilities has the potential viability of being used as an
intrinsic photon absorber. The multi-phased Titanium Oxide, composed of three different Oxide
phases of Titanium, was developed by a unique interaction between ultra-short laser pulses and
the base Ti substrate. The composition of each of these phases was shown to vary with the ultrafast
laser processing parameters, which induced photon absorption properties to the multi-phased
Titanium Oxide material. The fabrication of this multi-phased Oxide of Titanium yielded to the
transformative phase functionalization of the base Ti towards an average of almost a three-fold
absorption gain in the visible region and a four-fold absorption gain in the NIR region of the solar
spectrum. Characterization studies were performed to identify the discrete Titanium Oxides. This
was followed by a transient temperature analysis, given in appendix A, to understand the ultrafast
laser processing conditions that were conducive for the formation of each of Oxide phase. The
optical band gap of the generated rare multiphase Oxide of Titanium was averaged to be around
2.39 eV, which is about 25 % lower than that rutile and 20 % lower than anatase, the two most
prevalent phases of TiO>. A window of opportunity exists to capitulate on the high photon
absorptive properties of the generated multi-phased Oxide of Titanium and thereby transform and

fine tune Titanium into a highly photon sensitive material in the vis-NIR region. The significant
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absorption gain thus reported, especially in the NIR of the solar spectrum, by the unique phase
functionalization of Titanium can be availed in the continued pursuit over a “full spectrum” photon

absorption.

42



Chapter 5
Synthesis of Multiphase Nano TiOx
Networks

In this chapter, a photo absorptive nanomaterial network synthesised by incorporating the
multiphase Titanium Oxide presented in Chapter 4 is illustrated. The multiphase aspect of the
Titanium Oxide nanomaterial has been exploited to expand the absorption range and demonstrate
greater sensitivity towards photons of wider area of the vis-NIR region. This nanomaterial is
structurally 3D in nature and dopant free. It has been synthesised by the formation of an ionised
plume and a unique phase transformation process brought about by the interaction of high energy
ultra-short pulses with the Titanium metal substrate. It has exhibited enhanced absorption that is
three times greater in visible region and six times greater in NIR than base Titanium. The synthesis
of such a highly photo absorptive nano network serves as an important first step towards improving

the prospect of it being implemented in various photon harvesting devices.

5.1 Self-Assembly of Nano TiOx Network

The Titanium Oxide nanomaterial was generated under conditions of standard ambient
temperature and pressure (SATP) and at laser fluence values of 5.14 J/cm?, 2.46 J/cm? and

1.64 Jicm? (which correspond to repetition rates of 4 MHz, 8.36 Mhz and 12.54 MHz
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respectively), each at three different pulse widths (durations): 214 fs, 714 fs, 1428 fs, with peak
power ranging from 90 MW/pulse to 1885 MW/pulse. The laser beam was scanned normally on
the sample surface at the rate of 5 mm/s with an average power of 16 W. Titanium samples were

cut and prepared as described in section 3.2.
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Figure 5.1: Multiphase Titanium Oxide nanomaterial formed by ultra-short laser synthesis mechanism in ambient

air.

As elucidated in Chapter 2, the synthesis of the Titanium Oxide nanomaterial via ultra-short laser
material interaction can occur either due to the initial ejection of target Titanium atoms in a
coalesced form or by the subsequent collisions and assembling of ablated atoms in the plume. The
interaction time between the ultra-short laser pulses (femtosecond (fs) duration) and the Titanium
target material is extremely brief in nature. Due to this, it is known that the bulk of the target lattice
remains cold and only electron excitation takes place, causing the density of the target material to
remain constant [91]. The multiple ultra-short laser pulses hit the target with a time separation of

anywhere between 40 to 250 nanoseconds between each consecutive pulse (depending on the
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repetition rate chosen). This results in a large amount of energy being transferred to the target
material (Titanium) but not enough time for it to be dissipated before the next pulse hits the sample.
This leads to the formation of a plasma plume consisting mostly of ejected Titanium target material
atomic species which subsequently diffuse and collide with the air molecules. The collision of the
target Titanium species with the air molecules leads to their recombination and reduction in
temperature. Vapour condensation then follows, leading to the nucleation and growth of the
coalesced nanomaterial and the subsequent formation of a three-dimensional network due to

aggregation. This laser synthesis mechanism has been illustrated in Figure 5.1.

The number of ultra-short pulses interacting with the Titanium surface in a unit time and the
temperatures generated on the sample surface and in the plume of atomic species, are important

parameters which influence the synthesis of the nanomaterial.

5.2 Surface and Material Phase Characterization

Prior to identifying the material and phase composition of the synthesised nanomaterial, its surface
morphology was inspected using an SEM. The study revealed the presence of a three-dimensional
network of nanomaterial composed of individual spherical nanostructures agglomerated and
coalesced together. The density of this nano network was seen to diminish with the lowering of
the laser fluence as well as the peak power at which they were generated. The SEM images given
as an inset in Figure 5.2(C) show the areas scanned by the ultra-short laser pulses, are completely
camouflaged by a dense network of nanomaterial at 5.14 J/cm? laser fluence. As the fluence
reduced to 2.46 J/cm?, gradual appearance of the contours of the parallel lines along which the
laser beam was scanned is seen (Figure 5.2(B)). At the lowest value of laser fluence, 1.64 J/cm?, a

stark pattern of the laser irradiated lines was observed due to a decrease in the density of the
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synthesised nanomaterial. Few aggregated nanostructures were seen extending and meshing over
the grooves present in between two scanned lines (Figure 5.2(A)). Additionally, the presence of
aggregated 3D nanostructures that further coalesced together to form circular "pores™ was also

seen, the size of which was observed to diminish with laser fluence [92].
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Figure 5.2: SEM images of the nanomaterial network generated at (A) 1.64 J/cm?, (B) 2.46 J/cm?, and

(C) 5.14 J/icm? laser fluence values.

To determine the size distribution of the individual nanospherical structures which agglomerated
together to form the aggregated 3D nano network, TEM analysis of the nanomaterial was
conducted. Figure 5.3 shows the particle count distributions at different laser processing
conditions, with the TEM micrographs of nanospheres given in the inset. It was observed that for
a given laser pulse width duration, as the laser fluence was increased, the mean size of the

synthesised nanostructures also increased. Figure 5.3(B) and Figure 5.3(A) show this increase in

46



the mean size of the synthesised nanospheres as the laser fluence value increased from 1.64 J/cm?

to 5.14 J/cm?, at a constant pulse duration of 214 fs.
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Figure 5.3: Size distribution of the nanospheres of the nano network synthesised at laser fluence and pulse width
values of (A) 5.14 J/cm?, 214 fs, (B) 1.64 J/cm?, 214 fs, and (C) 5.14 J/cm?, 1428 fs calculated using TEM

micrographs. Inset shows a TEM micrograph of the nanostructures formed at the given laser condition.

It was observed that at 5.14 J/cm?, the presence of nanospheres larger than 20 nm in size increased.
Furthermore, at a given laser fluence value, larger nanospheres were observed at shorter pulse
widths. This is indicated in Figure 5.3 where, at a constant laser fluence of 5.14 J/cm?, the mean
size of the nanospheres decreases from 13 nm at a pulse width of 214 fs to 10 nm at 1428 fs pulse
width. The visible increase in the density of the network of nanomaterial formed at higher laser
fluence, as well as the corresponding increase in the average size of the nanospheres can be

attributed to two factors. One, the high surface and plume temperatures generated because of
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greater laser fluence. Two, the reduction in the number of ultra-short pulses interacting with the
sample Titanium surface (but with greater peak power per pulse). Reduction in number of pulses
hitting the sample causes an attrition in the number of substrate atoms evaporated by the incident
laser beam. This results in fewer number of possible nanoparticle nucleation sites in the plume,
which inevitably lead to an enhancement in the particle size [93]. Also, the existence of such high
temperatures at higher fluences and shorter pulse width conditions results in the arrival of the next
pulse to occur much before the temperature has cooled below the vaporisation point. As such,
greater coalescing and agglomeration of the spherical nanostructures takes place, with larger
nanostructures being formed. Furthermore, a narrower nanosphere size distribution was observed
at longer pulse widths (Figure 5.3(C)) than at shorter pulse durations (Figure 5.3(A) & Figure
5.3(B)). The presence of a bimodal size distribution was observed at the higher laser fluence value
of 5.14 J/cm?. This can be attributed to an integrated effect on the particle growth rate at such

higher fluence values, by both the ionised as well as neutral species in the plume generated [94].

The elemental and phase composition of the synthesised nanonetwork was then determined. EDX
analysis of high resolution SEM images of nanospheres revealed their main constituents to be
Titanium and Oxygen. Figure 5.4(A) shows the electron image of the aggregated nanospheres
synthesised at a laser fluence of 5.14 J/cm?and a pulse width of 1428 fs. Its Oxygen and Titanium
distribution obtained by the EDX area scan analysis, is shown in Figure 5.4(B) and Figure 5.4(C)
respectively. This indicated that the nanomaterial was composed of an Oxide of Titanium. Figure
5.4(D) shows the EDX line scan of a single nanosphere formed at a laser fluence of 1.64 J/cm? and

pulse width of 214 fs.
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Figure 5.4: (A) Electron image of nanonetwork captured by HR-SEM and the corresponding EDX area scan
showing its (B) Oxygen, and (C) Titanium elemental distribution. (D) EDX Line scan analysis of a single spherical

nanostructure.

XPS spectral analysis was conducted to yield further information on the composition and the
chemical state of the synthesised nanomaterial. The XPS spectrum of core level Ti 2p showed
peaks corresponding to Ti 2pa;2 and Ti 2p12. The binding energy of Ti 2p12 varied in the range of
464.7 eV to 465 eV, whereas the binding energy of Ti 2ps;2 varied from 458.9 eV to 459.4 eV.
These correspond well to the binding energies reported for TiO2[95]. Thus, the nanomaterial was
considered to be composed of Titanium Dioxide phases. Further investigation of the XPS spectrum

showed a chemical shift of about 0.4 eV of the Ti 2ps/2 core line, towards lower binding energies
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at higher fluence and shorter pulse widths. This indicated that the nanomaterial synthesised under
these conditions could have lower oxidation states of titanium and the phase of TiO2 present could
be rutile (Figure 5.5) [95]. The phase of TiOz identified at lower fluences and longer pulse widths

was anatase (Figure 5.5) [95].
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Figure 5.5: XPS spectrum showing a chemical shift for the nanomaterial synthesised at different lasing conditions.

Due to the highly surface sensitive nature of the technique involved in XPS study, XRD analysis
was conducted to confirm the above observations and further characterize the phase composition
of the nanomaterial. The XRD patterns thus obtained showed the presence of additional phases of
Titanium Oxide and exhibited the synthesised nanomaterial to be uniquely ‘multiphase’ in nature.
For the nanomaterial synthesised at the highest fluence value of 5.14 J/cm? (Figure 5.6(A)), the
XRD pattern had peaks corresponding to four different Oxide phases of Titanium: (1) anatase and
rutile, the two most dominant phases of TiO», (2) TisO, a rare low temperature Oxide of Titanium,

(3) (TiO.716)3.76, @ non-stoichiometric Monoxide of Titanium. However, for the nanomaterial
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formed at the lowest laser fluence value of 1.64 J/cm? (Figure 5.6(B)), anatase and rutile were the
only phases present. As such, at highest laser fluence values, which also corresponded to the lowest
frequency of ultra-short pulses interacting with the Titanium sample surface, a greater variation in
the degree of phase transformation process was observed in the synthesis of the nanomaterial.
Here, both higher and lower Oxides of Titanium were present. Due to the extreme high
temperatures being generated within a very short time span at such laser conditions, rapid cooling
follows post the cessation of laser-material interaction. Such an environment can serve as a priori
for vacancies to be present in the synthesis of nanostructures resulting in the formation of non-
stoichiometric Oxides of Titanium, which could explain the presence of (TiO.716)3.76 in the
multiphase nanomaterial. Due to the multiphase nature of the nanonetwork formed, for clarity the

nanomaterial will be addressed as multiphase ‘nano TiOx network’.
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Figure 5.6: XRD patterns obtained for the multiphase nanomaterial synthesised at a laser fluence of (A) 5.14 J/cm?,

and (B) 1.64 J/cm?.
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Furthermore, as observed and illustrated earlier in Figure 5.3, large sized nanospheres were
synthesised at higher fluences. It is possible that during the course of the growth of such large
nanostructures over a period of time, ‘shielding’ of the areas below the surface of the
nanostructures from the Oxygen present in the ambient atmosphere could have led to lower Oxides
of Titanium being formed. The XRD patterns in Figure 5.6(A) and Figure 5.6(B) also indicate that
the pulse width did not have much influence on what type of phase constituted the nanomaterial.
Apart from the above-mentioned phases, all the samples had XRD peaks corresponding to a-

Titanium present as well.

Rietveld fitting procedure of the XRD patterns was later done to quantitatively approximate the
weight percentage of each of the different phases constituting the multiphase nano TiOx network,
when synthesised at various laser conditions (Figure 5.7). The presence of greater amount of rutile
was observed in the nano TiOx network formed at conditions of high temperature (i.e., high laser
fluence) and high laser peak power (i.e., shorter pulse width) with a corresponding reduction seen
in the amount of anatase phase. This is due to the fact that at higher temperatures the phase
transformation of anatase to rutile occurs [22]. Another possible reason could be that, in larger
particles (>14nm in size), which are more dominantly formed at conditions of high temperature,
rutile is known grow at a faster rate and found to be more stable than anatase [96]. This is also in
agreement with the observation made from the study of XPS spectrum. Furthermore, the presence
of higher amount of anatase in smaller mean sized spherical nanostructures correlates with the fact
that anatase has been reported to be more stable in small sized nanoparticles (< 50 nm) and is
known to transform to rutile once higher temperature or greater particle size is reached [22]. A
slight increase (about 0.4 wt. %) in the amount of the non-stoichiometric Oxide (TiO.716)3.76 Was

also seen at longer pulse widths in the Rietveld fitted values.
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Figure 5.7: Pie charts showing the Rietveld fitted weight percentage values of all the identified phases for the
multiphase nano TiOx network synthesised at a laser fluence and pulse width values of (A) 5.14 J/cm?, 214 fs,

(B) 5.14 J/lcm?, 1428 fs, (C) 1.64 J/cm?, 214 fs, and (D) 1.64 J/cm?, 1428 fs.

5.3 Photon Absorption and Raman Enhancement

The absorption properties of the photoabsorptive multiphase nano TiOx network was then
measured. A steady increase in absorption in the visible and near infrared region of 300 nm to
1000 nm was observed. The absorption was much greater at wavelengths corresponding to the
near infrared region between 800 nm to 1000 nm, than at wavelengths corresponding to visible
region of the solar spectrum. Figure 5.8 shows the absorption spectrum of the nano TiOx network
synthesised at various laser conditions as well as that of base Titanium substrate. To better
understand the impact that each of the multiple phases present in the nanomaterial might have had
on its absorption properties, the weight percentage values of each of the phases present in the
nanomaterial (as calculated by the Rietveld fitting procedure) was compared with the

corresponding absorption spectrum that was obtained.
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Figure 5.8: Absorption spectrum of the multiphase nano TiOx network synthesised at laser fluence of (a) 5.14 J/cm2,

(b) 2.46 J/cm2 and (c) 1.64 J/cm2 and different laser pulse widths.

Not much variation in the absorption spectrum was seen between nanomaterials synthesised at
different lasing conditions. The significant enhancement and broadening of the absorption
spectrum observed for the synthesised nanomaterial could be due to the resultant effect of the
complex morphology of the three-dimensional nanomaterial network and the multiphase nature of

the Titanium Oxides.

Raman Spectra were later obtained for the synthesised multiphase Titanium Oxide nanomaterial

and the base Titanium substrate at two incident laser beam wavelengths: 532 nm and 785 nm.
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Figure 5.9 shows the Raman spectra obtained for the base Titanium substrate and the multiphase
nano TiOx synthesised at various laser conditions. While the Raman spectra of the base Titanium
substrate contained no peaks, all the Raman spectra of the synthesised multiphase nanomaterial
exhibited Raman peaks corresponding to anatase (at wavenumber 514 cm™) and rutile (at
wavenumbers 443 cm™ and 610 cm™). The other two lower Oxides of Titanium, found in the
nanomaterial synthesised at higher laser fluences, TisO and (TiO.716)3.76, could not be identified
via Raman spectroscopy due to their Raman inactive nature. This is because of the non-symmetric
nature of their molecular structure. That results in no polarizability change in the molecule, and
the subsequent absence of any Raman active vibration modes that are required to give a band in
the Raman spectrum [97].

Another critical observation made in the acquired Raman spectra of the synthesised multiphase
nano TiOx network was the significant amount of Raman enhancement attained at both laser beam
wavelengths. This was done to further obtain evidence of the enhanced photon absorption observed
earlier, as Raman scattering of photons is always preceded by the absorption of the incident
photons by the molecules of the material [97]. As such, the significant Raman enhancement seen
in the spectral peaks, with more enhancement at 785 nm than at 532 nm, is also an indicator of
the increment in photon absorption of the unique multiphase nano TiOx network at longer

wavelengths.
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Figure 5.9: Raman Spectra obtained at two laser beam wavelengths (532 nm and 785 nm) for both the base Titanium
substrate and the multiphase nano TiOx at laser fluence and pulse width values of (A) 5.14 J/cm?, 214 fs,
(B) 5.14 J/cm?, 1428 fs, (C) 2.46 Jicm?, 214 fs, (D) 2.46 Jicm?, 1428 fs, (E) 1.64 Jicm?, 214 fs
(F) 1.64 J/cm?, 1428 fs. The Raman spectra of the base Titanium substrate obtained at 532 nm and 785 nm laser
beam wavelength is indicated in black and red colour respectively. The Raman spectra of the nanomaterial obtained

at 532 nm and 785 nm laser beam wavelength is indicated in blue and olive green colour respectively.
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5.4 Summary

In this chapter, we report a Titanium Oxide photoabsorptive nanomaterial that is uniquely
multiphase and has demonstrated the ability to effectively absorb photons in the deeper visible as
well as the Near Infrared region of the solar spectrum. The absorption spectrum obtained for this
multiphase nanomaterial revealed a three-fold enhancement in the deeper visible region of the
spectrum and a six-fold enhancement in the NIR region when compared to the base Titanium
substrate. This dopant free and three dimensionally arranged nanomaterial was determined to be
distinctively hybrid in nature and comprised of multiple phases of Titanium: Ti3O, (TiO.716)3.7,
rutile and anatase. This photoabsorptive multiphase nano TiOx network was synthesised by a
unique fusion of plume formation and vapour condensation mechanisms, brought about by the
interaction of ultra-short laser pulses and base Titanium substrate. The weight percentage of each
of these phases of Titanium Oxide was shown to vary with the nature of interaction, which
governed the thermal and physical conditions at the time of formation. This study thus presents a
photoabsorptive and dopant free multiphase Titanium Oxide nanomaterial with a broadened
absorption spectrum extending to deeper visible and Near Infrared region of the solar spectrum.
The potential applications of this multiphase nanomaterial with such an enhanced and broadened
photon absorption capability, can include its implementation and integration in photon harvesting

and other nano engineered systems.
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Chapter 6
Plasmon Hybridization of Multiphase

Nano TiOx Networks

Photoabsorptive nanomaterials in the form of single layered plasmonic nanostructures and
quantum dots (QDs) are being employed to boost the absorption of light by exploiting the plasmon
resonance [98]-[101] and quantum confinement effect respectively [102]-[104]. However, their
applications have been limited due to very narrow absorption bandwidth that is strongly dependent
and limited to their Plasmon resonant peaks, as in case of plasmonic nanostructures [105], or the
band gap and amount of stacking, as in case of quantum dots [106], [107]. As such there is a
paucity of nanomaterials which can exhibit a broadened and enhanced absorption bandwidth that
can be easily fabricated and do not require additional cost bearing steps like doping or multiple

stacking.

In this chapter, a plasmon hybridised nano TiOx that has demonstrated an enhanced photon
absorption capability over a wide range of the solar spectrum, extending from visible to near
infrared wavelengths (300-1000 nm) is outlined. To serve as a template, the self-assembled
multiphase nano TiOx network described in Chapter 5 was utilised. This nanoporous, cross linked
self-assembled network of nanomaterial fabricated on a base Titanium substrate and having
multiple resonant optical modes due to its complex structure, had effectively displayed the ability

to harvest photons over deeper visible and near infrared region of the solar spectrum.
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In plasmonic metal nanomaterials, conduction electrons oscillate collectively at resonant
frequency, which cause the incident light to be strongly scattered or absorbed [98]. This
characteristic property is thus utilized in trapping of photons of different wavelengths, by
correspondingly tuning the resonant frequency of the nanoparticles, which is a known function of
the particle size, shape, material and the refractive index of surrounding medium [98], [108]-[110].
Resonances in between the resonant frequencies of two individual metals can also be achieved by
alloying of metal particles, which further provide an opportunity to broaden the absorption

spectrum [105].

Gold (Au) monolayer nanoparticles which only exhibit a plasmon resonance peak in the visible
region were exploited and amalgamated to induce the localised surface plasmon resonance (LSPR)
behavior and sensitize the self-assembled nanomaterial to expand its absorption spectrum in the
visible region. This utilisation of the LSPR effect in multiphase nanomaterial was done via the
fabrication of a plasmon hybridised multiphase nano TiOx that is multilayered and three
dimensional. Since Resonances in between the resonant frequencies of two individual metals can
also be achieved by alloying of metal particles, which further provide an opportunity to broaden
the absorption spectrum [105], Gold/Palladium (Au/Pd) alloy plasmon hybridised nanomaterial
was also fabricated and studied. Assessment of the influence of Au and Au/Pd plasmon
hybridisation on the nanomaterial was conducted by varying the degree of hybridisation to
optimize the surface plasmon coupling at the interface of the metal nanoparticles and core
nanomaterial. To incorporate further controllability and study the feasibility of tuning the optical
properties of the hybridised nanomaterial towards broadband photon absorption, the effect of
change in the phase composition and average size of the individual nanospheres constituting the

nanomaterial network on the absorption spectrum was also studied.
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6.1 Induction of Localized Surface Plasmon Behaviour

Using Au and Au/Pd Alloy

The core multiphase nano TiOx network was initially synthesised by an ultrashort laser pulses, as
described in Chapter 5 and seen in Figure 6.1 (A). The laser beam was scanned at a speed of
5 mm/s on the Titanium samples at effective laser fluence values of 5.14 J, 2.46 J and 1.64 J per
unit square centimeter. The corresponding repetition rates were 4 MHz, 8.36 Mhz and 12.54 MHz
respectively. To incorporate an additional study variable, the duration of ultrashort laser pulses
was varied, and the experiments were conducted at laser pulse width values of 214 fs, 714 fs and
1428 fs. The multiphase nano TiOx was then hybridised with Au and Au/Pd alloy nanoparticles
and nano islands, as seen in Figure 6.1(B) and(C) respectively, to induce the phenomenon of
localized surface plasmon resonance (LSPR). The hybridisation was done via plasma assisted
deposition process, by using a Sputter Coater (Quorum SC 7620) for various time durations using
Au and Au/palladium alloy targets. Two sample sets of plasmon hybridised multiphase nano TiOx
nanomaterial decorated with noble metal nanoparticles of Au and Au/Pd alloy (Au:Pd::80: 20) of
varying atomic % concentrations were thus generated. The atomic concentrations were varied by
choosing two plasma assisted deposition times: 30 s and 60 s. The atomic concentrations were
then measured using EDX point scan. The first set of core self-assembled nanomaterial samples,
synthesised at all the previously stated laser parameter conditions, were coated with average Au
atomic concentrations of 1.74 % and 3.56 % (corresponding to deposition times of 30 s and 60 s
respectively). The second set of core self-assembled nanomaterial samples, again synthesised at
all the previously stated laser parameter conditions, were coated with Au/Pd alloy having average

Au atomic concentrations of 0.82 %, 1.63 % and the corresponding palladium atomic

60



concentrations of 0.30 %, 0.68 % respectively (corresponding to deposition times of 30 sand 60 s

respectively).
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Figure 6.1:(A) Graphical illustration of the fabrication mechanism of the core self-assembled multiphase nano TiOx

followed by its plasmon hybridisation with (B) Au and (C) Au/Pd alloy.

6.2 Surface Morphological Characterization

The study of the morphology of the Au and Au/Pd alloy plasmon hybridised nanomaterial revealed
that the deposition of the above noble metals was non-uniform along the depth of the 3D
nanomaterial network. The Au atoms deposited on the nanomaterial formed a thin layer of

coalesced large islands, covering a large area of topmost layer of the 3D network. This can be
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attributed to the tendency of Au atom to agglomerate, due to their high surface tension [111]. At
deeper levels of the nanomaterial network, widely space, smaller islands of Au were observed.
Samples hybridised with Au/Pd alloy on the contrary, indicated a uniform deposition on the
nanomaterial, consisting of compact, mostly spherical, particles devoid of any significant
coalesced large island formation. This is because palladium acts as a physical barrier and prevents
the inherent tendency of atoms of Au to coalesce and form clusters. As with Au hybridised

nanomaterial, the extent of deposition was lesser at greater depths of the nanomaterial network.

Figure 6.2(A) shows the back scattered SEM image of the Au plasmon hybridised multiphase
nano TiOx nanomaterial synthesised at laser fluence of 5.14 J/cm? and pulse duration of 214 fs.
Figure 6.2(Al) and Figure 6.2(A2) show the corresponding secondary electron images taken at a
higher magnification. The brighter areas covering the nanostructured network indicate the higher
average atomic numbered Au that is seen forming large coalesced islands at the top but reducing
to nanoscale spherical islands at the bottom of the network. Figure 6.2(B) shows the Au/Pd alloy
plasmon hybridised multiphase Titanium Oxide nanomaterial synthesised at a laser fluence of
5.14 J/cm? and pulse duration of 1428 fs having a uniform deposition with no large coalesced
island formations. Figure 6.2(B1) and Figure 6.2(B2) show the corresponding secondary electron

images taken at a higher magnification.
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Figure 6.2: SEM images of the self-assembled 3D network of core Titanium Oxide multiphase nanomaterial

plasmon hybridised with (A) Au, and (B) Au/palladium alloy.

The following formula was used to estimate the maximum possible thickness of both Au and

Au/Pd alloy plasma deposited on the top surface of the multiphase nano TiOy [112]:

D = Kt 9)
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where D is the thickness of the deposition, K, is the material constant in argon gas (for Au,
K ~0.17 and for Au/Pd K ~ 0.16), I, = 18 mA is the sputtering current (adjusted by argon gas
partial pressure in the sputter coater) and t is the deposition time chosen to get different atomic

percentages concentrations of Au and Au/Pd.

Taking the approximate deposition rate for Au atoms into consideration, it was deduced that the
maximum thickness of the Au layer on the top surface of the multiphase nano TiOx network could
not be more than 9 nm for the nanomaterial samples deposited with an average Au atomic
concentration of 1.74 % and 18 nm for the samples with an average Au atomic concentrations of
3.56 %. Likewise, due to a lower deposition rate for the heavier Au/Pd alloy, the maximum
thickness would not exceed 8.5nm and 17 nm for the samples deposited with an atomic

concentration of Au 0.82 %, Pd 0.30 % and Au 1.63 %, Pd 0.68 % respectively.

As LSPR is a function of the size of the noble metal plasmon nanoparticles [113], it is imperative
to distinguish and observe the extent of coverage of the individual Titanium Oxide nanospheres of
the core nanomaterial by the plasmonic Au and Au/Pd nanoparticles. TEM images of the
nanomaterial samples were thus taken to better predict their surface plasmon behaviour. Figure
6.3(A) shows the core non-hybridised nanomaterial synthesised at a laser fluence of 1.54 J/cm?
and pulse duration of 1428 fs, which is subsequently plasmon hybridised with Au (Figure 6.3(B))
and Au palladium alloy (Figure 6.3(C)). The highly-contrasted images clearly indicate the darker
Au and Au/palladium islands on the lighter multiphase nano TiOx nanospheres. The greater
tendency of Au atoms to agglomerate and form coalesced islands than Au/Pd is also seen in Figure

6.3(B) and (C).
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Figure 6.3: TEM images of the (A) Self-assembled core nano TiOx nanomaterial consisting of aggregated

nanospheres which are subsequently plasmon hybridised with (B) Au and (C) Au/Pd alloy.

Raman spectra for the plasmon hybridised nanomaterial synthesised at various laser processing
conditions was later obtained at two laser beam wavelengths: 532 and 785 nm. Figure 6.4 shows
the Raman spectra at laser beam wavelength 532 nm, for the nanomaterial synthesised at a laser
fluence of 1.64 J/cm? and pulse width value of 1428 fs and plasmon hybridised with different
atomic concentrations of Au and Au/Pd. The spectra of base Titanium substrate plasma deposited
with a layer of noble metal nanoparticles was also acquired and found to have no Raman peaks

due to their Raman inactive nature. The non-hybridised core multiphase Titanium Oxide

65



nanomaterial exhibited high intensity Raman peaks corresponding to both anatase (513 cm™) and

rutile (447 cm™and 612 cm™). No Raman peaks were observed for the other Oxides constituting

the nanomaterial, as both TizO and (TiO.716)3.76 are Raman inactive due to non-symmetric nature

of their molecular structure [97]. For the nano TiOx plasmon hybridised with Au and Au/Pd alloy,

the intensity of those peaks reduced progressively as the amount of plasma metal deposition was

increased, until no peaks were seen due to the shielding effect of the increased metal coating. The

Raman peaks for the nanomaterial hybridised with Au/Pd were more pronounced since shielding

effect of the Raman signal was less inhibited. This is due to the fill factor being reduced by the

smaller size of the Au/Pd nanoparticles. This can be clearly observed in Figure 6.4(A) and (B).
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Figure 6.4: Raman spectra obtained at a laser beam wavelength of 532 nm for the multiphase nano TiOy before and

after its plasmon hybridisation with (A) Au, and (B) Au/Pd alloy. The Raman spectra for the base Titanium substrate
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with and without the noble metal hybridisation has also been plotted.



6.3 Enhanced Photon Absorptive Behaviour

The absorption spectrum of the synthesised core self-assembled nano TiOx before and after
plasmon hybridisation was acquired and plotted. The resultant spectrum was also compared to the
absorption of three control surfaces. The first being the base Titanium substrate with no noble
metal deposition or nanomaterial present on it, the second and third being only the base
Ti substrate, covered with a monolayer of Au and Au/Pd alloy of the same atomic % concentration

as that deposited on the nanomaterial being studied.
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Figure 6.5: Broadening and enhancement observed in the absorption spectrum of the plasmon hybridised multiphase

nano TiOx with respect to titanium substrate.
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Figure 6.5 shows the absorption spectrum of all the above-mentioned samples. The core
multiphase nano TiOx was synthesised at a laser fluence of 1.64 J/cm? and pulse width of 1428 fs.
The base Titanium substrate covered with a monolayer of Au showed the plasmon resonance peak
centred at 430 nm, while the substrate covered with a monolayer of Au/Pd alloy showed a much
more broadened peak centred on the same wavelength. The obvious shift from the characteristic
SPR band of Au nanoparticles, widely reported to be around 520 nm, could be due to the influence
of the dielectric properties of the surrounding medium, namely air and Titanium substrate [114].
As clearly indicated, the nano TiOx exhibited an absorption spectrum more enhanced than the base
Titanium substrate, with almost a six-fold increment seen at wavelengths greater than 650 nm,
which was consistent with the previous study described in Chapter 5. This enhancement was
attributed to the characteristic multiphase nature of the synthesised core Titanium Oxide
nanomaterial, comprising of the following Oxide phases of Titanium: rutile, anatase, TizO and

non-stoichiometric (TiO.716)3.76 [115].

Another influential factor for the enhanced photon absorptive behaviour of the self-assembled
nanomaterial could be the three dimensionality of the network structure and the ‘web-like’
morphology that renders the multiphase Titanium Oxide nanomaterial to behave like a penetrable
porous material. This complex three dimensional structure of the aggregated nanospheres to form
the core semiconductor nanomaterial network, could have contributed towards the improvement
of the optical absorptive properties of the nanomaterial. This could be a result of delocalization
and collective electronic states formation that could have arisen due to the close interaction

between the individual aggregated nanospheres in the 3D network [116].

The range of absorption of the Au plasmon hybridised nanomaterial was as broad as that of the

non-hybridised core multiphase nanomaterial, ranging from 300-1000 nm, but the measured
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amount of absorbance was almost double of that of the non-hybridised nano TiOy. Furthermore,
the measured absorption spectrum of the Au/Pd alloy plasmon hybridised nanomaterial was seen
to have a distinct absorption spectrum, with more absorption than the Au plasmon hybridised
nanomaterial in the visible range (300-750 nm), but a slightly reduced absorbance observed for
the Near Infrared Region (NIR) (800-1000 nm). It is known that the surface plasmon resonance
in the metal nanoparticle islands leads to charge separation in the semiconductor material,
followed by the injection of electrons into its conduction band from the metal nanoparticle, causing
the formation of a Schottky barrier and leading to greater electron transfer and reduced
recombination [117]. As such, the enhanced absorption spectrum observed for the multiphase
Titanium Oxide nanomaterial plasmon hybridised with Au and Au/Pd alloy, could be a
consequence of this plasmonic surface interaction between the coated nano sized noble metal
plasmon islands and the core Titanium Oxide nanomaterial. The considerably higher absorption
seen for Au/Pd hybridised nanomaterial in the visible range (300-750 nm), in comparison to the
Au plasmon hybridised nanomaterial, could be due to the combined surface plasmon effect
contributions of both palladium and Au and also due to the smaller size of the Au/Pd islands on
the nanomaterial than the large coalesced Au islands formed due to Au hybridisation. This is in
agreement with previous widely reported studies that increase in the size of noble metal
nanoparticles leads to a red shift of their plasmonic absorption, as seen in our multiphase nano TiOx

plasma coated with Au, due to shifting of peak modes to lower energies [118].

Furthermore, the change in morphology of the multiphase nanomaterial network due to the
plasmon hybridisation of its individually aggregated nanospheres, with Au and Au/Pd metal

nanoparticles and nano islands, results in enhanced photon absorptive behaviour. The size and

69



shape of such plasmon metal nanoparticles on the core nanomaterial determine their absorption

and scattering cross section, as established by the Mie theory in the following equations [119]:

2T

Caps = TIm[ad] (10)
1 2m\*
Csca = E (T) |ad|2 (ll)

where, Caps and Csca are the absorption and scattering cross section of the metal nanoparticles and

Im indicates the imaginary part of the polarizability of the metal nanoparticle, a,, given by [98]:

[e(w) — &m]
[e(w) + Ksém]

ag = (14 ks)egV (12)

where, e(w) is the complex dielectric function of the particle, V is the volume of the particle, &,
is the medium dielectric constant, g, is the permittivity of free space and k; is the shape factor.
The above equations exhibit that absorption process dominates smaller metal particles while
scattering is more pronounced in larger metal particles [119]. As such, a combination of scattering
and absorption phenomena over the entire range of the three-dimensional nanomaterial network,
due to difference in the extent of coverage of the nanomaterial by the plasmon noble metal
nanoparticles, could have resulted in more photons being trapped and harvested. This extent of
coverage and hence hybridisation of the nanomaterial by the plasmon noble metal nanoparticles
and nano islands is a function of both the noble metal atomic concentration, as well as the position
of the aggregated nanospheres within the nanomaterial network. The top of the network would
obviously be covered to a larger extent than the subsequent layers at the bottom. Furthermore, in
Figure 6.6 and Figure 6.7, it is clearly seen that the extent of coverage of the nanospheres of

multiphase Titanium Oxide nanomaterial by the Au and Au/Pd nanoparticles is greater for higher
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atomic % concentration hybridisation of the noble metal nanoparticles on the nanomaterial. This
results in scattering being the most dominant extinction phenomena where large islands of the
plasma coated metal on the multiphase nanomaterial are present and the absorption process
dominating at places where smaller size of the metal islands cover the multiphase nanomaterial
[105]. Additionally, the greater absorption seen in the Au/Pd alloy hybridised nanomaterial than
the Au hybridised nanomaterial could be due to the more spherical/hemi spherically shaped Au/Pd
nanoparticles, as observed in all the TEM images. This is because such symmetrically shaped
metal nanoparticles have a single dipolar plasmon resonance, with all their dipolar modes being
degenerate, thereby leading to enhanced scattering and trapping of photons [120], [121]. If the fill

factor fis taken to be as,

Vislands

fi= (13)

Vcore

where V., IS the average volume fraction of the core multiphase Titanium Oxide nanosphere and
Vislangs 1S the average volume fraction of the Au or Au/Pd plasmon metal islands on the core
nanomaterial, it is observed that as atomic percentage concentration and coverage of the Au or

Au/Pd plasmon islands on the core nano TiOx increases, the fill factor value also increases.

71



Figure 6.6: Variation in the degree of coverage and hybridisation of the core multiphase nano TiOy by coalesced

islands of Au, at different atomic % concentrations of (A) 1.74 %, and (B) 3.56 %.

Figure 6.7: Variation in the degree of coverage and hybridisation of the core nano TiOx by Au/Pd alloy, at different

atomic % concentrations of (A) 0.82 % Au, 0.30 % Pd, and (B) 1.63 % Au, 0.68 % Pd.
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6.4 Changes in Absorbance due to Variations in

Morphology and Phase Composition

To comprehensively understand the optical absorption behaviour of the plasmon hybridised
multiphase nano TiOx, three characteristic studies were performed. In the first study, the core
composition of the nanomaterial was kept constant and only the extent of hybridisation by the
plasmon metal nanoparticles on its surface was altered. This was done to study the effect of change
in size and shape of the plasmon metal nanoparticles, on the surface plasmonic behaviour of the
nanomaterial. In the second study, both the core composition of the core self-assembled
nanomaterial as well as the extent of plasmon metal hybridisation on the nanomaterial were kept
constant. The only variable that was altered was the average size of the individually aggregated
nanospheres constituting the nano TiOx network. This was done to understand the change in the
plasmonic coupling effect between the core nanomaterial and plasmon metal nanoparticles.
Finally, a third study was then performed to investigate if a change in the core composition of the
nanomaterial itself would influence its photon absorptive behaviour. In this final study, the extent

of metal plasmon hybridisation on the nanomaterial network was kept constant.

Figure 6.8 shows the first study, where the variation in the absorption spectrum is seen for the core
multiphase nano TiOx synthesised at a single laser processing condition of 1.64 J/cm? laser fluence
and 1428 fs pulse width. Thereby it represents having the same core material composition, but
plasmon hybridised with different atomic percentage concentrations of both Au and Au/Pd on its

surface. Investigation of the material composition of this core synthesised nanomaterial, done in
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Chapter 5, had revealed that it was constituted of two common phases of TiO2: anatase and rutile
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Figure 6.8: Absorption spectrum of the core nano TiOx synthesised at 1.64 J/cm? laser fluence and 1428 fs pulse

width and having the same phase composition but plasmon hybridised with different atomic % concentrations of

(A) Au, and (B) Au/palladium alloy. The various colours in the pie chart schematic, representing an individually

plasmon hybridised nanosphere constituting the nanomaterial network, indicate the various Titanium Oxide phases:

cyan — rutile, blue — anatase.

In Figure 6.8(A), a visible enhancement in absorption (almost 1.5 times that of core multiphase

Titanium Oxide nanomaterial) is seen when the core nanomaterial is initially hybridised with just

1.74 atomic % concentration of Au. This is due to the emergence of greater charge separation and

plasmonic coupling effects between the smaller islands of Au and the core nanomaterial, which

can lead to improved photocurrent density in the plasmon hybridised nanomaterial [105].

However, as the atomic % concentration of Au is increased (and hence the fill factor) to 3.56, a

drop in the absorption is seen. This drop in the absorption could be associated with greater surface
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recombination as well as photon reflection occurring at various possible sites on such larger and
thicker islands of Au. A similar observation was made for the nanomaterial sample, plasmon
hybridised with Au/Pd, as seen in Figure 6.8(B), where the least amount of Au/Pd hybridisation
(0.82 % Au, 0.30 % Pd) gave the highest amount of photon absorption and further deposition led
to decreased absorption. The obvious blue shift and broadening of the absorption spectrum, as
observed for the Au/Pd Plasmon hybridised nanomaterial, is attributed to the smaller size of the

plasmon Au/Pd nanoparticles, as stated earlier.

Figure 6.9(A) and (B) show the spectral absorption of the nano TiOy, plasma hybridised at a
constant average atomic concentration of Au (1.74 % Au) and Au/Pd alloy (0.82 % Au,
0.30 % Pd) respectively. The average size of the aggregated nanospheres constituting the 3D
nanomaterial network was varied (< 5nm difference) and the phase composition was kept
constant (rutile and anatase), by synthesising them at different lasing conditions, as determined in
Chapter 5. Smaller average sized nanospherical structures in the nanomaterial network were
synthesised at laser processing conditions of 1.64 J/cm? laser fluence and 1428 fs pulse width.
Larger average sized nanospherical structures were synthesised at 1.64 J/cm? laser fluence and
214 fs pulse width. For the nano TiOx, plasmon hybridised with Au, as seen in Figure 6.9(A),
nominal change in the absorption spectrum was observed with variation in the average size of the
nanospheres. With Au/Pd plasmon hybridised nanomaterial, a slightly broadened absorption
spectrum in the visible region of the solar spectrum was observed only for the nanomaterial
containing smaller sized aggregated nanospheres. This showed that the size of the nanospheres by
themselves, which aggregate and self-assemble to form the core multiphase Titanium Oxide

nanomaterial, did not have a significant influence on its photoabsorptive property.
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Figure 6.9: Absorption spectrum of the core nano TiOy synthesised at a laser fluence of 1.64 J/cm? and two pulse
widths values (214 fs and 1428 fs), and plasmon hybridised with a constant atomic % concentrations of (A)
Au (1.74 % Au), and (B) Au/palladium alloy (0.82 % Au, 0.30 % Pd). The various colours in the pie chart
schematic, representing an individually plasmon hybridised nanosphere constituting the nanomaterial network,

indicate the various Titanium Oxide phases: cyan — rutile, blue — anatase.

Displayed in Figure 6.10, is the final study performed to examine if a change in phase composition
of the core multiphase nanomaterial had any impact on its photon absorption ability. For this study,
the phase composition of the nano TiOx was initially restricted to only two phases of Titanium
Dioxide, anatase and rutile, by synthesising it at a laser fluence of 1.64 J/cm? and pulse width of
1428 fs as observed in section 5.2. A second sample of the core nanomaterial was then synthesised
at a laser fluence of 5.14 J/cm? and pulse width of 1428 fs, to be composed of not two but multiple
Oxide phases of Titanium, namely: rutile, anatase, TisO and non-stoichiometric (TiO.716)3.76, again
seen in section 5.2. Both the nanomaterial samples were then plasmon hybridised with the same

amount Au and Au/Pd alloy and their absorption spectrum was acquired.
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Figure 6.10: Absorption spectrum of the core self-assembled multiphase nano TiOx synthesised at a pulse width of

1428 fs and two laser fluence values (5.14 J/cm? and 1.64 J/cm?) and plasmon hybridised with a constant atomic %

concentrations of (A) Au (1.74 % Au), and (B) Au/palladium alloy (0.82 % Au, 0.30 % Pd). The various colours in

the pie chart schematic, representing an individually and plasmon hybridised nanosphere constituting the

nanomaterial network, indicate the various Titanium Oxide phases: cyan — rutile, blue — anatase, black — a Ti, red —

Tiz0, green- (TiO 716)3.76.

As seen in Figure 6.10(A) and (B), the impact of variation in the phase composition of the core

nanomaterial on the absorption spectrum was observed to be minimum. As such, after the above-

mentioned studies were conducted on the plasmon hybridised nanomaterial, it was inferred that

only a change in the extent of hybridisation of the metal nanoparticles on the core multiphase

Titanium Oxide nanomaterial was a factor significant enough, to influence its plasmonic behaviour

and consequently its ability to absorb more photons over a broader range of the solar spectrum.
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6.5 Summary

In this chapter, we describe the plasmon hybridisation of the multiphase photoabsorptive
nanomaterial reported earlier in Chapter 5. Further broadening of the absorption spectrum of the
self-assembled nanomaterial over the entire visible and near infrared region of the solar spectrum
was achieved via the induction of localised surface plasmonic behaviour through its hybridisation
with Au and Au/Pd alloy metal plasmons. An inclusive study conducted to understand the
influence of various factors on the photon absorption ability of the Plasmon Hybridised multiphase
nanomaterial revealed that the degree of hybridisation had a greater impact on the absorption
capacity of the nanomaterial than the size and phase composition of the self-assembled
nanospheres. This ensures greater controllability in being able to improve the optical behavior of
the hybridised nanomaterial towards broadband wavelength absorption. Capitalization of the
plasmonic resonance behaviour of Au and Au/Pd metal plasmons in the visible region and the
unique combination of absorption and scattering of deeper visible and near infrared photons,
occurring throughout the self-assembled three-dimensional nanomaterial network lead to an

overall absorption enhancement in both visible and near infrared region of the solar spectrum.
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Chapter 7

Broadband Absorption Spectrum with
Disordered Multiphase Nano TiOx
Networks

The structure of TiO2 is known to be a function of its surface energy, which determines its reactive
properties [122], [123]. Structure modification of TiO for altering its optical properties to better
harvest light has been attempted by introducing lattice disorder and dopants [67]. As mentioned
earlier in section 1.3, most recent efforts to enhance the optoelectronic properties of nanostructured
TiO2 have focussed on ‘self-doping’, to introduce surface disorders and Oxygen vacancies in its
structure without the use of external dopants [53]-[56]. They have resulted in the formation of
colourful self-doped TiO2 which have gained a lot attention in the field of photovoltaics, especially

‘black TiO2’ [54], [66], [67].

This chapter introduces a unique disordered multiphase nano TiOx, rich in Oxygen vacancies and
defects. ‘Self doping’ by formation of high degree of vacancies was induced by tailoring its growth
and phase state at the nano level. The plasma condensation mechanism was regulated and the
kinetics of the plume was modified through the alteration of its ionic content. This was done by
introducing Oxygen-rich and then Oxygen-poor conditions at the interface between the laser

plasma plume and ambient atmosphere, alongside the alteration of interactions between the ultra-
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short laser pulses and the base Ti substrate. Through this, the desired ionisation process was
stimulated and the plume temperature tuned. This enabled the self-assembly of the disordered
multiphase nano TiOx to be managed at the molecular level and thereby engineer the defect-rich
three-dimensional nano TiOx network with an enhanced and broadened photon absorption

spectrum.

7.1 Disordered Crystal Formation by Alteration of

Plume Kinetics

For synthesising the disordered multiphase photo-absorptive nano TiOy, laser intensity values
ranging from 7.4x10%3 to 7.2x10%* W/cm?, and laser pulse width durations of 714 fsand 1100 fs
were selected. The repetition rates selected were 4 MHz, 8.36 Mhz and 12.54 MHz. The laser
beam was scanned across the surface of the Ti samples at a speed of 1 mm/s. Six tubes (masterflex
6411.14) were arranged in a square bracket, and were used to introduce Oxygen and Nitrogen
gases, one at a time, which created Oxygen-rich and Oxygen-poor conditions respectively. This
bracket was placed in parallel and in contact with the chuck on which the Ti samples had been
mounted. This ensured that an uninterrupted and constant pressure gas was introduced at the site
of laser interaction with the base Ti sample. All experiments were conducted at a constant gas flow

rates of 4 SCFH (standard cubic feet per hour).

The plume expansion dynamics plays an important role in the chemical composition and physical
properties of the self-assembled three-dimensional network of multiphase nano TiOx. Factors

influencing these dynamics are the laser pulse intensity (energy per unit area per unit time) incident

80



on the base Ti substrate given by equation 2, the density of the metal vapour flux in the plasma

plume, and the pressure exerted by the gas at the site of laser plume and ambient gas interaction.

The laser intensity in turn influences the average surface temperature reached on the Ti target and
the plasma plume temperature [75], [91]. Furthermore, both the plume temperature and density
affect the nucleation and growth of the nuclei and crystal, which eventually determines the physical
and chemical aspects of the synthesised nanomaterial. This influence of the plume temperature
and the density of ionic species on the nucleation and subsequent crystal formation of a

nanomaterial has been elucidated earlier in section 2.3.

The effect of the plasma plume dynamic was taken advantage of to self dope and induce a higher
degree of Oxygen vacancies and defects in nanostructures and thereby synthesise a disordered
multiphase nano TiOx. Oxygen vacancies are formed with ease under O poor conditions in
Titanium Dioxide [124]. This is because, under such conditions, the low fermi energy levels cause
a vacancy to form easily [124]. As such, to promote a higher degree of disorderliness in the nano
TiOx, poor Oxygen conditions were administered during material synthesis. To compare and
demonstrate the effectiveness of the nano TiOx network in photon absorption when synthesised
under poor Oxygen conditions, another set of samples of nano TiOx were created under Oxygen
rich conditions, using similar laser processing parameters. The ionic content within the plume was
thus manipulated prior to condensation and nucleation. This influenced the crystal growth after
nuclei formation due to the regulation of cooling process and growth time, caused by the variation
of Oxygen ion content in the plume. Oxygen rich conditions and Oxygen poor conditions were
created by introducing Oxygen and Nitrogen gas at a constant flow rate around the laser plasma

plume respectively.
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Under oxygen rich conditions, the higher concentration of oxygen atoms/molecules introduced
around the laser-material interaction zone, ionise readily upon laser irradiation. As such, at a given
laser intensity, large number of ionic species populate the plasma plume which start diffusing
rapidly into the surrounding atmosphere to undergo secondary reactions with the oxygen
atoms/molecules and their outward diffusion is therefore not restricted. This rapid diffusion of the
plasma plume species influences the formation of the nanospheres in a major way. It results in
higher cooling rate of the plasma plume conditions. This arrests the condensation and crystal
growth of the nanospheres much earlier and causes the crystal structure formation to not be well

defined.

On the contrary, when nitrogen gas is introduced for poor oxygen conditions, due to the high
ionisation potential of nitrogen, its ions are not as readily formed as in case of oxygen. Also, in the
short time scale of interaction between the ultrashort laser pulses and the target material, nitrogen
doesn’t take part extensively in the chemical reactions as the enthalpy of formation for TiN is
much larger than the enthalpy of formation of TiO2, hence the reactions are dominated by Oxide
formation [125]. Also, the Nitrides if present in low quantities would easily oxidise at the high
temperatures. As such, the contribution of Nitrogen gas is mostly limited towards changing of
plume Kinetics. Due to this close to ‘inert’ behaviour of the nitrogen gas surrounding the laser
plasma plume, the diffusion of the plume ionic species is restricted and the capping of the plasma
plume heat takes place. As such, the plasma plume cools down at a slower rate, allowing longer
time for condensation and crystal growth of the nanospheres to occur. This causes the structure of
the nansospheres to be more crystalline. However, due to the absence of a high concentration of
oxygen atoms/molecules within the plume, a higher degree of oxygen vacancies develop within

the crystal structure.
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A graphical representation of how the Oxygen rich and Oxygen poor conditions affect the laser

plasma plume formation and thus the synthesis of nano TiOy is shown in Figure 7.1.
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Figure 7.1: Graphical representation of the synthesis of nano TiOx under (a) poor Oxygen, and (b) Oxygen rich

conditions, with the variation in the expansion of the laser plume and the ionic content around it.

7.2 Surface and Material Characterization of

Disordered Multiphase Nano TiOx

The surface morphology of the self-assembled nano TiOx synthesised under both Oxygen rich and
Oxygen poor conditions was first observed by using FE-SEM. A network consisting of coalesced
and aggregated nanospheres like structures was seen. These nanospheres were seen to further
coalesce to form fiber like structures which finally formed layers of ‘circular pore’, that were
arranged over each other to a three-dimensional network. Earlier studies done have shown that the
density of such a network diminished under lower laser processing intensities [115]. At a constant

laser intensity, the morphology of the nanomaterial showed similar formation of circular pores and
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three-dimensional network at both Oxygen rich and Oxygen poor conditions. However, upon the
inspection of the individual nanospheres comprising the nano network, it was observed that the
nano TiOx synthesised under poor Oxygen conditions had a much denser network. Furthermore, a
wider size distribution of nanospsheres was seen and on an average, they appeared larger. Figure
7.2(a) and (b) show this variation in the synthesised nano TiOx under Oxygen rich and Oxygen

poor conditions respectively.

Figure 7.2: FE-SEM images of the 3D self assembled network of nano TiOx synthesised under (a) Oxygen rich, and

(b) Oxygen poor conditions. Magnified images show the network being comprised of nanospheres self-assembled to

form the structure.

The surface characterisation of the photo absorptive nano TiOx network was performed using an
XPS to determine the change in chemical composition and the oxidation states of Titanium and
Oxygen, when synthesised in an Oxygen ion rich and poor conditions. The Ti 2p spectra of all the
material samples, had two peaks corresponding to Ti 2p12 and Ti 2ps2. The peaks centered on

458.48 eV and 464.28 eV respectively, for the nano TiOx synthesised under Oxygen poor
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conditions but shifted slightly to higher binding energy centred on 458.68 eV and 464.48 eV for
the nano material synthesised in an enriched Oxygen ion environment. Full width half maximum
of all the Ti 2p peaks was 2.1+ 0.1 eV and peak separation between 2p 1/1 and 2p 3/2 was 5.8 eV.
In TiOy, the standard binding energy of Ti 2ps; for Ti** is 459.5 eV [126]. The lower binding

energies observed for this peak in the nano TiOxare thus attributed to Ti%*

Furthermore, the O sl peak was shifted to a lower binding energy from 530.1 eV to 529.9 eV for
the nano TiOx synthesised under Oxygen poor conditions, when compared to the one synthesised
under rich Oxygen conditions. This indicated an obvious decrease in the Ti** concentration for the
nano TiOx synthesised under poor Oxygen conditions. It also suggested the probability of higher
concentration of defects being formed under such conditions. Furthermore, shoulder peak for O s1
spectra was observed around 531.5 eV, for the nano TiOx synthesised at both Oxygen rich and
Oxygen poor conditions, which corresponds to the Oxygen vacancy Ti%* state [127]. This further
indicated the presence of disorders and defects in the synthesised nano TiOx. The valance band
(VB) plots of the XPS survey were also observed to be more lifted than the valance band of TiO>
(2.95 eV), averaging around 2.5 eV, as seen in Figure 7.3(c). An additional slope seen on the VB
spectrum around 1.8 eV also denoted the presence of defects and vacancies, which are known to
generate such valance band tails [67]. The Ti2p spectra and the O sl spectra of nano TiOx
synthesised under Oxygen rich and Oxygen poor conditions have been plotted and shown in Figure
7.3(a) and (b) respectively. The VB spectra shown in Figure 7.3(c) has marked slopes indicating

the average valence band.
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Figure 7.3: XPS spectra of the nano Titanium. (a) Ti 2p spectra, (b) O s1 spectra, and (c) Valence band (VB)
spectra. Purple indicates the spectra of the nano TiOy synthesised under Oxygen poor conditions and a laser intensity
of 7.2x10* W/cm?. Green colour indicates the spectra of the nano TiOy synthesised under Oxygen rich conditions
and a laser intensity of 1.4x10%* W/cm?. Inset in (b) shows the shift in binding energy and the slopes marked in (c)

indicate the valance band values.

Further material and phase characterisation of the nano TiOx was performed using an XRD as the
depth of study of the XPS technique is often limited to a couple of nanometers due to it being a

highly surface sensitive technique. Reitveld fitting of the acquired XRD patterns found the
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approximate quantification of the phase constituents of the synthesised nano TiOx. The source of
the X-rays for XRD was CuKo radiation of 1.54184 A wavelength. The 26 value for each of the
XRD profile ranged from 30-78°. Compositional analysis of the acquired XRD pattern was done
using the Search-Match™ procedure. The presence of sharp peaks on the XRD pattern indicated
that the synthesised nanomaterial was crystalline in nature. Peaks corresponding to Titanium,
rutile, anatase, TisO, TizOs and a non-stoichiometric Oxide of Titanium (Ti0O 316)7.36 Were seen.
This indicated that the nano TiOx consisted of multiple oxidation states and phases. The absence
of distinct peaks corresponding to these lower Oxide phases of Titanium in the previous XPS study
might indicate that the stoichiometric change to such oxide phases of Titanium occurred at greater
depths not within the range scanned by an XPS. Quantitative analysis revealed that the dominant
phase in all samples was rutile, with the nano TiOx synthesised under Oxygen rich conditions
having a greater weight percentage of it. Furthermore, the nanomaterial synthesised under poor
oxygen conditions exhibited higher amounts of the lower oxidation state Oxide phases of
Titanium, namely (TiO.316)7.36, Ti3O and TizOs. Anatase, the more active phase of TiO2 was found
to exist in the nano TiOx formed under poor Oxygen conditions and at a lower laser intensity. This
could be due to that fact that anatase is more stable in nano crystalline form under lower
temperature and transforms to rutile as higher temperature are reached [128]. In addition, minor
traces of Titanium Nitride (TiN) were found in the nanomaterial synthesised under poor Oxygen
conditions with the reactive Nitrogen shield surrounding the laser plasma plume. As stated earlier,
the reason for only slight traces of TiN seen could be due its oxidation under high temperatures
and that the fact that the Oxide formation is more favoured due to its lower enthalpy of formation

than the TiN reaction [125].
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A closer look at the nature of the XRD peaks showed that they were less sharp and slightly broader
for the nano TiOx formed under Oxygen poor conditions. This indicated that there were indeed
greater Oxygen defects formed under such conditions. The obvious increase in the lower oxidation
states and Oxygen defects in the nano TiOx under poor Oxygen conditions was thus evidenced by
the XRD study. Figure 7.4 shows the XRD patterns obtained for the nano TiOx synthesised at

various conditions. The crystallite size was calculated using the Scherrer equation [129], [130]:

_ 0.941
P BcosH

(14)

where Dy, is the average crystallite size, 8 is the line broadening in radians at half the maximum
intensity (FWHM), 6 is the Bragg angle and A is the X-ray wavelength. The average crystallite
size was calculated for all the major peaks with highest intensities for all the phases. The crystallite
size of rutile corresponding to three highest intensity peaks at 26 values of 27.4, 54.3 and 56.5
were found to be 57.89 nm, 37.93 nm and 31.93 nm respectively, whereas the crystallite size of
anatase for its highest intensity peaks at 25.275° was 15.46 nm. This corresponds well with
literature that rutile is more stable at larger particle sizes [22]. The crystallite size of TizO
corresponding to its highest intensity peaks at 26 value of 37.1 and 40.125 was calculated to be
10.94 nm and 19.64 nm respectively. Similarly, the crystallite size of the non-stoichiometric
Oxide (TiO 316)7.36 for one of its highest peaks at 26 value of 42.3 was 11.8 nm. Due to the only
minor traces of TisOs and TiN being present and existence of noise in the diffraction patterns, their
crystallite size could not be calculated. It is worthwhile to keep in mind that the Scherrer equation
is seldom indicative of the accurate value of the crystallite size because a number of aspects, which
also include instrumentation factors, can influence the width of the XRD peaks. However, it can

help give an approximate estimation of the crystallite size. Furthermore, the presence of defects
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and faults in the structure, as evident in our nano TiOx, can also result in peak broadening, resulting
in erroneous crystallite size values. Peak splitting and the presence of peak shoulders was observed
for some of the peaks in the acquired XRD patterns after peak fitting. Figure 7.4 shows some of
the areas magnified where such peaks were found. This is indicative of secondary phase transitions
and defects. To gather further evidence about the degree of crystallinity, nature of Oxygen defects

and the size of the nanospheres, HR-TEM analysis was performed.

To determine the size distribution of the individual spherical nanostructures constituting the
nano TiOx and obtain their atomic lattice image, the synthesised nanomaterial was analysed using
HR-TEM. The instrument used was JOEL JEM 2010 and the samples were placed on a copper
grid for examination. ImageJ™ was used as a post-processing tool for taking measurements of the
HRTEM images. Figure 7.5 shows the size distribution of the nanospheres synthesised under
Oxygen rich and Oxygen poor conditions, at varying laser intensities, with their corresponding
HR-TEM micrographs given as inset. The mean nanosphere size detected at each condition is also

shown on the size distribution plots.
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Figure 7.4: XRD pattern of the nano TiOxsynthesised under Oxygen poor conditions and a laser intensity of (a) 1.4x10* W/cm? and (b) 7.2x10'* W/cm?, and
under Oxygen rich conditions and a laser intensity of (c) 1.4x10%* W/cm? and (d) 7.2x10%* W/cm?. Different coloured bars at the bottom of the plot represent
the reference XRD peaks from PDF-2 and ICSD database corresponding to each of the phase constituents. A few of the areas of the XRD pattern where peak

broadening and splitting was observed has been magnified and shown.
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As observed, all the nanosphere size distributions were unimodal in nature. This is in contrast to
the typical bimodal distribution seen for femtosecond laser ablation process, where both ionised
and neutral species influence the formation of nanostructures [131]-[133]. Narrow unimodal
distributions are generally observed for nanosecond laser ablation where longer pulse durations
cause additional excitation of the plume causing the plume content to be uniform [131]. The
presence of such a unimodal distribution of nanospheres in the nano TiOx network might indicate
that their growth was influenced by a similar excitation brought about by the ionised species
present around the laser plasma plume, causing the change in plume Kinetics. The nano TiOx
synthesised under Oxygen rich conditions showed a narrow size distribution, ranging on an
average from one to 30 nm. A wider size distribution was observed for the nano TiOx synthesised
under poor Oxygen conditions, which ranged on an average from one to 70 nm, depending on the
laser processing conditions at which it was formed. In the presence of Oxygen rich species in the
laser plasma plume, almost a fifty percent reduction in the mean size of the nanospheres was
observed at laser intensity conditions at which it was synthesised. This can be seen in Figure 7.6.In
addition, an upward trend in nanosphere growth is seen with increasing laser intensity. This
conforms well to previous studies where an increase in nanosphere size was seen with increasing
laser intensity [115], [133]. Additionally, the mode value of the size distribution curve drawn
showed that a greater number of large sized nanospheres were present in the nano TiOx formed
under poor Oxygen conditions. A possible reason for this size variation could be explained by the
fact that the time required for diffusion of the laser plasma plume into the ambient atmosphere is
a major influencing factor determining it. Under Oxygen rich conditions, as described earlier in
section 7.1, initially, larger concentration of the ionised species starts building up in the laser

plasma plume as the ionisation potential of oxygen is less. These ionic species diffuse faster into
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the surrounding oxygen rich atmosphere to undergo further reactions with the oxygen species. This
results in fewer interactive collisions between the ionic species within the laser plasma plume,
causing lower coalescence and aggregation of the nuclei leading to a restricted particle growth. On
the other hand, the poor Oxygen conditions generated by introducing Nitrogen gas around the laser
plasma plume result in reduced ionised species in the plume due to the higher ionisation potential
of nitrogen. However, the presence of such large number of Nitrogen atoms/molecules, which have
a larger ionisation potential, cause them to exhibit an almost inert behaviour. This caps and restricts
the ionised species within the plasma plume causing their diffusion into the surrounding
atmosphere to be largely diminished. As such large number of collisions occur, which lead to more
coalescence and aggregation causing larger nanospheres to be formed. Furthermore, the lower
cooling rate as a result of capping of the plasma plume causes nucleation and condensation to last
longer. This causes larger nanospheres to be formed with a wider size distribution. This wide
distribution seen in the nano TiOx is an essential factor which will help achieve a broadened

absorption spectrum and as we will observe later.
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Figure 7.5: Size distribution of the individual nanospheres constituting the network of nano TiOy synthesised at

different laser intensities and under Oxygen rich (a) 2.2x10'* W/cm?, (b) 4.6x10'* W/cm? and (c)

7.2x10%* W/cm?, and Oxygen poor conditions (d) 1.1x10%* W/cm?, (e) 4.6x10** W/cm? and (f) 7.2x10%* W/cm?,

Inset are the corresponding TEM images.
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7.3 Analysis of Defect Types and Densities

The atomic lattice spacing and the disorders present in the nano TiOx were first studied by locally
examining the HR-TEM images. As it was revealed earlier in the XRD study and HR-TEM images,
the samples were crystalline in nature and had a spherical morphology. It was observed that the
nanospheres synthesised under poor Oxygen conditions were more crystalline when compared to
the nano material synthesised under Oxygen rich conditions and as such their lattice fringes were
more clear and well defined. This difference between the Oxygen rich and Oxygen poor

synthesised nano TiOx can be seen in Figure 7.7(a) and (b).
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Figure 7.7: HR- TEM image of the nano TiOx showing higher degree of crystallinity and defects in the nanospheres

when synthesised under (a) poor Oxygen conditions than at (b) Oxygen rich conditions.

Upon closer examination of single nanospheres, numerous lattice orientations and a number of
random disorders and vacancies were observed. These defects were greater in density in the crystal
lattices of the nano TiOx synthesised under poor Oxygen conditions. Oxygen vacancies to a higher
degree and stacking defects were also seen, along with super lattices where the crystal displayed
highly ordered structure. All the point and extended defects, calculated d-spacing value of the
lattice fringes, along with areas where lattice mismatch and multiple lattice orientations were seen,

have been shown and marked in Figure 7.8(a)-(h).

Extended defects like stacking faults (Figure 7.8(b), (e) and (h)) and point defects due to Oxygen
vacancies (Figure 7.8(c), (d), (f), (g) and (h)) were seen. Furthermore, lattice mismatching (Figure
7.8(a), (d) and (h)) within a single nanosphere was observed, which proved that these nanospheres
were truly multiphase in nature. The d-spacing of few of the lattice fringes clearly seen have been

marked and their FFT images have been given as inset. These values of d-spacing were found to
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slightly larger than the standard values found in the ICSD database. For example, the highest
intensity peak of the XRD pattern acquired earlier corresponded to the [1 1 0] plane of rutile at
27.434°. The standard lattice d-spacing for this plane is 3.24845 A. However most of the
measured lattice spacing was found to be between 3.5-3.9 A. This means that the disordered

nanomaterial has a tensile strain.

The HR-TEM analysis thus confirmed that better-defined crystals with a greater density of defects
were formed under poor Oxygen conditions by introducing Nitrogen gas. As discussed earlier, the
less amount of the easily ionisable Oxygen atoms/molecules around the laser plume resulted in
reduced ionisation within the plume thus provided an effect akin to shielding which restricted the
diffusion of the plasma plume into the surrounding medium. The restricted diffusion resulted in
longer condensation to form larger particles and to a lower cooling process which caused the
nucleation of well-defined crystal nano structures. Furthermore, fewer oxygen atoms/molecules
created reducing conditions leading to higher degree of defects and vacancies. As such, for clarity,
the nano TiOy synthesised under poor Oxygen conditions will be labelled as HDD-nano TiOy, for
‘high Density Defect nano TiOx’ and the one synthesised under Oxygen rich conditions will be

labelled as LDD-nano TiOx, for ‘Low Density Defect nano Titanium Oxide’.
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Figure 7.8: HRTEM micrographs of nano TiOx showing single nanospheres (a)-(h) having numerous Oxygen

vacancies and defects marked with white dashed circles. The calculated d-spacing is marked and FFT images are

given as inset.
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Raman spectra was acquired to further corroborate the XRD and XPS results. A laser beam having
a central wavelength of 785 nm was used for excitation. The measurements taken for both the
HDD and LDD-nano TiOx synthesised at various laser intensities showed three sharp and distinct
peaks, corresponding to the characteristic rutile phase of TiO2, with the peaks of the HDD-
nano TiOx being sharper as seen in Figure 7.9(a)-(f). The symmetricity and the narrowness of the
peaks indicated the good crystalline quality of the material [134]. Two of these peaks represent the
Raman active modes for rutile: E, and A, due to first order Raman scattering [135], [136].
Compared to the standard rutile Raman peaks, these two peaks were red shifted for the synthesised
nano TiOx, indicating structural changes. Such a red shift to lower frequencies is caused due to
tensile strain in the crystal lattice, which can be the effect of defects in the crystal [137]. This
tensile strain was also confirmed by the large d-spacing values measured in the HR-TEM

micrographs.

A comparison study of the shifts shown by HDD-nano TiOx and LDD-nano TiOx followed. Figure
7.10 shows the shift of the Raman active modes (E; and A,g) of both the HDD-nano Titanium
Oxide and LDD-nano Titanium Oxide, synthesised at all laser intensities, with respect to the
standard Raman active modes of rutile E, (447 cm?) and Aig (612 cm?). Greater shift of
LDD-TiOx indicated that it had a larger tensile strain. Furthermore, change in particle size has had
a proven effect on the Raman spectra, with the Raman bands shifting to a higher wavenumber
number as the particle size decreased [138]. As such, a similar observation was expected for the
LDD-nano TiOx, which exhibited lower nanosphere size in the size distribution plots of the
HR-TEM data. However, a careful observation of the Raman spectra revealed that it was the peaks

corresponding to the Raman active modes (E; and 4,5) of the HDD-nano TiOx that were situated
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at higher frequencies. Compared to LDD-nano TiOy, the active mode peaks for HDD-nano TiOx

had shifted by almost 0.5 meV to higher wavenumber, at all at all laser intensities.
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Figure 7.9: Raman spectra of HDD and LDD-nano TiOx formed under different laser intensities of (a)

7.4x10%3 W/cm?, (b) 1.1x10%* W/cm?, (c) 1.4x10%* W/cm?, (d) 2.2x10%* W/cm?, (e) 4.6x10** W/cm?, and (f)

7.2x10% W/cm?2.

This can be seen in Figure 7.10, where the regions have been encircled. The size and disorders are

known to jointly contribute towards the phonon confinement effects [139]. As such, it has been

reported earlier that the defects, Oxygen deficiency and greater Oxygen non-stoichiometry in a

material influence the Raman spectra by inducing peak shifts and broadening, with modes moving

towards higher frequencies [140]-[143]. The sharper peaks blue shift of the Raman modes of the

HDD-nano TiOx with respect to the LDD-nano TiOx peaks are further indicative of their well-

defined crystal structure along with a greater presence of defects as observed earlier.
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Figure 7.10: Negative Raman shift with respect to the active modes of standard rutile peaks, as observed in the LDD

and HDD-nano TiOx synthesised at different laser intensities.

The third peak at 244 cm™, corresponds to the second order Raman scattering arising due to
multiphoton scattering process [144], [145]. Peaks corresponding to other Oxide phases of
Titanium identified earlier could not be observed in the Raman spectra. This was either due to their
Raman inactive nature, as in case of TizO and (TiO.316)7.35, Or due to insufficient amount of that
phase being present for the Raman to detect, as in case of TizOs, which was present in minor traces,

as identified earlier by the Rietveld analysis.

7.4 Absorption Spectrum and Band Gap Calculation

The absorption properties of the disordered multiphase nano TiOx was measured for both the
defect poor and high density defect samples, by using a spectrophotometer with a Deuterium-
halogen light source. The absorption spectrum of the base Titanium substrate was also acquired

for reference. A broadened absorption spectrum ranging from 300 nm to 1000 nm was observed
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for all the synthesised nano TiOx. The average enhancement when compared with just the base
Titanium substrate was almost five times more in the visible region and almost seven times more
in the NIR region of the solar spectrum. A steady increase in absorption from UV to deeper visible
wavelengths was noticed, which then plateaued beyond 800 nm. It was observed that the
HDD-nano TiOx exhibited a greater absorption enhancement than the LDD-nano TiOx by almost
a factor of one in the 300-700 nm range and by a factor of half in the 800-1000 nm range, when
compared to the base Titanium substrate. This greater enhancement in absorption in the
HDD-nano TiOx was attributed to the presence of more defects and Oxygen vacancies in the self
doped nanomaterial [54]. Furthermore, it has been reported earlier that an increase in Oxygen
vacancies in Titanium Dioxide results in the generation of more carrier densities in the material,
thereby enhancing its electrical conductivity [146]. Also, such defects are known to help in the
confinement of phonons as they act like a ‘spatially limiting feature’ in the grain of the crystal
structure [139]. As such, this makes the HDD-nano TiOx, with its improved opto-electronic
properties, a potential candidate for photovoltaic applications. To calculate the bandgap of the
nano TiOy, the Kubelka-Munk (K-M or F(R)) method was used, which is based on the equation
[147]:

F(R) = % (15)

where R is the reflectance and F(R) is a function based on extinction coefficient a.. The K-M
model modified by R. Lopez et. al., and given by the following equation was used to calculate the

band gap Eg [147].

ae(hv) = B(hv — Eg)" (16)
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where Egis the band gap (eV), h is Planck’s constant (J.s), B is absorption constant, v is light
frequency (s), a, is the extinction coefficient and n is the value for specific transition. The

equation was plotted as a, (hv)? verses E, which gave the best fit.

The band gap for the LDD-nano TiOx was calculated to be around 3.5 eV for all the samples
synthesised at different laser intensities. However, the band gap for the HDD-nano TiOx was
slightly lower and in the range of 3.3-3.4 eV. The absorption spectra of both the HDD and
LDD-nano TiOx, synthesised at increasing laser intensity values, have been plotted and shown in
Figure 7.11(a)-(f). The band gap plots of only the HDD-nano TiOx have been given as inset, which

showed a little variation in value for nano TiOx synthesised under different laser intensities.
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Figure 7.11: Absorption Spectrum of HDD-nano TiOx (thick blue line) and LDD-nano TiOx (thin red line), synthesised at increasing laser intensities of
(@) 7.4x10% Wicm?, (b) 1.1x10™* W/cm?, (c) 1.4x10%* W/ecm?, (d) 2.2x101* W/cm?, (e) 4.6x10%* W/cm?, and (f) 7.2x101* W/cm?. Given inset are the

(F(R)hv)? versus E plot, representing the kubelka-munk method to calcualte the corresponding band gap of the HDD-nano TiOx.
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Figure 7.12: Absorption spectrum of the HDD-nano TiOx with respect to titanium substrate, when synthesised at increasing laser intensity values. For better
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To understand the influence of laser intensity at the time of synthesis, on the morphology, phase
composition and the subsequent photoabsorptive properties of the HDD-nano TiOx, its measured
absorption spectrum, when synthesised at those laser intensities was plotted together and
compared, as seen in Figure 7.12. It was observed that while the difference in absorption was
minimal, a little better absorption was favoured by those nanomaterial samples, which were
synthesised under slightly lower laser intensities and which corresponded to longer laser pulse
widths. The nano TiOx synthesised at lower laser intensity values of 4.6x10'* and
7.4x10'3 W/cm?, exhibited the highest absorption enhancement, while the one synthesised at
7.2e14 W/cm? gave the least absorption gain. Figure 7.12(a)-(c), shows the same absorption
spectrum, magnified and split into three, corresponding to ultra violet (UV), visible and near
infrared range (NIR) absorption. As evident in the plots, the absorption increased rapidly in the
UV range. The increase in absorption with wavelength continued into the visible range to a lesser

extent and plateaued in the NIR range.

As both emission of photons and Raman scattering are preceded by the optical excitation and
absorption of incident photons by the material, to gather more evidence of the photoabsorptive
capability of the HDD-nano TiOx, a spectroflurometer and a Dual wavelength Raman were used
to acquire its excitation/emission spectra and Raman spectra respectively [97]. For the
spectroflurometer study, the nano TiOx was detached and dispersed homogenously in a non-
reactive liquid medium at room temperature (Figure 7.13(a) and (b)). As seen in Figure 7.13(b),
the HDD-nano TiOx, synthesised at a lower laser intensity value, which exhibited the highest
absorption also showed the higher emission intensity, which suggested greater photon excitation
and absorption, so desired for potential photovoltaic applications. Further study of the spectra lead

to a critical observation. Longer excitation wavelengths in the deeper visible and NIR range of
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600-900 nm lead to emission spectra in the wavelength range of 350-400 nm. This suggested an
interesting up-conversion behaviour being shown by the HDD-nano TiOx which shall be further
looked into, in our future studies. Photon upconversion is said to occur when two or more photons
of lower energy are absorbed and then emitted as a single photon of higher energy. Additionally,
there was minimal emission at longer wavelengths indicating that minimum energy was lost to
heating. This longer wavelength emission, which leads to the phenomenon of fluorescence was
seen only for excitation wavelengths ranging from 250-400 nm, which corresponded to a dip in
absorption for the same spectrum range. This study also indicated the fact that these excited
electrons emitted by the nanospheres dispersed in the solution for the study, were successfully
trapped as a result of the self-assembled three-dimensional structural network of nano TiOx which
helped achieve a broadened and enhanced absorption spectrum. Furthermore, emission was also
indicative of the fact that these excited electrons were not lost to recombination, which is a critical
aspect for potential photo absorber materials. As expected, a much lower intensity of emission
was seen for the nano TiOx synthesised at 7.2x10'* W/cm? (Figure 7.13(b)). Next, the dual
wavelength Raman study was done at two laser beam wavelengths of 532 nm and 785 nm, for the
HDD-nano TiOx synthesised at all laser intensities, to obtain more evidence of their photon
absorption capability. As expected, significantly greater amount of Raman enhancement was seen
at 785 nm than at 532 nm, indicating more absorption at the longer wavelength as evidenced by
the absorption plots in Figure 7.12. Figure 7.13 shows the excitation emission spectra and the dual
wavelength Raman spectra for the HDD-nano TiOx synthesised at laser intensities of
7.2x10™ W/cm? and 4.6x10'* W/cm?2. The excitation emission spectra for LDD-nano TiOx
synthesised at laser intensities of 7.2x10%* W/cm? and 4.6x10'* W/cm? has also been given in

Figure 7.14, which exhibited, comparatively less excitation behaviour than LDD-nano TiOx. As a
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final part of our study, we performed additional experiments at the same laser intensities and poor
Oxygen conditions. However, the flow rate of the Nitrogen gas was now increased to 6 SCFH and
the absorption spectrum of the nano TiOx thus synthesised was measured. At all conditions, no
further gain in absorption was achieved. In fact a slight reduction in absorption was observed. This
indicates that a saturation state was achieved by the excessive ionic content in the laser plasma
plume, leading to reduced ion mobility due to the pressure exerted by the dense ion gas cloud on
to the laser plume and to the generation of higher Oxide formation. As such, no further
improvement in the crystal growth and subsequent optical absorption properties of the

HDD-nano TiOx was observed.
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7.5 Summary

In this chapter, we have proposed a disordered multiphase nano TiOx, rich in defects and Oxygen
vacancies. Defects were induced in the multiphase nano TiOx to varying degrees by altering the
surrounding ionising medium during its synthesis. A laser plasma plume, consisting of ionic and
atomic species, generated due to laser material interaction, governs the vapour condensation
mechanism and the subsequent self-assembly of nano network. Its ionic content was altered by
introducing Oxygen poor and Oxygen rich conditions in the surrounding medium. This activated
and influenced the physio-chemical properties of the multiphase nano TiOx, by causing a shift in
its stoichiometry to lower Oxides of Titanium and creating numerous Oxygen vacancies and
defects to varying degrees. A disordered structure, rich (HDD-nano TiOx) and poor
(LDD-nano TiOy) was achieved. The optical properties of this disordered multiphase nano TiOx
was investigated and its viability in photon harvesting was determined. A five-fold increment in
absorption in the visible region and a seven-fold increment in the near-infrared region was

achieved, compared to the base Titanium substrate.
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Chapter 8
Proposed Applications for Multiphase

Nano Ti1Ox

This chapter briefly touches upon possible uses of the novel multiphase nano TiOy in different
applications. Photon harvesting applications like photovoltaics and photocatalysis could be areas
of implementation for such a nanomaterial due to the broadened absorption range, as discussed in
earlier chapters. Apart from these two applications, its use could also be extended to the detection
of analytes for chemical sensing applications, by virtue of its appreciable Raman enhancement
capability. Furthermore, a surface wettability test conducted on the material exhibited a
hydrophilic type of behaviour, which could help extend its feasibility in wider applications like

self-cleaning and anti-fogging surfaces.

As mentioned earlier in Chapter 1, TiO2 is the most common oxide of Titanium which is widely
used as a photo catalyst in numerous applications. As such, it seems appropriate to compare the
absorption spectrum of the unique self-assembled multiphase nano TiOx network with the
absorption spectrum of TiO2. As seen in previous chapters, the absorption spectra of multiphase
nano TiOx were acquired by taking the base Titanium substrate as the reference, on which they
had been synthesised at different laser processing conditions. The various samples of multiphase

nano TiOx had been then compared relative to each other. However, to ensure that a valid
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comparison with TiO2 could be made, the absorption spectrum was then taken by utilizing a

standard white reference (Avantes WS-2 tile).

Figure 8.1 shows this comparison of the absorption spectrum of TiO2 with that of HDD-nano TiOx
and LDD-nano TiOx. As seen, both HDD- and LDD-nano TiOxdemonstrated absorption covering
a wider wavelength range of the spectrum, as compared to TiO2. The solar irradiance spectrum has
also been given in the background to indicate the total energy of the incident photons that can be
exploited for harvesting. TiOz is capable of capturing only UV photons (which accounts for
approximately 7% of total solar irradiance energy). In contrast, nano TiOx shows a broadband
absorption spectrum in the wavelength of 300 to 1000 nm, which accounts for a much larger
portion of the incident solar irradiance energy. This makes it a potential candidate for photon

harvesting applications.

An additional observation was made about the colour of these self assembled nano TiOx networks.
Samples were greyish, but the LDD-nano TiOx samples were more blue in colour. A look at the
absorption spectrum in Figure 8.1 further corroborates this observation. A slight dip was seen in
the absorption spectrum of LDD-nano TiOx in the 400-500 nm range, which corresponds to the
blue wavelengths of the visible spectrum. On the contrary, HDD-nano TiOx was shown to have a

steady absorption spectrum throughout, which explains why it was more grey in colour.
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Figure 8.1 Comparison of the absorption spectrum of the TiO, with that of HDD-Nano TiOx and LDD-Nano TiOx.
The more bluish colour of the LDD-Nano TiOx when compared with the grey coloured HDD-Nano TiOy is clearly

seen in the photographs provided. The solar irradiance spectrum [148] is shown in back drop for comparison.

Moving forward, another potential application for nano TiOx is related to the the Raman spectral
studies described in Chapter 7, where peaks of reasonable intensity were observed for
HDD-nano TiOx. Furthermore, a high amount of photon excitation was also seen in the
excitation/emission spectra. By virtue of increased absorption of incident light, it is well known
that Raman enhancement is caused due to a highly amplified electromagnetic field, which usually
develops on a nanostructured material surface. Furthermore, Surface Enhanced Raman Scattering
(SERS) phenomenon has not only been attributed to a amplified electromagnetic field at the

material surface, but also due to a chemical enhancement caused by charge transfer resonance
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[149]-[151]. This propelled an attempt to quantify the latent Raman sensing capability of
HDD-nano TiOx. A major use of materials showing SERS behaviour is towards the detection of
analytes for chemical sensing applications. As such, Crystal Violet (CV), a chemical dye was used
to test the ability of the synthesised nanomaterial to sense the presence of such a chemical analyte.
CV dye has a large Raman cross section and is thus commonly used to demonstrate SERS. As seen
earlier, HDD-nano TiOx had exhibited higher photon absorption (Figure 7.12), and more intense
Raman peaks had been observed around 785 nm (Figure 7.13); hence the Raman excitation
wavelength was chosen to be this value. To activate SERS on the HDD-nano TiOx, CV dye was
coated onto its surface (see Figure 8.2), and the Raman spectra was acquired. The enhancement
factor (EF) was then calculated for the HDD-nano TiOx, which is a value used to evaluate the

Raman sensing capability of a material.

Bare Ti substrate

HDD-TiO,

CV dye molecule

Figure 8.2: Graphical illustration of coating HDD-nano TiOx with CV dye.
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have been given as inset for the Raman spectra of CV dye on HDD-nano TiOx for clarity of peaks.
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Figure 8.3(a) and (b) shows the Raman spectra of the CV dye on HDD-nano TiOx when
synthesised at laser intensities of 4.6e14 W/cm? and 7.2e14 W/cm? respectively. The Raman
spectra of just the HDD-nano TiOx and only the bare Ti substrate has also been plotted for
comparison. The procedure and calculation of the enhancement factor values was adopted by using
the equations given for similar morphology nanostructures by Cong et al. in [151] and has been
given in appendix B. The most prominent CV dye peak in the Raman spectra was seen at a
wavenumber of 1169 cm™ and this peak was used to calculate the enhancement factor. An
enhancement factor of 2.5x107 and 3.2x107was determined for the HDD-nano TiOx synthesised
at laser intensities of 4.6e14 W/cm?and 7.2e14 W/cm? respectively. Such an enhancement factor
of the order of magnitude 107 calculated for HDD-nano TiOx is appreciably high, considering that
most plasmon free TiO, based semiconductor nanomaterials have observed an enhancement factor
of 10* [150]. Presence of vacancies and defects have recently been observed to cause a high SERS
sensitivity in semi-conductors [151]. This could explain the high orders of magnitude of the
enhancement factor calculated for the HDD-nano TiOx. Further investigation into the tuning of the
properties of HDD-nano TiOx for better CV dye enhancement is necessary. The characteristic
SERS nature exhibited by this semi-conducting HDD-nano TiOx nanomaterial, which resulted in
an EF value of the order of 107 for CV dye, can also widen its applicability in the field of chemical

sensing.

Another potential area of application of nano TiOx can be in self-cleaning and anti-fogging
materials. TiO2 is widely considered for such applications by the virtue of its hydrophilic properties
under UV irradiation [152]. This high wettability of TiO2 is known to be a function of its
photosensitivity and geometric structure [153], [154]. Due to similar characteristics, it is

hypothesized that HDD-nanoTiOx could have similar hydrophilicity. Contact Angle is typically
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used as a measure to determine the surface wettability of a material. This value is defined as the
angle between a tangent drawn from the edge of the liquid droplet to the solid surface of the
material. A rudimentary set up was arranged to measure changes in the contact angle upon UV and
visible light irradiation. Two samples of HDD-nano TiOx were prepared under similar laser
processing conditions (4.6e14 W/cm? laser intensity) and a 2.5 pl quinine water droplet was
deposited onto to the surface of the samples. For UV irradiation, a UV lamp (365 nm radiation at
100 W) and for visible light irradiation, a halogen lamp (21 V/150 W) was used. (These rated
powers are the electrical rating of the lamps.) The samples were kept at a distance of 2 cm from
the lamp source. The contact angle was measured immediately upon irradiation and thereafter at
several time intervals. It is to be noted that the incident light intensity could not be directly
controlled, due to limitations of available equipment, and hence a ceteris paribus comparison
wouldn’t be appropriate between the UV and visible light irradiation experiments. If desired, a
more controlled experiment (as conducted in [155] and [156]) could be carried out to allow a direct

comparison, which has been deemed beyond the scope of this dissertation.

As seen in Figure 8.4(a) and (b), the contact angle decreases while irradiated with both UV and
visible lights, and tended towards hydrophilicity (< 20 degrees) after about 300 seconds of
exposure time. Hydrophilic behaviour was observed for HDD-nano TiOx under both visible and
UV irradiation. This behaviour is similar to the other photoinduced type of hydrophilic behaviour.
For TiOg, it has been attributed to structural surface changes brought about by photon generated
charge carriers [153], [157], which create Ti®+ states and oxygen vacancies on the surface, causing
water to be dissociated and adsorbed. Hydrophilic OH groups are then formed on the surface which
is responsible for the surface wetting. Similarly, in HDD-nano TiOx the presence of high density

of oxygen defects could be a reason for it exhibiting a hydrophilic type of behaviour.
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Figure 8.4: Variation of the contact angle of the liquid droplet deposited on HDD-nano TiOx when subjected to
(a) UV irradiation (b) visible irradiation. Photographs on the right show the shape of the droplet on HDD-nano TiOy

at different exposure times during irradiation.

The study shown in Figure 8.4 is not intended to be exhaustive, but instead as a rudimentary test
which indicates nano TiOx to be exhibit some hydrophilic properties. Further experimental studies
need to be conducted to do an in-depth surface wettability property analysis of the multiphase
nano TiOx material developed in this thesis. As described in [157], the photo induced wettability
of materials can be characterised by doing comparison studies on structural changes, hardness,

irradiation intensity and dark storage environment experiments. Future work based on these types
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of studies could help widen the application range of multiphase nano TiOx to self-cleaning and

anti-fogging materials.

This chapter thus provides a brief example of the potential application of the multiphase nano TiOx
which extends beyond energy harvesting. Similar application focussed studies on the multiphase
nano TiOx can be pursued, which could further demonstrate the feasibility of its enhanced and

broadened optical absorption properties.
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Chapter 9

Summary and Future Research

9.1 Summary

In this dissertation, a novel multiphase Oxide of Titanium in the form of a 3D nanonetwork was
synthesised via ultrashort laser material interaction. Its photon absorption capability was
demonstrated and improved upon for potential photon harvesting applications. Numerous concepts
like phase transformation, surface and material characterisation, physics of ultrashort laser material
interaction and nanostructure formation, target surface temperature analysis, plasmon resonance

and structure disordering were elucidated.

The main objective of this dissertation was to develop a nanomaterial based on titanium oxides,
which could attain measurable absorption over a broadened range of the absorption spectrum, that

included both the visible and NIR region.

Transformative phase functionalization of Titanium was achieved by its unique interaction with
ultra-short laser pulses of femtosecond duration. Characterisation studies identified it to be
composed of multiple Titanium Oxide phases: TisO, (TiO.716)3.76 and TiO2 (rutile). A remarkable
gain in the absorption of photons in the vis-NIR region (300-1000 nm) was shown by this

functionalised Titanium, whose band gap averaged around 2.39 eV. With respect to base Titanium,
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a three-fold absorption gain in the visible region and a four-fold absorption gain in the NIR region

of the solar spectrum was achieved.

The multiphase Titanium Oxide material achieved via phase functionalization of Titanium
exhibited a broadened and enhanced absorption. Fabrication of a complex 3D nano network
composed of this multiphase TiOx was achieved by modifying the nature of the ultrashort laser
pulses and their subsequent interaction with the Titanium material. A three-fold enhancement in
the deeper visible region of the spectrum and a six-fold enhancement in the NIR region, when
compared to the absorption spectrum of the Titanium substrate, was exhibited by the multiphase
nano TiOx network. A study of variation in the phase composition and morphology/size of the
nanospheres constituting the nano network, with change in the laser processing conditions was

conducted. The subsequent effect on its photon absorptive capability was then studied.

Plasmon resonance was then successfully utilized by hybridising the multiphase nano TiOx
network. The plasmonic resonance behaviour of Au and Au/Pd alloy metal plasmons was exploited
to acquire such a hybridised multiphase nano TiOx network exhibiting almost a six-fold absorption
enhancement in the deeper visible region. Studies examined the impact of various factors like the
size, composition and degree of hybridisation of the self-assembled 3D multiphase nano Titanium

Oxide network on its photon absorption capability.

A disordered multiphase nano TiOxwith varying density of defects was then synthesised and their
contribution to broadened absorption was exhibited. HDD-nano TiOx and LDD-nano TiOx were
obtained by introducing poor and rich Oxygen conditions in the surrounding medium during their

synthesis. By synthesising HDD-nano TiOx a multiphase nanomaterial rich in defects and Oxygen
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vacancies, compared to the base titanium substrate, a five-fold increment in absorption in the

visible region and a seven-fold increment in the near-infrared region was accomplished.

The main contributions of this dissertation are:

e Achieved enhanced and broadened absorption by developing a ‘self-doped’
HDD-nano TiOx network which is rich in defects and vacancies.

e Developed the photoabsorptive multiphase nano TiOx network, which is 3D and free of
dopants, and capable of absorbing photons in the broad-spectrum range of 300-1000 nm.
Further optimisation of its absorption was achieved by its Plasmon hybridisation.

e Demonstrated phase functionalization of Titanium to attain enhanced absorption in

vis-NIR region.

9.2 Recommended Future Research

While a unique material has been synthesised and investigated to enhance and broaden its
absorption spectrum, many exciting avenues still exist to continue to explore the study of
multiphase nano TiOx. These range from further structural and phase modification of the
nanomaterial via different mechanisms to their potential implementation in photon harvesting
devices. The following work is proposed to apply the insight gathered in this dissertation, towards

furthering and expanding the objective of achieving a perfect photon absorber.

e To functionalise Titanium and generate a nano TiOx network with ultrashort laser pulses
at different wavelengths. The temporal effective delivery of energy to the target material

changes with the wavelength of a laser pulse. This can have considerable effects on the
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morphology and phase transformation process of nanomaterial synthesis and its subsequent
absorption properties.

To regulate and tune the number of oxygen vacancies in the HDD-nano TiOx by using a
vacuum chamber during laser synthesis.

Further increase the photon absorptive capability of multiphase nano TiOx network by
coating it with various polymers, which are photon responsive over different parts of the
solar spectrum.

Generate a novel nanomaterial via the interaction of ultra-short laser pulses with a Titanium
target coated with Silicon and investigate its photon absorption capability.

Generate the multiphase nano TiOx material on a silicon wafer for easy integration into a
photon harvesting device.

Propose a method to design and fabricate a photon harvesting device by utilising the
multiphase nano TiOx material as the photon absorbing material layer and measure

performance characteristics of the device.
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Appendices

A. Surface Temperature Calculation and Analysis

In an attempt to understand when and where the formation of the multiphase Titanium Oxide on
the phase functionalised titanium substrate described in Chapter 4 would take place, the thermal
conditions caused by the ultrafast laser material interaction were simulated. First a theoretical
study was conducted to calculate the final average surface temperature obtained at the centre of
the laser-material interaction spot, by using the method and equations given in section 2.2. The
laser absorption coefficient for Titanium at 1040 nm was taken to be 0.448, thermal diffusivity as

0.090123 cm?/s and thermal conductivity as 0.219 W/cmK.

Matlab code was written for equation 3 given in Chapter 2 and executed to obtain a Tj, vs. Neft
graph shown in Figure 9.1. This figure shows the plots comparing the average surface temperature
values (in Kelvin scale [K]) for different laser pulse widths at a given laser fluence at the end of
Netf, the number of laser pulses. A significant increase in average surface temperatures was seen
with an increase in laser fluence (Figure 9.1 (D)). This increase in temperature was seen to occur
very rapidly in the first few pulses, after which the values remained more or less constant which
implied that most of the energy transfer from the laser to the base metal substrate occurred during
this time period. The plots also demonstrated that at constant laser fluence, increasing the pulse

width results in a very minimal increase in temperature values (< 10 K).

124



6981 5701

6980 EI 1428 fs 5700 1428 fs
3

< 6979 E- 5699

© =

5 6978 714fs O 5698 Tafs

put a

@

2 6977 § 5697

@

,_ 214 f
6976 214 fs 5696 s
6975 5695

0 5 10 15 20 0 5 10 15 20
Effective number of pulses Neff Effective number of pulses Neff

4034 7000
3
2]
< °

%4032 2 6000
5 g

© 4031 © 5500

& 5

§ 4030 Z 5000

= 5
=
4029 ® 4500
-
4028 4000
0 5 10 15 20 0.7 1.2 1.7 22
Effective Number of pulses Neff Laser Fluence (Jicm2)

Figure 9.1: Avg. surface temp. calculated for the first twenty laser pulses at different fluence values:
(A) 2.4614 Jlcm?, (B) 1.6409 J/cm?, (C) 0.8208 J/cm?, and (D) variation of average surface temperature vs. laser

fluence.

To further understand how this heat would dissipate away from the laser spot on the Titanium
surface, another temperature analysis was conducted using Ansys Mechanical APDL software
(version R14.5). The problem was reduced to a very simple 3D transient heat conduction model
by ignoring the negligible radiation and convection effects and considering a rectangular block of
Titanium with the following dimensions: 10 mm x10 mm x 2 mm, and the following material
properties: thermal conductivity 0.219 W/cmK, specific heat 0.523 J/g°C, and density 4.15 g/cm?.

The element type selected was solid 90 and the entire area was meshed using the smart size mesh
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tool. For simplicity, the cumulative heating effect induced due to the scanning of the ultrafast laser
pulse beam was ignored. As such, only a single laser-material interaction spot area was considered.
A point heat source was introduced onto the surface of the Titanium block for a time period
analogous to the actual laser material interaction time for a unit laser spot area. This point heat
source was assumed to generate a heat equivalent to the average surface temperature value
(T,,) calculated earlier, at the end of N number of laser pulses, at the center of the laser spot area.
Subsequently the thermal heat diffusion along the surface and the depth of the Titanium block was
modelled to generate the temperature profile at various distances from the laser spot centre after
several time periods. The analysis was performed for the three laser fluence conditions
2.4614 Jlcm?, 1.6409 J/cm? and 0.8208 J/cm? at a constant pulse width of 214 fs. The transient
temperature profile at other pulse widths was not modelled due to minimal temperature difference

at the end of N, number of pulses, as seen in Figure 9.1.

The contour plots in Figure 9.2 display the progression of thermal diffusion away from a single
laser-material interaction spot area with time, for a laser fluence of 0.8208 J/cm?. Similar contour
plots were generated at other laser fluence values. To identify and explain the most probable Oxide
phase of Titanium to have been formed at such thermal conditions, the Ti-O phase diagram was

considered.
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Figure 9.2: Thermal diffusion away from the laser material interaction spot for laser fluence of 0.8208 J/cm2 right
after the laser beam is removed (A) 0.2 ms and a few time periods after the end of the interaction, (B) 1 ms, (C)

2 ms, (D) 3 ms, (E) 4 ms, (F) 5 ms, (G) 6 ms, (H) 7ms, and (I) 8 ms.

A careful observation of Ti-O phase diagram revealed the following about the three Oxides
identified earlier via XRD analysis on the ultrafast laser transformed multi-phased Titanium Oxide

zone [86]:

I.  Ti3O with a 25 atomic % O is formed around about 673-773 K.
ii.  (TiO.716)3.76, having ~42 atomic % O is a structural modification of the high temperature

Monoxide yTiO and is formed around 1793-2053 K.
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iii.  Rutile TiOy, stable at all temperatures, with a melting point of 2116 K is the richest

O phase.

The oxidation of Titanium at such elevated temperatures by the laser beam would evidently lead
to the diffusion of Oxygen atoms into the metal. The Oxygen diffusion length would also be longer
at higher fluence. Analysis of the temperature profile generated by the transient 3D model was
done, followed by its correlation with the Ti-O phase diagram. The solidification path
L + (aTi) S yTiO, observed in an Ti-O phase diagram, could have been taken by the molten metal
leading to the formation of (Ti0.716)3.76 through the diffusion of Oxygen. The high Oxygen content
rutile would mostly form near the extreme surface by the following phase transformation:
L 5 TiO2 and at greater depths where diffusion of Oxygen is limited, the second order phase

transition (aTi) S Ti2O S TisO could have been the likely path leading to the formation of TisO.

The temperature values generated by the transient model on the sample surface have been plotted
in Figure 9.3(A) and (B), up to a distance of about 200 um away from the laser centre spot, at
various time intervals. Similar plots showing the temperature values at different depths along the

laser spot centre are given in Figure 9.3(C) and (D).

A careful study of these plots showed that, the thermal conditions conducive for the formation of
Ti30 at distances closer to the laser spot centre along the depth as well as on the surface, would
develop only after about six to eight milliseconds post the end of the laser material interaction. It
is however probable for TizO to have been formed much earlier, at greater depths, if adequate
diffusion of Oxygen could have occurred by then. However, due to the inability of our
diffractometer to study the composition at such longer depths, it could not be verified by XRD

analysis.
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Figure 9.3: Temperature [K] vs. Distance from laser spot centre [um] plot at laser fluence (A) 2.4614 J/cm?, and

(B) 0.8208 J/cm?. The possible (TiO.716)3.76 formation temperature range is marked between the dotted lines in plot

(A) and (B). Temperature [K] vs. Depth [um] plot at laser fluence (C) 2.4614 J/cm? and (D) 0.8208 J/cm?. The

possible (TiO.716)3.76 formation temperature range is indicated between the dotted lines in plot (C) and (D), with the

extrapolated x-intercept showing the maximum depth up to which it can form.

A plausible explanation for greater amount of TisO being formed at a higher fluence and shorter

pulse widths (i.e. higher peak power), as determined by the Rietveld fitting, could be due to the

presence of a much wider and deeper melt zone. The SEM image (B) given in the inset of Figure

4.5 clearly indicates more melting at a higher fluence value of 2.4614 J/cm?, compared to lower
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fluence of 0.8208 J/cm?seen in image (A) of Figure 4.5. This accumulation of the melt zone having
molten “platelets” as observed in the SEM images that could have caused a hindrance to the
diffusion of Oxygen is due to higher laser fluency of pulses hitting the sample during laser

interaction. However, further study is required to explain this occurrence.

As mentioned earlier, (TiO.716)3.76 is formed around 1793-2053 K. This temperature zone has
been marked in Figure 9.3 by dotted lines. On the surface, at regions closer than 100 pum from the
laser spot centre, it was seen that such temperature conditions develop sooner, that is 1 ms after
the cessation of the laser material interaction, at a lower fluence 0.8208 J/cm?. At higher fluence
conditions of 2.4614 J/cm?, it would take 2-3 ms longer. This could explain the presence of greater
amount of (TiO.716)3.76 being generated on samples at 0.8208 J/cm? laser fluence. Likewise, the
marking of the temperature zone for the formation of (Ti0O.716)3.76 along the depth, shown in Figure
9.3(C) and (D) revealed that this non-stoichiometric Oxide could form up to a depth of 60 um at
2.4614 Jicm?laser fluence condition and only up to 30 pm depth from the sample surface, at lower
fluence of 0.8208 J/cm?. However, it is very unlikely that Oxygen would diffuse to such depths,

given the short (milliseconds) time scale.

B. Calculation of Enhancement Factor

The EF ratio was calculated by using the procedure and formula given by Cong. et al. [151]:

I N,
EF — hdd /Nsurf (17)
Isub/ Nbulk
Ngyrf = CVDyeNAARaman/Asub (18)
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Npuik = MpthAARaman (19)

where I;,44 and Ig,;, are the intensities of the characteristic Raman peak of the crystal violet (CV)
dye when present on the HDD-nano TiOxand bare Ti substrate respectively. Ng,.¢ IS the number
of molecules contributing to the Raman signal from the HDD-nano TiOxand Ny, ,x is the number
of molecules contributing to the Raman signal from the Ti substrate. The values of Ng,.f and Ny 1k
values consider the interaction volume of the Raman laser with the dye molecules which contribute
to the Raman enhancement. The data for CV dye on bare titanium substrate was used as reference
for non-SERS active reference. It was assumed that the dye molecules were uniformly distributed
on the substrate. C is molar concentration of the dye (103 M), Vbye Is Volume of dye droplet (1 pl),
Ny is the Avagadro constant. Agaman 1S Raman laser spot area (90 um in diameter). 1 pl of dye
spread to a circle of 5 mm diameter on the sample substrate from which area of substrate, A
was calculated. For calculation of Ny, half of depth of field (hy) of laser beam (10/2 um) and

CV dye molecular weight (M) of 407.98 g/mol and density (p) of 0.981 g/ml was used.
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Acronyms

2D

3D
ASTM
CVv
CVvD
EDX

EF

fcc
FE-SEM
FFT
HDD
HR-TEM
LDD
LSO
LSPR
NIR
PDF

PVD

QD

Two-Dimensional

Three-Dimensional

American Society for Testing and Materials
Crystal Violet

Chemical VVapour Deposition

Energy Dispersive X-ray

Enhancement Factor

Face centred cubic

Field Emission Scanning Electron Microscope
Fast Fourier Transform

High Density Defect

High Resolution Transmission Electron Microscope
Low Density Defect

Laser Spot Overlap

Localised Surface Plasmon Resonance
Near-Infrared

Powder Diffraction File

Physical Vapour Deposition

Quantum Dot
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SATP
SCFH
SEM
SERS
SPR
TEM
USP
uv
vis-NIR
XPS

XRD

Units

%

pl

gum

atm

cm

eV

Standard Ambient Temperature and Pressure
Standard cubic feet per hour

Scanning Electron Microscope

Surface Enhanced Raman Scattering

Surface Plasmon Resonance

Transmission Electron Microscope
Ultrashort Pulse

Ultraviolet

Visible and NIR

X-ray Photoelectron Spectroscopy

X-ray Diffraction

Percentage
Degree
Microliter
Micrometer
Ampere
Angstrom
Atmosphere
Celsius
Centimeter

Electronvolt
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fs Femtosecond

g Gram

J Joule

K Kelvin

kHz Kilohertz

M Molar

MHz Megahertz

mm Millimeter

mol Mole

ms Millisecond

nm Nanometer

ps Picosecond

W Watt
Nomenclature

Ks Shape factor

fr Fill factor

Agup Area of substrate
Apaman Raman laser spot area
Cabs Absorption cross section
Csca Scattering cross section
E, Band Gap

| P CV dye Raman peak intensity on HDD-nano TiOx
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VDye
Vcore

Vislands

CV dye Raman peak intensity on Ti substrate
Material constant

Laser Fluence

Avagadro constant

Number of molecules contributing to the Raman signal from the Ti
substrate

Effective number of pulses

Number of molecules contributing to the Raman signal from the
HDD-nano TiOx

Maximum temperature

Average surface temperature

Dye volume

Volume fraction of core nanosphere
Volume fraction of plasmon metal islands
Half of depth of field

Atom number density

Pulse duration

Polarizability of the metal nanoparticle
Extinction coefficient

Medium dielectric constant
Permittivity of free space

Laser absorption coefficient
Absorption constant

Deposition thickness

Laser spot diameter
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Dp Average crystallite size

E Photon energy

F Pulse frequency or repetition rate
Is Sputtering current

K Boltzmann constant

L Liquid

n Number of laser pulses

P Laser power

r Nuclei cluster radius

R Reflectance

S Entropy

t Deposition time

\ Laser scanning speed

w Laser spot radius

wt. % Weight percentage

o Constant ratio

A Wavelength

f Focal length

c Molar Concentration

M Molecular Weight

a Thermal diffusion coefficient
c Speed of light

h Planks Constant

e(w) Complex dielectric function of metal particle
B Line broadening
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Absorbance value from spectrum
Bragg angle

Heat conduction coefficient
Chemical potential

Density

Surface tension

Light frequency

Frequency

Chemical Symbols

(TiO.716)3.76
Ag
AgCl
Au
Au/Pd
Cds
CdSe
CdTe
Ce
CIGS
Cu
CuO

GaAs

Non-stoichiometric Oxide of Titanium
Silver

Silver Chloride

Gold

Gold Palladium alloy

Cadmium Sulfide

Cadmium Selenide

Cadmium Telluride

Cerium

Copper Indium Gallium Selenide
Copper

Copper Oxide

Gallium Arsenide
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GaN Gallium Nitride

H Hydrogen

N Nitrogen

@) Oxygen

PbS Lead Sulfide

Pd Palladium

Ru Ruthenium

Si Silicon

Sn Tin

Ti Titanium

TisO Tri-Titanium Oxide
Ti30s Tri-Titanium Pentaoxide
TiO2 Titanium Dioxide

TiOx Multiphase Oxide of Titanium
ZnO Zinc Oxide
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