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Abstract 

Abstract 
Molybdenum (Mo) provides several properties that can be useful for the advanced manufacturing 
industries. It has found applications in touch panel, printed circuit boards and numerous electronic 
components. The primary goal of this study is to understand the interaction of Mo with different 
types of pulsed laser sources. This thesis investigates the ultrashort and short pulse laser interaction 
of Mo bulk, loosely adhered single-layered Mo thin film on a BK7 glass substrate and a multi-
layered thin film (Mo-Al-Mo: commercially known as ‘MAM’). 

Micron and submicron scale ablation of Mo-based structures are performed using a femtosecond 
(1030, 515 and 343 nm) and a nanosecond (1064, 532 and 355 nm) laser. The ablated samples 
were characterised using off-line techniques such as atomic force microscopy (AFM) and scanning 
electron microscopy (SEM). Design and implementation of in-situ spectral and real-time spatial 
imaging measurement of the plasma plume were undertaken for understanding the fundamentals 
of the interaction of laser pulse with Mo and for the comparison between the femtosecond and 
nanosecond laser ablation of Mo bulk and thin film. Different Multiphysics numerical simulations, 
based on finite element method (FEM), were developed to understand the femtosecond and 
nanosecond laser-Mo interaction by the evolution of temperature and thermally induced 
mechanical stress in these materials.  

During femtosecond laser interaction with Mo bulk, a high compressive stress is established due 
to the rapid thermalisation of the hot electrons. At low fluence, this high stress results in the 
fragmentation of the Mo bulk sample. At higher fluence melting and vaporisation of Mo is 
observed. The molybdenum thin film ablation process was found to be dependent on the 
wavelength of the incident laser, duration of the laser pulse and the substrate material. The 
interaction of a femtosecond laser pulse with the Mo thin film leads to a formation of a high 
compressive stress. Above the ablation threshold, the expansion of Mo reaches its fracture limit 
and it leads to the mechanical fracture and delamination of the Mo thin film. The interaction of the 
short laser pulses with Mo thin film results in an almost uniform temperature distribution along 
the depth of the Mo film. At a fluence higher than the ablation threshold, the higher expansion of 
glass than Mo film along the normal to surface results in the fragmentation and removal of Mo 
thin film with significant damage of the substrate.  

The existence of non-ionized ablated/removed Mo was observed from the online diagnostics of 
ablation mechanism by the spectral analysis of plasma plume at high fluences. From the real-time 
spatial imaging, it was observed that the Green and UV laser pulses produced plasma plume 
possess higher velocity than that produced by the IR laser pulse. This results from the interband 
absorption of Green and UV laser photons by the free electrons compared with the intraband 
absorption of IR photons. 

A different laser ablation mechanism of the multi-layered samples was recognised from the mono-
layered Mo-laser interaction. In the case of femtosecond laser interaction with the MAM samples, 
selectively material removal was observed. Formation of novel ‘nano-bump’ with several 
nanostructures of Mo is observed at a set of low fluences. This arises from the relaxation of high 
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compressive stress, a reflected pressure wave from the Mo/Al interface and the higher expansion 
of Al than Mo. Using a single femtosecond laser pulse solid state re-crystallisation of Al layer was 
achieved caused by the surface diffusion of Al. In the case of nanosecond laser interaction, at low 
fluence, the formation of ‘micro-bump’ is observed. These ‘micro-bumps’ are initiated by the 
expansion of sub-surface Al layer. The high-volume expansion of Al results in a ductile 
deformation of solid Mo layer. When the temperature cools down, the Mo surface remains strained 
and does not return to its initial position leading a ‘micro-bump’. It is predicted that the at higher 
fluence range, the ablation is almost thermal. At large value of the applied laser fluence, the 
thermal effect dominates and results in thermal ablation. 

In summary, this thesis investigates the interaction of a laser with a loosely adhered metal layers 
of different crystal structure, creating a new parameter space for ultrashort and short laser thin film 
interaction. 
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Chapter 1: Introduction 

1. Chapter 1: Introduction 
LASER (acronym of ‘Light amplification by stimulated emission of radiation’) is a powerful 
source of light that has extraordinary properties which are not found in the conventional light 
sources. It is the device that generates and amplifies electromagnetic radiation, wavelength ranging 
from the near infrared (NIR) region up through the visible region (VIS) and extending to the 
ultraviolet (UV) and recently even to the X-ray region [1]. 

Because of the uniqueness of the laser sources, soon after the discovery, it is being used for 
countless applications such as in defence, medical, astronomy, optical fibre communication, 
seismography, power engineering, spectroscopy, data storage, holography, chemistry, scientific 
research e.g. nuclear fusion, spectroscopy and material processing. New fields are opened in 
science and technology. Lasers are used as a versatile tool to study the physics of the interaction 
of light with matter. It is also a valuable instrument for spectroscopic analysis, such as Raman, 
atomic, LIBS (laser induced breakdown spectroscopy). 

The laser material processing is one of the most important industries to have developed following 
the invention of the laser. It offers many advantages over more traditional materials processing 
techniques. It is a non-contact tool in which the optical energy is delivered to the target material, 
where it can be converted into photothermal, photochemical and photomechanical energy. 
Depending on the type of laser-material interaction, material removal may occur by melting and 
subsequent melt ejection, by direct vaporisation, by the breaking of chemical bonds, or by the 
mechanical interactions by which the material disintegrates due to the stress involved with rapid 
heating and expansion. On the other hand, traditional machining processes rely on mechanical 
stresses induced by the tools to break the bonds between the constituent elements or molecules of 
the material. Laser material processing can be applied to any material that can appropriately absorb 
the laser irradiation; traditional machining process requires suitable tools for the material with 
different levels of hardness and abrasiveness. It is difficult to machine hard or brittle materials 
such as ceramics using traditional methods whereas the laser is a good choice for such applications. 

Although the laser micromachining is widely employed in the manufacturing industry nowadays, 
a full understanding of various phenomena involved in the laser micromachining is still a matter 
of trials and speculations. The micromachining of different materials is essential in today’s 
advanced manufacturing, of, e.g., touch panels, printed circuit boards and electronic components. 
It is imperative to recognise the physics of laser material interaction to achieve a clean, damage 
free and economically efficient processing to meet industrial demands. The interaction of laser 
pulse with materials enables us to explore various physical process involved. Experiments reveal 
that proper selection of laser parameters such as pulse duration, polarisation, fluence, repetition 
rate, etc., as well as other parameters such as ambient pressure, which are all critical to produce 
desired results. The dissertation attempts are to investigate the short and ultra-short laser ablation 
phenomena and to increase the efficiency of laser structuring of molybdenum materials. 

Molybdenum (Mo) is an attractive material because of its half-filled d-band electronic 
configuration ([Kr] 5s14d5). Because of its half field electronic configuration, it is very stable 
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material. As molybdenum has high melting (2887 K) and evaporation (4913 K) temperatures; it is 
used as a thermal shock resistant layer. Molybdenum is also used in missile, aircraft, and filament 
materials and as the electrodes (anode) in electrically heated glass furnaces. Because of the high 
reflectivity, it is used as a thin film mirror. Molybdenum is of huge interest to photovoltaics as it 
is used as a back contact for various solar cells such as CIGS, CZTS and CdTe. Molybdenum-
based compounds such as molybdenum disulphide (MoS2) and molybdenum diselenide (MoSe2) 
are promising for solar energy conversion as they have band gaps falling in the visible or near 
infrared regime. 

Similar to the heavy material tungsten (W), molybdenum is a hard and brittle material, and it is 
comparatively difficult to process by a laser compared with other metals, such as gold, copper, 
aluminium, etc. It is important to select specific laser parameters to process molybdenum thin film 
for an efficient micro-machining. Laser processing of molybdenum, commonly known as P1 
scribing, is essential to create a monolithically interconnected integrated device in photovoltaic 
applications. Molybdenum has a growing interest in touch panel devices, where molybdenum is 
served as a thermally resistant layer. Precision processing of molybdenum is required to achieve 
desirable printable electronic circuit fabrication. An efficient processing of molybdenum based 
devices calls for an in-depth understanding of the interaction of laser with molybdenum. 

The motivation for this study is to understand the various process involved in the interaction of 
laser with molybdenum, to micro-structure of a multilayered thin film assembly for touch panel 
applications. 

The main aspiration of this dissertation is to investigate the ablation of a molybdenum based 
multilayered film of relevance of industry and to find a proper parameter for the efficient and 
selective removal of different layers. Following steps were carried out to understand the various 
physical process involved in laser processing of molybdenum based thin film. 

Firstly, micro-structuring of bulk molybdenum was conducted by a femtosecond laser at three 
different wavelengths. The absorbed threshold fluence required to structure molybdenum bulk was 
calculated after interaction of femtosecond laser with various fluences. Micro-structuring of 
molybdenum bulk was performed at different fluences, and structured molybdenum was 
investigated using offline and online characterisation tools. The offline characterisation tool 
included optical and electron microscopy techniques. On the other hand, the characterisations by 
online technique include real-time spectral and spatial plasma imaging. Finally, the interaction of 
ultra-short pulse (500 fs) with molybdenum was investigated by a numerical simulation based on 
a finite element method (FEM). The numerical method was solved for different fluences, and the 
increase of the lattice temperature was investigated. The investigation brings the different process 
involved in the ablation process. The further investigation is based on structuring of a very thin 
molybdenum film by a short (fundamental 9 ns) and an ultrashort (fundamental 500 fs) laser 
pulses. 

The second part of this dissertation is to investigate the physics of interaction of a thin 
molybdenum film with short and ultrashort pulsed laser in order to understand the ablation 
mechanism and find out the effect of the interaction. The interaction of nanosecond and 
femtosecond laser with molybdenum thin film resulted in complete removal of a loosely adhered 
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molybdenum layer on BK7 glass substrate. The offline characterisation of the removed surfaces 
on molybdenum thin film was investigated using an optical microscope, scanning electron 
microscopy (SEM) and atomic force microscopy (AFM) methods. Real-time measurements were 
carried out using on-line characterisation methods such as spectral and plasma imaging and various 
physical associated properties. The nanosecond and femtosecond ablation process of a 
molybdenum film at low fluence was understood numerically using finite element method (FEM). 

The final part of this thesis is to investigate the ablation mechanism of a molybdenum based 
multilayered structure which is an important material for the industrial application (touch panel). 
Selective laser ablation was observed, and different threshold fluences were measured for the 
nanosecond and femtosecond laser interaction with the multilayered film. Various offline 
characterisation such as SEM, AFM and EDX reveals different novel and exciting features on the 
MAM surface. Finally, the different ablation process was understood by simple numerical 
solutions using finite element method technique. It was concluded that the nanosecond laser 
processing of MAM is a thermally activated process, whereas femtosecond laser ablation is a stress 
governed phenomenon. It was also concluded that the complete removal of MAM is easy to 
achieve with the nanosecond laser, but it provides thermal damage at the substrate. It is possible 
to remove different sub-layers of molybdenum selectively by femtosecond laser interaction. Also, 
a comparatively higher fluence is required to remove the multilayered film from the substrate. A 
simple numerical solution based on two temperature and mechanical stress model were developed 
to understand the femtosecond laser ablation phenomena. Further investigation of the various 
process involved in the ablation process of the multilayered structure is needed. 

The novel findings/contributions of this dissertation are listed below, 

1. Comparison of the single pulse femtosecond interaction of bulk molybdenum bulk and thin film 
by the offline characterisation tool. 

2. Comparison of femtosecond and nanosecond laser ablation of 50 nm thick molybdenum thin 
film on a dielectric (BK7 glass) substrate. 

3. Evaluation of the wavelength dependence of single pulsed laser ablation phenomena. 

4. Numerical simulation confirming the ablation phenomena at low fluence leads to delamination 
due to induced stress. 

5. The real-time imaging of the femtosecond and nanosecond ablation of bulk and 50 nm thin 
molybdenum in real time at atmospheric pressure by a femtosecond and a nanosecond laser at 
various fluence, and different parameters were estimated. 

6. Femtosecond and nanosecond laser performed micro-structuring of a multilayered film at IR, 
green and UV wavelength and selective ablation was observed. 

7. The creation of novel micro & nano structures on MAM at low fluences is due to comparatively 
higher expansion of aluminium than molybdenum. 

8. The formation of an aluminium microprotrusion is most likely due to a photo-thermal subsurface 
expansion of the aluminium layer. 
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9. The generation of stress by a photomechanical mechanism gives rise to mechanical fracture of 
molybdenum layer. 

Thesis structure: 

The structure of this thesis is presented as follows, 

Chapter 2 provides an introduction to laser fundamentals, followed by production of short and 
ultra-short pulse relevant background information on selective processing, thin film micro-
processing and laser conservation. A literature review of ultra-short pulse laser technology and its 
application to microfabrication is included. Ultra-short pulse laser ablation mechanisms, related 
experiments and results are analysed. 

Chapter 3 provides a description of the laser processing workstation and characterisation 
equipment with the methodology used to implement and analyse the experiments described in this 
thesis. Various parameters of the materials utilised in the study are provided. Numerical models 
employed in the simulations are also discussed. Details of the materials used in testing are also 
provided with different parameters. 

Chapter 4 presents the structuring of bulk molybdenum by a 500 fs femtosecond laser at three 
different wavelengths. Numerical simulation based on two temperature model was carried out to 
investigate the physical process and factors for ablation process. Interaction of 50 nm thick 
molybdenum film with a femtosecond and a nanosecond (9 ns, fundamental) laser were carried 
out, and the results provide evidence of selective ablation with delamination effect. Numerical 
simulation provides an investigation into the factors governing selective processing by 
femtosecond and nanosecond laser. Effects of absorption, the variation of the absorbed fluence of 
molybdenum bulk and molybdenum thin film were investigated using various offline 
characterisation tools and factors like reflectivity, and ablation threshold were measured. 

In chapter 5, real-time observation of the ablation of molybdenum bulk and thin film by 
femtosecond and nanosecond laser are presented. Spatial and spectral imaging of molybdenum 
was carried out at different fluences are represented. Parameters such as plasma lifetime, average 
velocity and deceleration coefficient are calculated and presented.  

In chapter 6 ablation of a multilayered thin film by a femtosecond and a nanosecond laser was 
studied.  Micro-structuring of the multilayered film was performed at IR, green and UV 
wavelength at different wavelengths at a range of fluence. SEM and AFM microscopy of the 
ablated craters are presented at the EDX analysis is presented to detect ablated layers. Through 
these case studies, the usefulness of selective processing techniques of the multilayered film, 
advantages and limitations are identified. 

Chapter 6 concludes this thesis, providing a summary of its findings and achievements. 
Suggestions are provided for future research directions based on the work presented herein. 
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Chapter 2: Literature Review  

2. Chapter 2: Literature review 
This chapter presents relevant background to short pulse and ultra-short pulse laser processing of 
molybdenum materials. Brief reviews of laser science, various laser-material interaction 
mechanisms and the micro-processing of materials by pulsed laser sources currently available in 
the literature are presented. The background necessary for an understanding of laser micro-
processing of molybdenum bulk and thin films is presented. In addition, a review of the state of 
the art is conducted on the processing of multi-layered thin films for industrial applications. 

As this thesis focusses on the processing of the molybdenum by different laser sources, a general 
overview of interaction of laser with materials is required. To understand the micro-processing of 
molybdenum-based structures by various laser sources, the following sections are covered in the 
literature review section. 

1. This chapter begins with the generation of the coherent light pulse from a laser system; 
particularly a four-level emission mechanism is discussed. The laser pulse from the four-
level system is used in the current experiments. 

2. In the next segment, two techniques of shortening of a laser pulse are discussed, termed as 
Q-switching and mode locking. These approaches are used to create a compressed a laser 
pulse inside a laser cavity. Further amplification and shortening of a laser pulse by chirped 
pulse amplification (CPA) technique, operates outside of the laser cavity, is presented in 
the next section.  

3. A general introduction to the laser material interaction involving various associated 
processes is discussed in the next section. This addresses the excitation of a material (metal, 
semiconductor and dielectric) by linear and non-linear absorption process during the 
interaction of laser pulse. In particular, an in-depth review of the interaction of an ultrashort 
and short laser pulse within a material is discussed. 

4. The ablation/removal of a material by means of thermal, photochemical and 
photomechanical mechanisms. 

5. Other relevant processes, e.g. plasma formation, spectral emission and plasma shielding is 
discussed. 

6. The final segment of this chapter emphasises the laser processing of molybdenum with 
different findings achieved by other researchers. Also, various properties and applications 
of molybdenum are discussed herein. 

2.1. Laser fundamentals 
A short description of laser fundamental is discussed in this section. Laser sources are devices that 
generate and amplify coherent radiation at wavelengths from infrared (IR) to ultraviolet (UV) 
regions of the electromagnetic (EM) spectrum. The output of laser beam is directional and 
monochromatic. The physics underlying stimulated emission were first hypothesised by Einstein 
in 1917 [2, 3], however, it was confirmed in 1928 by Landenberg [4]. Theodore Harold Maiman 
demonstrated the first laser at the Hughes Research Laboratory in 1960 [5]; the lasing medium 
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was a ruby crystal and it produced a laser pulse at a wavelength of 694.3 nm, pumped by xenon 
flash discharge. 

A laser consists of three primary system components, e.g. pumping system, an active medium and 
a resonator consisting one or two mirrors. The pumping system is required to achieve population 
inversion in an active medium; this population inversion acts as an amplifying mechanism. To 
effectively extend the length of the amplifier, the active medium is placed inside of a resonator 
which introduces a suitable positive feedback; feedback is achieved by two highly reflective 
mirrors reflecting the light through the active medium. The electromagnetic wave (EM) wave 
generated by spontaneous or stimulated emission is amplified on each passage through active 
material. If one of the mirrors is partially transparent, an output beam is emitted from the resonator. 
Figure 2.1 shows a simplified schematic of a typical laser system. 

 

Figure 2.1: Simplified schematic of typical laser 

There are three phases of matter used as laser sources according to the physical state of the active 
medium, these are solid-state, liquid or gases. Lasers are termed as being infrared (IR), visible 
(VIS), ultraviolet (UV) or X-ray depending on its emitted wavelength. Lasers are termed as 
continuous or pulsed, if the laser beam is emitted in the form of a continuous wave or a as a 
temporal pulse of light lasting a specific time duration, respectively. In general, the peak and the 
average powers of continuous wave lasers are the same and lies between a few milliwatts to several 
megawatts. In pulsed laser sources, high peak powers can be achieved when the pulse is on up to 
values of petawatts (PW).  For pulsed lasers, the pulse duration can vary widely from the 
milliseconds to femtoseconds. Repetitively pulsed lasers offer high repetition rates from kilohertz 
to several megahertz. 

As the primary focus of the study is to investigate how the molybdenum material is modified by 
solid state lasers, the development of these specific laser tools will be discussed. In commercial 
high power solid state laser system, the most conventional active medium used are Nd3+ doped 
medium, such as Nd:YVO4 and Nd:YAG. The laser having Nd3+ doped yttrium matrix as an active 
medium is known as Nd:YAG laser and thus the emission process from this laser is discussed in 
the next section. 
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2.2. Nd:YAG laser 
Nd:YAG laser is a solid-state laser (SSL) that utilises a gain medium made from a garnet doped 
with a rare earth or transition metal ions (for example neodymium-doped yttrium aluminium 
garnet, simply known as Nd3+:YAG) [6]. When the neodymium ion (Nd3+) doped with host 
material yttrium aluminium garnet (Y3Al5O12) the strongest emission at a wavelength of 1.064 µm. 
Nd3+ also lases at 0.94 µm and at 1.32 µm from the same upper laser level as the 1.064 µm 
transition, although these transitions have lower gain. 

A simplified energy level diagram of a Nd:YAG solid-state laser is shown in Figure 2.2. Nd3+YAG 
laser incorporates a four-level system and it has small pumping threshold when compared with 
other solid state lasers such as Ruby laser [7, 8]. The typical parameters for Nd:YAG lasers are 
listed in Table 2.1. 

 

Figure 2.2: Energy levels of the Nd:YAG laser crystal 

The gain medium is pumped using flash lamps, laser diodes or other lasers. The population 
inversion is accumulated over the time duration, during the active period of the pumping cycle. 
The emission occurs when stimulated emission exceeds a specific threshold and when is permitted 
to occur. The gain line width is typically narrow, approximately 0.45 nm, which is homogeneously 
broadened by thermally activated lattice vibrations in the YAG matrix. 
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Table 2.1: Various parameters of an Nd:YAG laser system 

Property Value Unit 

Chemical formula Nd3+:Y3Al5O12  

Crystal structure Cubic  

Mass density 4.56 gcm-3 

Young’s modulus 280 GPa 

Tensile strength 200 MPa 

Melting temperature 1970 o.C 

Thermal conductivity 10-14 Wm-1K-1 

Thermal expansion coefficient 7 − 8 × 10−6 K-1 

Emission cross-section at 1064 nm 28 × 10−20 cm2 

Gain bandwidth 0.45 nm 

 

Excited electrons quickly drop from the pumping bands to 4F3/2 level, where the electrons remain 
for a relatively long time. This level is split into two components, which are referred to as R1 and 
R2. The energy level of R2 is approximately 0.011 eV above than R1. Because these levels are 
closely coupled, their relative populations are related by a Boltzmann factor. The most probable 
lasing transition is to the 4I11/2 state, where a photon at 1064 nm is emitted. Electrons in that state 
in turn quickly relax to the ground state, so its population remains low. Hence, it is easy to build a 
population inversion. At room temperature, the emission cross section of this transition is high, so 
its lasing threshold is low. While there are competing transitions for the same upper state, most 
notably at 1319, 1338, and 946 nm, all have lower gain and a higher threshold value than the 
favoured 1064 nm transition.  

The current study was undertaken using a Neodymium-doped yttrium orthovanadate (Nd:YVO4) 
laser instead of Nd:YAG laser. The Nd:YVO4 laser/crystal is similar to the Nd:YAG laser but it 
offers some advantages; such as: 

1. It has a lower dependency on pump wavelength and temperature control of a diode laser. 
2. It has a wider spectral absorption band compared with Nd:YAG laser. 
3. It has a higher slope efficiency than Nd:YAG laser. 
4. It has lower the lasing threshold of Nd:YVO4 than Nd:YAG. 
5. The emission output from the Nd:YVO4 laser is single-longitudinal mode and linearly 

polarised. 
6. Nd:YVO4 laser has more compact design than Nd:YAG. etc. 

In general, the Nd:YAG and Nd:YVO4 laser both can operate in continuous and pulsed mode. 
Laser emission by the pulse mode is more preferable than the continuous mode for the scientific 
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and industrial applications. Micro-machining of materials requires shortening (compression) of 
these laser pulses as the reduction of the laser pulse that offers more extreme intense phonon 
density and shorter temporal duration. 

2.3. Pulse shortening 
Shortening of the laser pulse is required in the fields of digital communications, precision 
machining and for use as diagnostics (pump & probe) of ultrafast chemical processes. This also 
allows processing of material without causing significant heating and thus damage of material. For 
short and ultra-short laser pulse generation two key techniques of Q-switching and mode locking 
are used. 

2.3.1. Q-switching 
The Q-switching technique is used in the nanosecond laser system to produce short laser pulses 
from an otherwise CW (continuous wave) source for our study. The Q-switching, also known as 
Q-spoiling [9], is a technique used in many types of commercial solid state lasers to obtain a high 
energetic short pulsed output by modulating the Q-factor (quality factor) of the laser resonator. 
The Q-factor is a measure of the damping strength of the laser resonator [10, 11]. An abrupt 
increase of the Q-factor of a laser resonator results in an intense laser pulse generates [6]. 

In general, pumping in a laser system begins when the optical pump source is activated. The 
population inversion eventually reaches a steady state value with proper matching of pumping and 
decay rates. The  laser beam intensity begins to grow during this period until it reaches a saturation 
intensity value [6]. If the gain is high enough to overcome cavity losses, the extraction of energy 
starts from the cavity. 

The population inversion is decreased during the process of stimulated emission as the laser beam 
intensity increases. The inversion density reaches a lower steady state value such that the reduced 
gain equals the losses in the cavity. In most solid-state lasers, the upper-level lifetime is 
significantly longer than the time required for population inversion to reach the steady state 
equilibrium value inside the cavity. For this kind of laser, the laser output reaches a saturation 
intensity long before the maximum population inversion is achieved and thus, the laser operates 
with a lower gain [12]. 

A higher gain and energy output is possible if the solid-state gain media were pumped for a 
duration without the optical feedback in the cavity in place. The ability to suddenly switch the 
optical feedback of the cavity back in place is known as ‘Q-switching’ as the cavity is rapidly 
changed between a high and low state where ‘Q’ represents the ratio between energy stored and 
to the energy dissipated within the cavity.  

This technique allows generating laser pulses with a duration comparable to photon delay time 
(time scale) and high peak power (~MW). Figure 2.3 represents the summarised evolution process 
of Q-switched laser pulse [12, 13]. 
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Figure 2.3: Evolution of Q-switched laser pulse, adapted from [6] 

Initially, the cavity loss in the laser cavity is set at some arbitrarily high value by not allowing the 
spontaneously emitted photons to oscillate between the mirrors. Simultaneously, the laser pumping 
builds the population inversion over some period of time to a value larger than that achieved by 
normal circumstance; this results in a higher population inversion at the upper level. The cavity 
loss is then suddenly lowered by allowing photos to oscillate inside the cavity. The reflected 
photons from the mirrors trigger a large number of stimulated emission and produce a rapidly 
rising and intense burst (giant pulse). 

Four requirements must be satisfied to produce high inversion population density required for Q-
switching, 

1. The lifetime of upper laser level needs to be longer than the time required for cavity re-
alignment. 

2. The duration of pumping must be longer than the upper state population build-up time and 
at least as long as the lifetime of the upper-level. 

3. Initial cavity losses much are higher than pumping gain and 
4. The cavity loss must be reduced almost instantaneously during high Q time. 

Different methods for producing Q-switching within a laser cavity include rotating prisms, electro-
optic and acoustic-optic shutter, pocket cells or Kerr cell or using a saturable absorber. Q-switched 
pulses are limited to generate minimum pulse durations of few nanoseconds. Further reduction of 
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pulse width requires other technique e.g. mode locking and CPA techniques and described in the 
following section. 

2.3.2. Mode-locking 
The mode locking is discussed as it was used to generate an ultra-short laser pulse from the 
femtosecond laser system. Mode-locking allows optical pulses as short as 5 femtosecond to be 
generated [14, 15]. 

When modes of electromagnetic waves of different frequencies but with random phases are added 
together, they produce a randomly distributed, average output of both the electric field and the 
intensity in the time domain. Mode-locking is achieved by combining a number of distinct in phase 
longitudinal modes of laser pulses, all having slightly different frequencies. When all the same 
frequencies (modes) are added in phase, they combine to produce a total amplitude field and 
intensity output that has a characteristic repetitively pulsed nature. Hence, achieving such phasing 
or mode-locking has become a powerful method for generating ultra-short pulses. The greater the 
frequency separation between these modes, the shorter the achievable pulse duration [16]. 

The methods of mode locking can be divided into two categories, active mode-locking and passive 
mode-locking. In active mode locking, the mode-locking element is driven by external sources 
[17]. Active mode locking can be induced by an amplitude modulator (AM mode locking) [17, 
18], a phase modulator (FM mode locking) [19] or by the periodic modulation [20] of laser gain 
at a repetition rate equal to the fundamental cavity frequency. For a pulsed and high gain laser, 
mode locking is achieved by Pockel cell amplitude modulators. For a CW-pumped and generally 
low gain laser, the amplitude mode locking is achieved by an acoustic-optic modulator. 

There are four major types of passive mode locking e.g. fast saturable absorber mode locking [21], 
slow saturable absorber mode locking , Kerr-lens mode locking [22] and additive pulse mode 
locking [23]. Saturable absorber uses the saturation properties of a suitable absorber e.g. 
semiconductor or a dye molecule. Mode locking using slow saturable absorber exploit the dynamic 
saturation of the gain medium. Self-focussing property of a transparent nonlinear material is used 
in Kerr-lens mode locking. Additive pulse mode locking exploits the self-phase modulation 
induced in a suitable nonlinear optical element. 

The minimum pulse width of a mode-locked laser is determined by the gain bandwidth of the 
pulse. To generate an even shorter pulse, the bandwidth is increased beyond its original width, 
associated with the mode-locked laser pulse. This technique is known as chirped pulse 
amplification (CPA). 

2.4. Chirped pulse amplification 
The Chirped Pulse Amplification (CPA) technique is used in the current study, where 
amplification of a low intense femtosecond laser pulse is performed to generate a highly intense 
femtosecond laser. 
The introduction of chirped pulse amplification played a revolutionary role to generate ultrashort 
laser pulse of high peak power. This was done by the amplification of very short (femtosecond) 
laser pulse energies previously available from long-pulse lasers [24-26]. In CPA technique, 
stretching of an ultra-short laser pulse is first conducted followed by its amplification in to a gain 
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medium. Following the amplification, the amplified laser beam is again re-compressed (Figure 
2.4). 

 

Figure 2.4: Generation of highly intense short pulse laser by CPA technique 

A pair of grating or prism are used for the temporal stretching of seed laser pulse. These pair are 
organised in such a way that the high-wavelength component of the laser pulse travels a shorter 
distance than the low-wavelength component. After the laser pulse travel through the grating pair, 
the high frequency component lags behind the low frequency component of the laser pulse i.e., the 
laser pulse becomes positively chirped. The pulse width of the original laser beam can be increased 
by a factor of 103 to 105 by the positive chirping mechanism. Then a gain medium is used to 
amplify the stretched and less intense laser pulse. During the amplification process, the intensity 
of the laser pulse is amplified by a large amount (106 times or even more). In the end, the positively 
chirped and sufficiently amplified laser pulse is recompressed back to the shorter pulse width using 
the pair of grating or prism. In this case, the laser pulse become is negatively stretched. The 
compression of the laser pulse enables to increase higher peak power of laser pulse [27, 28]. 

The ultra-short pulse duration can be achieved only if the coherent light consists of a range of 
wavelengths which are carefully and orderly synthesised such as the pulses produced by mode-
locked lasers. The stretcher operates by introducing large, well-characterised dispersion, i.e. time 
delay of different spectral components of the ultra-short pulse to produce a long, chirped optical 
pulse. During positive dispersion, the time to travel of lower wavelength (higher frequencies) 
component of the laser light is more than the components of laser light with higher wavelengths 
(lower frequencies). The compressor operates on the same principle, with a dispersion that closely 
matches that produced by the stretcher, but opposite in sign i.e., in this case, the negative dispersion 
is used. Thus, the ultra-short pulse initially generated in a mode-locked laser first undergoes 
stretching in the pulse stretcher (to ps-ns durations), amplification factor to high energies in the 
laser amplifier, followed by compression close to its original pulse duration in the pulse 
compressor. The CPA phenomena are illustrated in Figure 2.5, 
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Figure 2.5: Schematic of CPA technique using two pairs of gratings 

In general, the compressors and stretchers can be designed by several ways. A grating-based 
stretchers and compressors is widely used in todays advanced ultrashort laser system. Also, 
sometimes, as dispersive elements, a pair of prism is used as a substitute of gratings. Moderate 
stretching and compression ratios can be achieved with prism-based devices, optical fibres and 
Bragg gratings implemented either in bulk materials or fibres. Finally, relatively small stretching 
and compression ratios can be achieved using the natural dispersion of bulk material or specially 
designed reflective dielectric stacks (chirped mirrors). Figure 2.6 represents pulse compression 
made with a pair of gratings, 

  

Figure 2.6: Ray diagram of the pulse compression of a chirped pulse using a pair of grating 
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These three techniques were used in our study to produce ultrashort and short laser pulses. As 
these pulses are used to process materials (molybdenum), a literature review of the laser-material 
interaction is needed. 

2.5. Laser-material interaction 
Pulsed lasers are used in a variety of different industrial and scientific fields because of the fact 
that they are useful as intense, readily manipulated energy sources. They are applied in a wide 
variety of situations in which their interactions with matter are of great importance. Most of the 
laser processing is performed by infrared laser light sources [29]. In metal, laser energy excites 
free electrons [30], in insulator the energy is absorbed by vibrational energy levels [29, 31]. Both 
kinds of excitation can be observed in the case of semiconductors [32-34]. In case of metals, the 
excitation of free electrons depends upon several factors including temporal duration of laser 
source [35], incident laser intensity [36], wavelength [37] etc. In general, the excitation energy is 
dissipated into heat energy within a time frame that is small compared to any change in another 
physical process. The different process associated with the laser processing is shown in Figure 2.7. 

 

Figure 2.7: Typical laser ablation process 

Table 2.2 lists some of the mechanisms associated with laser ablation process with a progressive 
time scale, the individual processes are dependent on laser and material parameters.  

Table 2.2: Different laser ablation mechanisms [29] 

1. Propagation of laser beam through the ambient 

2. Reflection of laser light (time dependent) at the surface of the material 

3. Absorption of photon energy by material (single or multi-photon) 
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4. Thermodynamic response of the material (time dependent). This includes the phase 
change of the material 

5. Electron and ion emission and plasma ignition 

6. Evolution of stress wave that originates from the interaction zone 

8. Plasma shielding (laser-plasma interaction) if the incident laser pulse is still ON.  

9. Hydrodynamic expansion of the vapour plume 

 

2.5.1. Reflection of laser light by material surface 
A general balance of the incident energy can be used to account for energy absorption by the 
material, by considering reflection at the surface, transmission through the material and optical 
emission (blackbody emission) from the surface. For an optically thick body, the transmission of 
laser light can be ignored. Thus, the optical laser energy is divided into two components, the 
reflected and absorbed laser energy. Under an ambient atmosphere or vacuum, the reflected energy 
(at normal incidence) from an incident laser pulse depends upon reflectivity (𝑅𝑅) of the material 
which is essentially calculated from the Fresnel’s relation shown in the following formula, 

 𝑅𝑅 =
(𝑛𝑛� − 1)2

(𝑛𝑛� + 1)2
 (1) 

where, 𝑛𝑛� is known as the complex index of refraction. In real material the complex refractive index 
is expressed by [38], 

 𝑛𝑛� = 𝑛𝑛 + 𝑖𝑖𝑖𝑖 (2) 

where, 𝑛𝑛 is known as real part of refractive index that is determined by Snell’s law and 𝑖𝑖 is called 
the extinction coefficient of the material. 

Substituting 𝑛𝑛� in the equation 1, we get, 

 𝑅𝑅 =
{(𝑛𝑛 − 1)2 + 𝑖𝑖2}2

{(𝑛𝑛 + 1)2 + 𝑖𝑖2}2 (3) 

The reflectivity and absorption of light by the material depend on the laser beam’s 
frequency/wavelength and the material's properties. For simplicity, in our study, it was assumed 
that the reflectivity is intensity independent which is an approximation from the pump-probe 
experiments [39, 40]. 

The reflectivity can be affected by the surface roughness (𝑅𝑅𝑅𝑅). An increase of surface roughness 
results presence of macro, micron and nano-structures at the surface and these can enhance the 
absorption at the surface and thus the reflectivity reduces [41-43]. 

A general equation for the laser source term (𝑆𝑆(𝑡𝑡, 𝑟𝑟, 𝑧𝑧)) for a pulse with Gaussian shapes in the 
radial and temporal domain (𝑟𝑟, 𝑡𝑡) can be described as [44, 45] 
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 𝑆𝑆(𝑡𝑡, 𝑟𝑟, 𝑧𝑧) =
2𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝛼𝛼(𝜆𝜆)

�𝜋𝜋 𝑙𝑙𝑛𝑛2⁄ 𝑡𝑡𝑎𝑎
�1 − 𝑅𝑅(𝜆𝜆)� 𝑒𝑒𝑒𝑒𝑒𝑒 �−

2𝑟𝑟2

𝜔𝜔02
− 4𝑙𝑙𝑛𝑛2 �

𝑡𝑡 − 𝜏𝜏
𝑡𝑡𝑎𝑎

�
2

� exp (−𝛼𝛼(𝜆𝜆)𝑧𝑧) (4) 

where, 𝑡𝑡 is the time (s), 𝑟𝑟 is the radial parameter (m), 𝑧𝑧 is the depth of the material (m), 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 is the 
applied laser fluence in Jm-2, 𝑡𝑡𝑎𝑎 is the pulse duration at FWHM of the laser beam, 𝜔𝜔0 is the laser 
beam radius at the surface of the material (m), 𝜆𝜆 represents wavelength of the laser beam, 𝛼𝛼(𝜆𝜆) is 
the wavelength dependent absorption coefficient (m-1) and 𝑅𝑅(𝜆𝜆) is the reflection coefficient of the 
material respectively. Here,  𝜏𝜏 is the arbitrary time reference in seconds. 

a. Linear absorption of radiation by material 
When the light is incident on an absorptive material, the energy will be absorbed by a thin layer 
of the material. As the light passes into the material, the irradiance (Wm-2) of the laser pulse 
decreases exponentially with distance. The decay of irradiance depends on upon the absorption 
coefficient of the material, 𝛼𝛼(𝜆𝜆), and the depth to which the light has progressed through the 
material. This decay of light irradiance is described by the simple Beer Lamberts’ law given below, 
[46] 

 𝐼𝐼(𝑧𝑧) = 𝐼𝐼0𝑒𝑒𝑒𝑒𝑒𝑒(−𝛼𝛼(𝜆𝜆)𝑧𝑧) (5) 

Where, 𝐼𝐼0 and 𝐼𝐼(𝑧𝑧) are the impinging and transmitted intensity in Wm-2, respectively and 𝑧𝑧 is the 
distance in meter (m) the light needs to travel. 𝛼𝛼(𝜆𝜆) is known as the absorption coefficient in m-1 
and is a wavelength dependent parameter. The absorption properties by a material depends upon 
optical properties and electronic structure of material. It is possible to estimate the penetration 
depth (𝑑𝑑) within the material using a simple equation, given by, 

 𝑑𝑑 = 1
𝛼𝛼(𝜆𝜆)�  (5) 

The absorption coefficient (𝛼𝛼(𝜆𝜆)) is large for metals (𝛼𝛼), thus the light is approximately absorbed 
within a depth of 10-20 nm [29]. 

The light-matter interaction begins with the absorption. When the laser light interacts with a 
material, excitation of electrons takes place by absorption of photons. In metals, the absorption of 
a laser photon energy takes place by free electrons in the conduction band. Fermi level lies inside 
the partially filled conduction band which allows the absorption of low to moderate energy photons 
(typically IR photons) via intraband transitions [47-49]. In the case of non-metals (semiconductors 
and insulators), the Fermi energy is in between the valence band and the conduction band, and the 
electronic absorption of photon energy take place via interband transitions. Mostly, the probability 
of the linear absorption from the valence band to conduction band is almost insignificant for 
photons have energy less than the band gap energy of the material. The presence of defect states 
within the energy gap can lead to single photon linear absorption [50]. The energy level of the 
electrons in defect sites has intermediate energy which allows excitation of electrons into the 
conduction band. 
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Although the equation 5 holds for moderate to low intensities, at extremely high intensities 
nonlinear effects becomes important and the light is absorbed more quickly than linear absorption 
via multi-photon absorption [43]. This is not generally important in molybdenum. 

b. Nonlinear absorption 
Nonlinear absorption is of great importance in the processing of semiconductors and wide band 
gap insulators during the incidence of ultra-short laser pulses [43, 51-54]. At high intensities, the 
absorption deviates from Beer-Lamberts’ law and more intense absorption takes place by 
nonlinear absorption process. Various non-linear absorption process includes impact ionisation, 
avalanche ionisation and, multiphoton ionisation. 

 

  

Figure 2.8: Different types of electronic excitations in a solid. Adapted from [29] 

The excitation of electrons by the absorption of photon energy by the materials (metals, 
semiconductors and insulators) are illustrated in the Figure 2.8, and it can take place with the help 
of the both linear and non-linear processes. In the case of pure semiconductors and insulators, 
interband and intraband transition are observed. Linear absorption/transition is observed if the 
single photon energy exceeds the band gap of the semiconductor and insulator. Various nonlinear 
absorption e.g. coherent and sequential absorption take place at comparatively high intensity and 
indicate nonlinear absorption process. In case of metals, the valence and conduction bands overlap 
with each other. Thus, the energy levels are closely packed in metals, the free electrons easily 
absorb the incident laser energy, if allowed, and excites to higher energy states. Thus, the intraband 
transitions are most likely observed in case of metals [55-57]. 

Generally, the linear absorption is dependent on the properties of a material. When the laser 
intensity increases further and reaches a sufficient value, nonlinear absorption process could occur, 
and the absorption depends on upon the pulse intensity (photon density) and several material 
properties. The photon density depends upon the temporal nature of the laser pulse and it increases 
with reducing pulse width. The pulse width dependency on the laser processing of molybdenum 
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is studied in this dissertation and the following two sections presents the literature review of 
ultrashort and short laser pulse interaction with solids. 

2.5.2. Interaction of an ultra-short pulse laser with material  
When the laser pulse intensity reaches above 1015 Wcm-2, the electron density reaches a critical 
value during ionisation by femtosecond laser pulse [58]. After the critical density is reached, the 
laser energy is mainly absorbed by inverse Bremsstrahlung method [59, 60]. Since the pulse length 
of the laser is considerably shorter than the thermalisation time, the removal of material is not fully 
dependent on a phase change of the material. 

In metals, once the laser energy is incident on the metal surface, the photon energy is absorbed by 
free carriers in the conduction band via inverse bremsstrahlung process [61]. The electrons gain 
kinetic energy during absorption of photon. Since the electrons within the electronic subsystem 
have a low heat capacity (𝐶𝐶𝑒𝑒), the electron temperatures rise to tens of thousands of degrees Kelvin 
very quickly due to electron-electron collisions [62]. At this point lattice remains cold (near 
ambient temperature). This results in a highly extreme temperature difference between the 
electrons and the lattice [35, 63]. Thermal energy is exchanged between from the electron to the 
lattice sub-systems to rebalance the equilibrium. The transfer of thermal heat energy can be 
described by electron-phonon coupling factor. The greater the value of electron-phonon coupling 
factor, the greater the rate of heat transfer between the electrons and the lattice and hence faster 
the thermalisation between the electronic and lattice subsystems. The time taken to reach this 
electron-lattice equilibrium varies depending on the material, but it is typically of the order of from 
one to tens of picoseconds. 

Two temperature model 
Ultra-short excitation of metals can often be described by two temperature model (TTM), where 
it is assumed that the laser excitation takes place via a rapid local thermalisation among the 
electrons followed by transfer of thermal energy to the lattice system, respectively [64]. Anisimov 
et al. proposed a two-step model to describe the transfer of energy between the electrons and lattice 
for metals; using the assumption that electron and phonon energy transfer can be described using 
Fourier’s law [65]. Qiu and Tien later derived this model from the Boltzmann energy transport 
equation [66].  
Assuming a uniform fluence across the irradiated area, the consideration of temperature change is 
only necessary in the z plane. The two-temperature model (TTM) can be described using two 
partial differential equations [44, 65, 67] 

 𝐶𝐶𝑒𝑒(𝑇𝑇𝑒𝑒)
𝜕𝜕𝑇𝑇𝑒𝑒
𝜕𝜕𝑡𝑡

= 𝛻𝛻[𝐾𝐾𝑒𝑒(𝑇𝑇𝑒𝑒)𝛻𝛻𝑇𝑇𝑒𝑒] − 𝐺𝐺(𝑇𝑇𝑒𝑒)(𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑙𝑙) + 𝑆𝑆(𝑟𝑟, 𝑡𝑡) (6) 

 𝐶𝐶𝑙𝑙(𝑇𝑇𝑙𝑙)
𝜕𝜕𝑇𝑇𝑙𝑙
𝜕𝜕𝑡𝑡

= 𝛻𝛻[𝐾𝐾𝑙𝑙(𝑇𝑇𝑙𝑙)𝛻𝛻𝑇𝑇𝑙𝑙] + 𝐺𝐺(𝑇𝑇𝑒𝑒)(𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑙𝑙) (7) 

The subscripts (e, l) refer to the electronic and lattice subsystems, respectively. 𝐶𝐶𝑖𝑖 (Jm-3K-1) and 
𝐾𝐾𝑖𝑖 (𝑊𝑊𝑚𝑚−1𝐾𝐾−1) are the heat capacities and heat conductivities per unit volume. G (𝑊𝑊𝑚𝑚−3𝐾𝐾−2), 
temperature dependent parameter accounts for the coupling between hot electron and cold lattice 
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system and known as electron-phonon coupling factor [44, 65, 68]. 𝑆𝑆(𝑟𝑟, 𝑡𝑡) is the source term in 
Wm-3. 

Both electron and lattice temperature, 𝑇𝑇𝑒𝑒 and 𝑇𝑇𝑙𝑙 are functions of space and time and their evolution 
are governed by the above two equations. Within this model, the electron heat capacity, thermal 
conductivity, and electron-phonon coupling parameters are all temperature dependent variables. 

The electron heat capacity depends on electron temperature. For metal samples, it can be written 
as follows [44, 69], 

 𝐶𝐶𝑒𝑒 =
𝜋𝜋2𝑛𝑛𝑒𝑒

2 �
𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒
𝜀𝜀𝐹𝐹

� 𝑘𝑘𝐵𝐵 (8) 

Here 𝑛𝑛𝑒𝑒 is the density of free electrons (#/m3), 𝑘𝑘𝐵𝐵 is the Boltzmann constant and 𝜀𝜀𝐹𝐹 is the Fermi 
energy. Only electrons below Fermi energy are excited [67] and the electron heat capacity is 
approximated to be linearly dependent on electron temperature and is represented as, 𝐶𝐶𝑒𝑒 = 𝐴𝐴𝑒𝑒𝑇𝑇𝑒𝑒, 
where the parameter 𝐴𝐴𝑒𝑒 is termed as the electron heat capacity constant [70]. 

One of the assumptions made in the model used in this project is that the metal properties remain 
constant throughout the irradiation process. However, it has been found that this model works 
reasonably well for low fluence regimes.  

Different theoretical investigations have been performed to describe the exchange of energy 
through electron-phonon collision using free electron gas model [71], Migdal-Eliashberg theory 
[72],  Bardeen-Cooper-Schrieffer theory [73, 74]. The energy exchange rate can be expressed in 
terms of electron relaxation time. When the electron and lattice temperatures are much higher than 
the Debye temperature and 𝑇𝑇𝑒𝑒 ≫ 𝑇𝑇𝑙𝑙, the electron phonon coupling constant is described as, 

 𝐺𝐺(𝑇𝑇𝑒𝑒) =
𝜋𝜋2

6
𝑚𝑚𝑒𝑒𝐶𝐶𝑠𝑠2𝑛𝑛𝑒𝑒
𝜏𝜏(𝑇𝑇𝑒𝑒)𝑇𝑇𝑒𝑒

 (9) 

where 𝑚𝑚𝑒𝑒 is the effective electron mass (kg), 𝐶𝐶𝑠𝑠 represents the velocity of sound in the medium 
(ms-1) and 𝜏𝜏(𝑇𝑇𝑒𝑒) is the electron relaxation time (s), defined as the time required to establish an 
equilibrium between electron and phonon temperature [75]. 

2.5.3. Interaction of a short pulse laser with a material 

It is assumed that during the short pulse laser interaction with the material, the electron and lattice 
temperature are assumed to be equal during short pulse laser interaction with a material. The main 
source of energy losses is the heat conduction into the solid target and reflection of laser from 
plasma. The heat penetration depth is approximated from the formula [76], 

 𝐿𝐿𝑡𝑡ℎ = (2𝐷𝐷𝜏𝜏𝐿𝐿)1 2⁄  (10) 

where, 𝐷𝐷 refers the diffusion coefficient in m2s-1 and 𝜏𝜏𝐿𝐿 is the pulse duration of laser (at FWHM) 
in seconds [76]. 
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As the temperature rises, the kinetic energy of the atoms can overcome their binding energy, which 
results in a phase transition from a solid to a molten state in the first instance. This energy required 
to overcome the binding energy is known as latent heat of fusion. If the temperature of the molten 
region is increased further, evaporation of the atoms away from the molten material can take place. 
This heating of a material can be described for long heat sources, such as nanosecond laser pulses, 
using the Fourier heat equation [77] 

 �𝑐𝑐𝑎𝑎𝜌𝜌 + 𝐿𝐿𝑚𝑚𝜌𝜌𝜌𝜌(𝑇𝑇 − 𝑇𝑇𝑚𝑚) + 𝐿𝐿𝑣𝑣𝜌𝜌𝜌𝜌(𝑇𝑇 − 𝑇𝑇𝑣𝑣)�
𝜕𝜕𝑇𝑇(𝑒𝑒,𝑦𝑦, 𝑒𝑒, 𝑡𝑡)

𝜕𝜕𝑡𝑡
− ∇[𝐾𝐾∇𝑇𝑇] = 𝑆𝑆 (11) 

where, 𝑐𝑐𝑎𝑎 is the heat conductivity at constant pressure (𝐽𝐽𝑘𝑘𝑘𝑘−1𝐾𝐾−1), 𝜌𝜌 is the mass density (𝑘𝑘𝑘𝑘𝑚𝑚−3), 
𝐾𝐾 is the thermal conductivity (Wm-1K-1), 𝐿𝐿𝑚𝑚 and 𝐿𝐿𝑣𝑣 are the latent heat (Jkg-1) of melting and 
vaporisation, and 𝑇𝑇𝑚𝑚 is melting temperature and 𝑇𝑇𝑣𝑣 is vaporisation temperature. ‘𝑆𝑆’ is defined as 
laser source term (Wm-3). The term, 𝐿𝐿𝑚𝑚,𝑣𝑣𝜌𝜌𝜌𝜌(𝑇𝑇 − 𝑇𝑇𝑚𝑚,𝑣𝑣) is the parameter used to simulate the 
increase in heat capacity as the material undergoes a phase change due to melting and vaporisation 
at temperatures 𝑇𝑇𝑚𝑚 and 𝑇𝑇𝑣𝑣, respectively. 

Analytical solutions to the heat equation can be found using methods of integral transformations 
and Greens function [78], however, finite element methods can also be used to directly solve the 
equation [79]. For a set of laser parameters, the temperature of the material depends on the optical 
absorption properties of the material and the transport of heat away from the excitation region.  

The absorption of the laser energy by the solid material results in an increase of temperature and 
the material undergoes a transition to the molten phase, if the temperature exceeds the melting 
temperature. The increase of the temperature in the material can result in ablation with or without 
surface melting. In the case of an interaction with a short (∼ few nanosecond) laser pulse, there is 
enough time for a temperature wave to propagate into the material and thus it can create a relatively 
large layer of molten material. Therefore, even at low laser intensities, it is possible to remove the 
target material in both vapour and liquid phases if the vaporisation process creates a recoil pressure 
that can expel this liquid. Ablation of the molten particle from the molten phase can take place if 
the recoil pressure exceeds the surface tension forces [80]. Evaporation depends on the vapour 
pressure and can be represented by the Clausius Clapeyron equation [81, 82] 

 𝑒𝑒𝑟𝑟 = 𝑒𝑒0𝑒𝑒𝑒𝑒𝑒𝑒 �
𝐿𝐿𝑉𝑉(𝑇𝑇 − 𝑇𝑇𝑣𝑣)
𝑅𝑅𝑔𝑔𝑇𝑇𝑇𝑇𝑣𝑣

� (12) 

where, 𝑒𝑒0 is the atmospheric pressure (pa), 𝐿𝐿𝑣𝑣 is the latent heat of vaporisation (Jkg-1) and 𝑅𝑅𝑔𝑔 is 
the gas constant (Jkg-1K-1). Due to experimental functions, values of 𝑒𝑒𝑟𝑟 are in general only relevant 
as  𝑇𝑇 → 𝑇𝑇𝑣𝑣 , where, 𝑇𝑇𝑣𝑣 is the vaporisation temperature. The rate of atomic flux away from the 
surface can be taken from the Hertz Knudsen equation [81]. 

 𝐽𝐽𝑖𝑖 =
𝑒𝑒𝑟𝑟(𝑇𝑇)

(2𝜋𝜋𝑚𝑚𝑖𝑖𝑘𝑘𝐵𝐵𝑇𝑇)1 2⁄  (13) 
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where, 𝐽𝐽𝑖𝑖 is the atomic flux (species/cm2), 𝑚𝑚𝑖𝑖 is the mass of the species leaving the surface (kg), 
and 𝑘𝑘𝐵𝐵 is the Boltzmann’s constant. 

Removal of material during ultrashort and short pulse laser interaction process from surfaces is 
known as ablation. If the photon energy is high enough, it is observed that single atoms, molecules, 
clusters or fragments desorb from the substrate’s surface. The next section will emphasise the 
different laser ablation mechanisms. The removal mechanisms are important to understand the 
interaction of laser pulses with the material of interest of the present study. 

2.5.4. Laser ablation mechanism 
The mechanism of material ejection depends upon the chemical and mechanical properties of the 
material such as melting and vaporisation temperature, electronic structure and, also, on the laser 
properties such as laser pulse duration, wavelength and fluence. 

Although ablation mechanisms are typically complex with many contributing factors, three types 
of ablation processes are mainly used to describe material ejection; these photophysical processes 
are known as photothermal, photochemical, and photomechanical ablation mechanisms. 

2.5.4.1. Photothermal ablation process 
The photothermal process describes ablation mechanisms resulting from a temperature increase of 
a material following the absorption of the laser radiation. During the photothermal ablation 
process, the absorbed and thermalised photon energy ultimately excites vibrations within the 
molecule resulting heat energy [83, 84]. With purely thermal ablation process, the absorbed laser 
energy is treated simply as a heat source. Thermal ablation mechanisms are usually observed for 
ultra-short pulses with low fluence [37]. The ablation of the material corresponds to an evaporation 
rather than an explosion of a volume of material at the surface. 

2.5.4.2. Photochemical (photolytic) process 
Photochemical ablation, sometimes called photolysis, describes when the absorption of laser 
energy results in direct bond-breaking between atoms. The overall thermalisation of excitation 
energy is slow compared to the chemical relaxation time. This condition frequently holds where 
photoelectron transfer has taken place and is followed by chemisorption or desorption of the 
species on the solid surface. It also occurs when chemical reactions of excited molecules take place  
for photomechanical desorption of species from the surface [29]. With purely photochemical 
processes, the temperature of the system remains almost unchanged under laser light irradiation 
[29]. 

2.4.4.3. Photo-physical ablation process 
The photothermal and photochemical process is considered as the limiting case of the 
photophysical mechanism. If both thermal and photochemical process directly contribute to the 
overall processing rate, the ablation is termed as photophysical ablation [29]. Figure 2.9 illustrate 
the photophysical ablation process on ultra-short timescales. The interactions is initiated in a non-
thermal process following which thermal processes can develop which can induce phase changes 
[37]. 
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Figure 2.9: Time scale of material response by ultra-fast laser excitation 

Different photo-physical ablation mechanisms have been observed for metal such as thermal 
vaporisation [85] and Coulomb explosion [86]. 

Thermal vaporisation is considered to be strong ablation phenomena and is observed at pulse 
intensities significantly higher than the ablation/damage threshold fluence [87, 88]. In thermal 
vaporisation, the transfer of the laser energy to the lattice via the electrons results in an electron-
phonon collision. The electron-phonon collisions increase the local temperature of the lattice. The 
increase of temperature of material results in phase transitions from the solid phase to a gas phase 
with or without melting [89-91]. When the surface region is heated very quickly and the 
temperature exceeds the boiling point of the material, it is said to become superheated. The 
superheated material remains in a metastable state when the temperature exceeds its 
thermodynamic stability [37]. If the liquid reaches the spinodal limit, the liquid becomes highly 
unstable. At this spinodal limit or point, the liquid decomposes spontaneously into a phase, in 
which the liquid and vapour phases coexist. In some cases, the spinodal limit is not reached due to 
the onset of homogeneous nucleation of vapour bubbles. In this case, vapour bubbles are 
spontaneously created throughout the liquid, without requiring nucleation sites. These bubbles 
grow from this homogenous nucleation events and reach critical sizes whereby the material is 
classed as a liquid-gas mixture and the expansion proceeds in an explosive way. This leads to the 
rapid transition from a metastable superheated liquid into a mixture of vapour and liquid droplets 
and is described as a phase explosion [92, 93]. It is found that the emitted species are likely to have 
similar kinetic energy with a temperature being near to the vaporisation point [87]. After 
thermalisation of the laser energy, the remaining non-vaporised material is left in a fluid with a 
density approximately equivalent to a solid. The hot fluid is carried away by hydrodynamic flow 
and the high temperature is equilibrated as a result [94]. The ablated area is found to be non-smooth 
and ablation depth achieved using single pulse is on the order of micrometre or less in depth. In 
the case of metals, the thermal evaporation is mainly responsible for ablation [95]. 

Coulomb Explosion, often termed as a gentle ablation phenomenon, occurs before the 
thermalisation of hot electrons with the lattice. Coulomb explosion is an ablation mechanism 
commonly observed for dielectrics and some semiconductors [96, 97], but is insignificant in bulk 
metals. Some studies assume that Coulomb explosion does not occur with metals due to their high 
electron mobility and effective electron screening because of positive charges [95, 98]. However, 
there are a few studies that provide evidence to the contrary [99-101]. The ejection of hot electrons 
via photoemission or thermionic emission occurs on very short time-scales and results in 
unshielded positively charged ions within the lattice. The excited electrons which have escape 
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from the bulk material, forms a strong electric field which attempts to pull out the remaining ions 
from within the impacted area. Also, the repulsive forces established between these positively 
charged constituents also significantly contribute to ion ejection. When the force exceeds the 
lattice binding energy, the material explosively breaks up [102]. Characteristic evidence of the 
Coulomb explosion ablation mechanism is that there are two distinct velocity regimes for 
electrons: prompt (energy order of eV) and slow electrons (energy of meV) [95] which are trapped 
by positive ions. Other evidence includes a smooth surface that remains following the explosion 
of material during this mechanism [103]. It is observed that during Coulomb explosion, ions of 
different materials are ejected with the same momentum. Although, majority of ions is faster than 
thermal vaporisation. Unlike thermal vaporisation process, the ablated area is found to be smooth 
and ablation depth lies within few nanometre range. 

 

Figure 2.10: Approximate time scales of nanosecond and femtosecond and laser ablation along with various process 
happening during and after laser pulse is given. Adapted from [104] 

2.4.4.4. Photo-mechanical ablation mechanism 
Of particular importance to this study is photomechanical ablation. The photo-mechanical ablation 
occurs due to the build-up of mechanical stress in a material following laser absorption. The build-
up of stress/strain in a material can occur from the thermal or the non-thermal effects [105]. The 
removal mechanism is typically photomechanical when the relaxation time of the material is 
shorter than the pulse duration. Different kinds of photo-mechanical ablation include delamination, 
spallation and fragmentation. 

a. Delamination 
Delamination is often observed for thin films. A steep temperature rise is established during the 
laser heating of a thin film and it leads to an expansion of the thin film away from the substrate. 
Due to this fast expansion of the thin film, a mechanical stress is established in the film, which 
ultimately causes the film to fracture. This expansion away from the substrate is intensifies when 
the substrate has a lower thermal expansion coefficient than the thin film material. This build-up 
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stress is a function of the delaminated area and depends on upon laser fluence, incidence angle and 
number of pulses [106]. In particular, the delamination is important for the present study in the 
case of the interaction of laser with molybdenum thin film. 

b. Spallation 
Spallation has an important effect on the processing of thin molybdenum film with ultrashort laser 
pulses. The absorption of a short laser pulse induces initial stress confinement because of the 
inability of expanding the lattice during laser heating time. This results in a compressive stress 
pulse that propagates from the surface to the film-substrate interface before reflecting and 
becoming a tensile wave [107]. The compressive stress is generated since the temperature of a thin 
film material rises quicker than the time required for the expansion. The amplitude of the tensile 
wave is dependent on the absorbed fluence; the material mechanically spallates and if the 
amplitude of the tensile wave exceeds the tensile strength of the material [108]. This mechanism 
is typically termed as spallation. The tensile wave must be generated prior to phase changes 
occurring in the material [109]. Both front and rear surface spallation are possible during short 
pulse laser ablation of a thin film. Rear-surface spallation occurs when the separation is initiated 
from the interface of a film, whereas front side spallation is observed when the compressive stress 
initiated at the surface of a film reflects from the sub-surface interface which leads to the material 
to fracture and eject in terms of cold fragments [110]. 

c. Fragmentation 
Typically, fragmentation takes place at the energies higher than that required for spallation 
mechanism. Stress builds up in the material due to a constant expansion. The internal stress is 
converted to strain before becoming a supercritical fluid, which fragments into liquid drops. 
During this fragmentation, the strain energy in the material is converted into surface energy for 
the liquid fragments. Excess elastic energy stored in the target can exceed the surface energy of 
the target, in which case the excess elastic stress is converted to surface energy during the 
formation of the fragments [37, 100]. 

2.5.5. Laser produced plasma plume generation 
It is found that during laser ablation, electrons, ions, atoms, excited neutral particles are ejected 
from a target material. The charged particles such as electrons, ions are collectively known as 
plasma. This excited phase and others such as clusters are termed as a plume. The ejection of the 
plasma components typically occurs up to tens of picoseconds [60] after the incidence of ultra-
short laser pulse followed by the emission of nanoparticles occurring after several hundred 
nanoseconds. The exacting time-scale on which the electrons, atomic and ionic mass is ejected is 
highly dependent on the mechanism for ablation and the properties of laser and the target material. 

The initial velocity of species ejected from a surface is typically of the order of 1 to 10 km/s  [111].  
It is also observed that the velocity of the front edge of the plasma plume varies with applied laser 
fluence [112]. In case of molybdenum, for fluence between 0.5 to 2 Jcm-2, the velocity of the front 
edge of the plasma plume varies between 3 to 7 kms-1.  

2.5.6. Spectral emission from the ejected species 
The Laser-produced plasma is a rich source of electrons, ions, neutrals, and excited particles. The 
spectral emission from these components take place in the visible, ultraviolet (UV), extreme UV 
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(EUV), and X-ray regions of the electromagnetic spectrum [113, 114]. This laser produced plasma 
plume typically expands adiabatically in vacuum. A modification of the entire process of plasma 
generation and hydrodynamic expansion takes place at atmospheric pressure. The pressure of an 
ambient gas greatly influences the expansion features. It also affects the cooling, and characteristic 
parameters (electron density, temperature) of the plume [115] and the laser-plasma coupling. 

The interaction of a nanosecond and femtosecond laser ablation plume with an ambient gas has 
been studied extensively in the past [116-122]. Compared with vacuum, the interaction of the 
laser-produced plasma with a background gas is complicated because of the involvement of several 
new processes, such as a reduction in ablation, formation of shock waves and clustering, plume 
splitting and sharpening, deceleration and confinement of ablated species, thermalisation of the 
ablated species, diffusion, etc. [123-127]. Background pressure levels also play an important role 
on the morphology of the laser irradiated region and the evolution of laser produced plasma [128]. 

In the case of nanosecond laser ablation phenomena, and the nature and pressure of ambient gas 
have a definite role in controlling the shielding effect of the laser produced plasma[128, 129]. The 
dependence of the emitted plasma plume on background pressure is extremely complicated 
because of the coupling of laser with plasma. It was observed by several researchers that the 
excitation temperature of the plasma plume has a strong dependence on nature and pressure of the 
ambient gas [118, 121].The plasma emission intensity and the plasma lifetime decreases with the 
reduction with the ambient pressure due to a decrease in collisional excitons [121]. 

2.5.7. Threshold fluence 
Ablation by laser pulse is observed when the laser fluence (Jcm-2) is higher than a certain value at 
a given pulse width and laser wavelength. Theoretically, it is defined as ‘the laser fluence at which 
lattice instabilities of such magnitude are induced that the system is irreversibly damaged and at 
least a monolayer of material is removed’ [130]. The damage threshold is determined using 
various techniques including, visual inspection using an optical or an electron microscope [131, 
132], ablation depth measurement [132, 133], plasma radiation monitoring [134] etc. It is noted 
that experimentally it is measured as the minimum fluence required to create a damage on a 
material. 

The ablation threshold depends on different optical and thermal properties of material. Ristau et al 
[135], Akhar et al [136] and Lange et al [137] showed that the threshold fluence for ablation is 
proportional to the melting temperature of the material and some other material constants such as 
density, specific heat and thermal conductivity. Neglecting reflectivity and transmissivity, it is 
found that ablation threshold depends on thermal diffusion length and optical penetration depth. 
Ablation is driven by the energy density of a material which is determined by the thermal 
diffusivity. Below the thermal diffusion length and above optical absorption depth the threshold 
fluence is found to increase linearly with film thickness [138]. Above the thermal diffusion length, 
independency of threshold fluence with respect to film thickness has found [85]. It was found that 
the threshold fluence also depends on amorphous and crystalline nature of metal [139, 140]. 
Moreover, substrate [37, 85, 141] and impurity [142] dependence of threshold fluence was also 
found. 
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2.6. Molybdenum and its applications 
The strength and stability at high temperature make molybdenum as the prominent choice for 
many industrial applications. Different properties of molybdenum are listed in the Table 2.3. 

Table 2.3: Different physical and chemical properties of molybdenum [29, 143-145] 

Property Value Unit 

Melting temperature (𝑇𝑇𝑚𝑚) 2887 K 

Vaporisation temperature (𝑇𝑇𝑏𝑏) 5442 K 

Melting enthalpy (∆𝐻𝐻𝑚𝑚) 0.288 × 10−6 Jkg-1 

Vaporisation enthalpy (∆𝐻𝐻𝑣𝑣) 6.23 × 10−6 Jkg-1 

Density (𝜌𝜌) 10.2 × 103 kgm-3 

Specific heat at constant pressure (𝑐𝑐𝑎𝑎) 0.26 Jkg-1K-1 

Thermal conductivity (𝑘𝑘𝑙𝑙) (@ 300 K) 138 Wm-1K-1 

Debye temperature (𝜃𝜃𝐷𝐷) 399 K 

Lattice heat capacity (𝐶𝐶𝑙𝑙) 2.8 × 106 Jm-3K-1 

Electron-phonon coupling constant 
(G) 13 × 1016 [67] Wm-3K-1 

Electron specific heat constant (Ae) 211 [145] Jm-3K-2 

 

Molybdenum is very attractive in industrial and daily uses [146] because of the following 
properties, 

1. Reasonably good thermal conductivity 
2. High electrical conductivity 
3. Low thermal expansion coefficient 
4. High resistance to prevent corrosion caused by molten metals 
5. Thermal shock resistance 
6. Compatibility with most glass compositions 
7. High stiffness coefficients (Young modulus: 317 MPa) 

It was found an increase of temperature causes a change in thermal conductivity. Figure 2.11 
shows temperature-dependent thermal conductivity in Wm-1K-1 of high purity molybdenum. At 
low temperature, the values are considered to be accurate within ±10%, ±4% at melting 
temperature. The thermal conductivity at temperatures near and below melting temperature is 
highly sensitive to small physical and chemical variations among different specimens. It is found 
that the thermal conductivity value differs almost ±15% once the temperature of molybdenum 
approaches to its melting point [147]. 
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Figure 2.11: Temperature dependent thermal conductivity of molybdenum, adapted from [29, 147] 

Figure 2.12 presents optical penetration depth of molybdenum covering a range from ultraviolet 
to near infrared. The optical penetration depth of molybdenum is found to decrease with 
wavelength in the visible range.  

 

Figure 2.12: Optical penetration depth of molybdenum and its dependence with wavelength from UV to NIR region [148] 

The electron-phonon coupling constant of molybdenum is assumed to be 13×1016 Wm-3K-1 in 
most of the computational and theoretical studies of short pulse laser interaction at low laser 
intensity [149]. Zhigilei et al analysed temperature dependence of electron heat capacity and 
electron-phonon coupling factor for molybdenum at high electron temperature using density 
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functional theory (DFT) considering electron DOS effects [150]. The increase of electron-phonon 
coupling shows faster energy transfer from hot electrons to the cold lattice which results in thermal 
energy confinement in a smaller surface region of the irradiated target.  This generates greater 
thermo-elastic stress, reduction of threshold fluence and less changes in the time scales of laser-
induced phase transformations [70, 151]. Figure 2.13 the temperature dependency of electron-
phonon coupling constant (G) and electron heat capacity (Ce) at high electron temperatures, 
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Figure 2.13: Electron temperature dependence of electron-phonon coupling and electronic heat capacity of molybdenum, 
adapted from [150]. The dashed line represents the constant value of electron-phonon coupling constant 

Because of its high melting point and low reactivity, molybdenum is used in nuclear energy 
applications, missile and aircraft parts. Molybdenum thin film is used as a suitable back contact 
for CuIn1-xGaxSe2-ySy (CIGS), CuInSe2 and cadmium telluride (CdTe) thin film solar cells [152-
156]. Ablation of molybdenum is interesting because of its partially filled d-band electronic 
configuration ([kr]4d55s1) which makes molybdenum stable and inertness material. 

2.7. Laser processing of molybdenum 
Laser ablation of molybdenum thin film on a glass substrate is a special interest of study because 
these films served as a back contact for CIGS-based solar cells. For the monolithic interconnection, 
molybdenum need to be structured and galvanically separated from glass substrate [143, 155, 157, 
158]. 

Patterning of molybdenum by pulsed laser sources has been investigated by several groups. 
Currently, in industrial uses of molybdenum, the thin film is structured using nanosecond laser 
pulses [159]. Structuring molybdenum with short-pulse lasers can lead to pronounced thermal 
effects, such as micro-cracks and burrs at the ablation edges [160]. Hermann et al showed that 
during P1 scribing of CIS-based solar cells using a nanosecond laser results in residues of 
molybdenum on the wall of ablation channel which transforms the solar cell into an ohmic 
resistance [143]. It is found that high-quality and damage free structuring on molybdenum is 
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possible using ultra-short laser pulse for industrial applications [143]. Thermal effects can be 
significantly reduced by ultra-short laser ablation [35, 43, 161-166]. Femtosecond laser ablation 
of thick molybdenum thin films has been studied intensively by several groups. Reduced heat loss 
due to small heat diffusion length associated with ultra-short laser pulses leads to lesser threshold 
fluence of molybdenum film [143, 167]. Ablation of molybdenum film on transparent glass 
substrates is possible from both the front and rear sides [168-171]. In the case of the front-side 
ablation, otherwise termed as “direct laser ablation,” the laser energy is first absorbed by 
molybdenum and subsequent energy (heat) transport, melting, and evaporation follows directly. 
While in the case of backside ablation (so-called laser-induced indirect ablation) laser energy 
propagates through the substrate and then is absorbed by molybdenum located near to the substrate 
interface. 

Zoppel et al. used a direct laser ablation method for selective ablation of molybdenum thin film 
for the structuring thin-film solar cells. Complete removal of a 500 nm thick molybdenum film 
from a glass substrate was observed by 800 nJ femtosecond pulses at a scan speed of 1 mms−1 at 
an ablation fluence of 0.7 Jcm−2 [157]. Different thresholds, e.g., damage threshold, lift-off 
threshold, and melting threshold of 360 nm thick molybdenum film on glass, were determined by 
Bartl et al. using 5 picoseconds duration laser pulse and was estimated to be 0.15 Jcm−2 applied 
via an indirect laser ablation method. A lift-off process of a molybdenum thin film was observed 
at a fluence value of 0.28 - 0.03 Jcm-2 and a molten layer of molybdenum was found at a fluence 
value greater than the fluence of 0.62 Jcm-2 by indirect laser ablation [168]. Selective structuring 
of 50 nm molybdenum films using a 10 picoseconds, 1064 nm laser, from the substrate side, was 
carried out by Heise et al. at an applied fluence value 1 Jcm-2 for a lift-off process [160, 169]. 
It is also found that the ablation threshold of 500 nm molybdenum films on glass from the back 
side is almost 10 times lower over the front-side ablation threshold value [160]. Complete removal 
of molybdenum film from the glass is possible at a fluence much less than the fluence required for 
thermodynamic heating, melting, and vaporisation of molybdenum [160, 169]. The fragmentation 
of material occurs when the stress exceeds a critical value; in the case of molybdenum, this occurs 
at laser fluences close to the damage threshold fluence [172]. The nature of the stress depends on 
the thermal expansion properties of the film and substrate. Computational simulations carried out 
by Zhigilei et al. on photomechanical spallation and stress confinement [173-176] found that 
ultrafast heating of electrons [173, 174] and electron–phonon coupling give rise to 
photomechanical spallation and is attributed to the interaction of an incoming compressive wave 
with a free surface [174]. 
In this thesis, interaction of short and ultrashort laser pulses with molybdenum-based samples were 
performed which presents a greater clarity of laser molybdenum interaction. 
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Chapter 3: Materials and methods 

3. Chapter 3: Materials and methods 
This chapter describes the materials and methods used for micro-machining and the different 
techniques used to characterise them. The first and second sections (section 3.1 and 3.2) of this 
chapter elaborates on the molybdenum bulk samples, the fabrication of single and multi-layered 
thin films by various deposition techniques and the experimental works were performed with those 
materials. In the third section (section 3.3), specifications of ultrashort and short laser sources are 
discussed followed by the development of the laser processing workstation on these samples. 
Mathematical calculations to determine reflectivity, threshold fluence are discussed in the 
following section (section 3.4). The section 3.5 emphasis in the offline characterisation methods 
to study the micro-machined damage on the samples. Section 3.6 discusses the temporal and spatial 
alignments required to develop workstations for the real-time characterisation during the ablation 
process. Different computational models by finite element method (FEM) used to simulate the 
interaction are discussed in the final section (section 3.7) of this chapter. 

An overview of this chapter is presented as follows: 

1. Deposition of thin films by physical vapour deposition technique (electron beam deposition 
and sputtering method). 

2. Measurement of reflectivity and transmissivity of the samples to be examined; this was 
used to determine the absorbed energy deposited in the material by laser sources. 

3. Micro-structuring of the samples using ultrashort and short pulsed laser sources. 
4. Offline characterisations by scanning electron microscopy, atomic force microscopy, and 

energy dispersive X-ray analysis techniques. 
5. Real-time imaging of the femtosecond and nanosecond ablation phenomena to understand 

the mechanism of laser interaction with materials. 
6. Finally, numerical simulations were carried out to understand the ablation mechanism.  

3.1. Molybdenum bulk 
Commercially available bulk molybdenum (purity 99.9 %) from Goodfellow® (MO000330) was 
used for the experimental works. The dimension of the samples is 25 mm x 25 mm and the 
thickness of those samples are 250 µm.  

3.2. Thin film deposition 
Thin films are deposited on a substrate by thermal evaporation, chemical decomposition or the 
evaporation of source materials by the irradiation of energetic species or photons. The crystal 
phase and orientation of the films are governed by deposition conditions. 
Thin film deposition process can be categorised by two types, mainly 

1. Physical vapour deposition (PVD) and 
2. Chemical vapour deposition (CVD) 

Physical vapour deposition (PVD) technique is widely used for deposition of metallic elements. It 
usually takes place at a pressure less than atmospheric pressure [177]. Some of the PVD techniques 
are named as thermal deposition [177], electron beam evaporation [178], pulsed laser deposition 
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(PLD) [179], cathodic arc deposition [177], sputtering [180]. Each process has some advantages 
and disadvantages. Metal thin film deposition are typically performed by sputtering or electron-
beam physical vapour deposition technique. 

3.2.1. Method 1: Electron beam evaporation 
In our present work, electron beam evaporation method was used over sputtering because of the 
following facts, 

1. Electron-beam vaporisation processes offers structural and morphological control of the 
films. 

2. The deposition rate can vary and can be as low as 1 nm per minute. 
3. The material utilisation efficiency is high relative to other methods such as sputtering. 
4. Electron beam evaporation is much more cost effective than sputtering technique. 
5. E-beam evaporation process offers good electronic and optical quality thin films for solar 

cell applications. 

An electron beam evaporation chamber consists of three main sub-systems, given by 

1. An electron beam source to vaporise material. 
2. A magnetic field to rotate the path of electron beam towards the ingot where the depositing 

material is placed 
3. A vacuum deposition chamber to increase the mean free path of vaporised species.  

A schematic diagram of an electron beam evaporator is presented in Figure 3.1. Different 
compartments are labelled 1 to 6. The crucible (1) is known as target holder; it is made of a material 
with a high melting temperature. This crucible holds the coating materials (2) used for deposition. 
A tungsten coil is used to produce high energy electron beam (3). The path of the electron beam 
is deflected by a magnetic field (4) and the high energy electron beam is focussed on the target (2) 
where the molybdenum is kept. The high energy electron beam increases the temperature of 
molybdenum beyond its melting and vaporisation temperature. The vaporised material (5) is 
deposited on a substrate (6) which is rotated constantly during deposition. This vaporisation 
process takes place in high vacuum to allow deposited particles/vapour to reach the substrate 
without reacting with other species in the ambient. This reduces the probability of incorporating 
of impurities of residual gases in materials. 

31 
 



 

Figure 3.1: Deposition of thin film by electron beam evaporation technique 

3.2.1.1. Sample preparation  
There are two different assumptions taken during thin film deposition by electron beam 
evaporation: 

1. There are no dust particle/impurities left on the deposition chamber 
2. Deposited films will be uniform irrespective of its thickness 

The first issue was to blow air to clear the substrate wafers prior to molybdenum film deposition. 
The wafers were then cleaned using a jet of de-ionised water to remove any debris. These wafers 
were then passed to the Central Fabrication Facility (Tyndall, Cork) with the e-beam evaporator 
(Temescal FC 2000) which is operated in a clean room. The electron beam deposition chamber 
consists of two vacuum pumps, rotary and ion pump. The initial deposition pressure was set at of 
6x10-7 Torr which was measured by an ion gauge. The working instrument with the system map 
for electron beam evaporation is shown in the Figure 3.2, 
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Figure 3.2: The electron beam evaporation workstation with chamber with the schematic diagram during deposition 

A test silicon wafer was placed in the system alongside the substrates during deposition. This 
enabled the film thickness to be verified using a surface profilometer at the time of fabrication. An 
ion etch of the substrate surface was carried out for 20 seconds prior to molybdenum deposition. 
To achieve the ion etch of the surface, Argon gas was circulated around the chamber for several 
minutes, before the tungsten filament was switched on causing ionisation of the gas and producing 
an Argon Ion (Ar+) beam that plasma etched the substrate surface. 

The electron beam was subsequently focused into the crucible containing a piece of molybdenum 
(~150 g) and scanned over its surface. The deposition rate was set to 3 nm / min with an error of 
± 1 nm / min. The deposition chamber temperature was pre-set to 20O. C, but could be varied from 
25-70 O.C during film coating. Time for deposition of molybdenum was set to achieve thickness 
of 50 nm. Once the thickness reached the desired value, an internal shutter was used to stop 
evaporation and further deposition of molybdenum on substrate. Figure 3.2(b) shows the front 
panel of the deposition chamber. 

3.2.1.2. Substrate cooling 
After deposition of thin films, the temperature of the deposition was decreased gradually in order 
to achieve high quality of film with minimal cracking. 

3.2.1.3. Dicing 
A thin flexible polymer (photoresist) was deposited on top of a molybdenum layer in order to 
prevent any damage on film. These were placed in the High Precision Wafer Dicer (Disco HiTec 
3350). Each wafer was diced into chips of (0.7 x 0.7) cm2 squares. After dicing the diced wafers 
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were immersed in a beaker consisting of acetone. This beaker was placed in an ultrasound bath for 
10 minutes and the temperature was raised to 530C (boiling point of acetone: 560C) to dissolve 
carbon residues. After that, they were rinsed in isopropyl alcohol (IPA).  

3.2.2. Method 2: Magnetron sputtering 
A separate process was used for the deposition of the molybdenum-aluminium-molybdenum 
(MAM) samples. These were commercial samples produced Aimcore (Hsinchu, Taiwan) using 
the magnetron sputtering technique. 

Sputtering is a physical deposition method (PVD) to coat high-quality metal, semiconductor and 
dielectric elements having high melting temperature on a substrate. In the basic sputtering process, 
a target material acts as a cathode. The chamber body or the substrate plate is either grounded or 
positively charged. A controlled inert gas (typically Argon, known as sputtering gas) is injected 
into a low pressure chamber (background pressure ~104 Torr) chamber. A negative electrical 
potential is applied to the target material to be sputtered. This electrical potential caused the free 
electron to be accelerated away from the cathode. The gas atoms loose electrons and become 
ionised when these highly energised electrons collide with them. The positively ionised gas atoms 
are then accelerated towards the negatively charged cathode and the bombardment dislocate/eject 
neutral particles, such as atoms, molecules and clusters from the target material by momentum 
transfer. The sputtered elements are then passed through the deposition chamber and become 
incident on the substrate and adhered to it as a coated layer [181, 182]. Also, the positively charged 
ions recombine with the free electrons present in deposition chamber and causes plasma glow. It 
is possible to control several variables such as film thickness, grain structure, uniformity, adhesion 
strength within the process. 

An energy source is required to generate and maintain the plasma. This is typically done by a DC 
source or a RF source. If the plasma generation is undertaken in a magnetic field, the sputtering 
process is termed as ‘magnetron sputtering’. In the conventional magnetron sputtering, one pole 
of the magnetic field is positioned at the central axis of the cathode and another pole is formed 
around the outer edge of the target. A periodic magnetic field is used to generate in the cathode 
(Figure 3.3). 
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Figure 3.3: Schematic diagram inside a magnetron sputtering 

In the magnetron sputtering chamber, the free electron moving in the deposition chamber can be 
trapped by the magnetic field near the target. The argon gas atoms are then collide with these and 
become positively ionised by leaving an outer cell electron. The positively ionised argon is then 
directed towards the negatively charged target. The impact of Ar+ with the target material 
(molybdenum, aluminium and ITO) leads to removal of neutral elements from the target. The 
ejected electrons from argon also become trapped by the magnetic field, which will produce more 
Ar+ ion, which in turn ejects more particles from the target. The trapping of electrons along the 
circuitous path in the magnetic field enhances the probability of ionisation of the neutral argon gas 
by electron-atom collisions. The increased ionisation efficiency by strong electric (DC or RF) and 
magnetic field can also be used to confine the plasma particles close to the surface of the sputtered 
target. This, in turn, leads to an increase of the bombardment probability by argon ions with the 
target and a higher sputtering rate. The dense plasma typically extends 60 mm from the surface of 
the target. The ejected elements consisting of atoms, molecules and clusters are then directed 
towards the substrate and condense as a thin film. The production line for the thin film coating is 
illustrated in the Figure 3.4, 

 

Figure 3.4: Production line of thin film deposition by magnetron sputtering technique 
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In the case of the heterostructure deposition on the glass substrate (0.7 mm), ITO, molybdenum, 
aluminium and molybdenum was deposited in different deposition chambers. The background 
pressure inside the deposition chambers was kept at 10-4 Torr. In the first deposition chamber, a 
layer of ITO (thickness 34 nm) was coated on the glass substrate. In the next chamber, a 30 nm 
thick molybdenum (Mo) layer was deposited on the ITO coated glass substrate. In the third 
deposition chamber 430 nm thick aluminium layer was deposited on Mo/ITO/glass substrate. 
Finally, 40 nm thin molybdenum layer was deposited on the Al/Mo/ITO/glass structure. The 
complete heterostructure was then cooled down to the room temperature without changing the 
background pressure. The thickness and the sheet resistance of the different layers are Table 3.1. 

Table 3.1: Thickness and sheet resistance of the multilayered heterostructure 

Layer Coating Thickness (nm) Sheet resistance 
(Ω□-1) 

Layer 1 Molybdenum 40 ± 10 ≤ 0.1 

Layer 2 Aluminium 430 ± 50 ≤ 0.1 

Layer 3 Molybdenum 30 ± 10 ≤ 0.1 

Layer 4 ITO 34 ± 5 50 ± 10 

 

3.3. Laser workstation 
Two separate laser workstations were used to structure the materials (molybdenum bulk, thin film 
and multilayered film). The description of both the laser systems is discussed in this section. 

3.3.1. Femtosecond laser system 
Ultra-short laser processing of a material of interest was performed using Amplitude Systems S-
Pulse HP laser system. It enables the delivery of high energy femtosecond pulses at high repetition 
rate (0.001-300 kHz). The laser head of S-Pulse high power system consists of a pumping medium, 
a mode locked oscillator, followed by optics for pulse stretching, then pulse amplification, pulse 
compression and finally pulse modulation by a pulse picker. 

The femtosecond laser used in this study has ytterbium doped crystalline material (Yb:KYW 
crystal) as an active laser medium. Ytterbium belongs to rare earth family and it exhibits strong 
absorption bands in near infrared (typically 940-980 nm). Thus, the active medium of the S-Pulse 
femtosecond laser system is achieved using direct, continuous wave laser, diode pumping. The 
fluorescence spectral bandwidth is large enough to sustain ultra-short duration. Irradiation of the 
active medium by a diode laser takes place inside a Fabry–Perot cavity. The strong optical 
absorption, combined with a long lifetime of the upper transition on Yb results in a population 
inversion in the crystal. The generation of ultra-short laser pulses is controlled by mode locking 
which occurs when the phase of adjacent longitudinal modes is in phase relative to each other. The 
mode locked laser oscillator head emits a weakly powered pulse (≈ 20 nJ), 250 femtosecond 
pulses, with a repetition rate of 30 MHz, at a wavelength of 1030 nm. 
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Chirped pulse amplification technique is used to achieve efficient amplification of mode locked 
ultra-short pulses using a pair of reflective diffraction gratings (chapter 2, section 2.4). Firstly, the 
femtosecond laser pulse was temporally stretched in order to reduce laser pulse intensity and peak 
power. The low-intensity pulse was amplified safely after stretching. Once the pulse is stretched, 
the beam in the Amplitude system is put through an electro-optic shutter (in our case Pockel cell) 
which acts like a Brewster window. The crystal becomes birefringent when an electric field is 
applied across the crystal. When the voltage is turned on, the shutter rotates the plane of 
polarisation by 450 and the stretched beam passes through the cell. Soon after, the laser beam 
reflects from mirror and experiences additional 45o plane of polarisation rotation as a result of 
which the Pockel cell rejects the reflected beam. When the voltage is turned off, the polarisation 
is no longer rotated and the reflected laser beam returns to the amplifier to be further amplified in 
the gain medium [6].The technique used for amplification of laser pulse is known as regenerative 
amplification. The pulse is kept in the resonator until the amplified energy reaches a maximum 
value and then extracted through the resonator using a Faraday rotator. 

The stretched, high-intensity laser pulse is then compressed, using a pair of diffractive gratings, 
using the reverse process to the pulse stretching gratings. The pulse compressor reduces the 
duration of amplified pulse towards its initial value (~500 fs). The compressed ultra-short pulses 
are directed to a pulse picker modulator that controls emitted repetition frequency range (0.001 to 
300 kHz). This modulator is an acousto-optic device that controls frequency of a laser frequency 
by generating an acousto-optic effect in the Amplitude systems. It consists of a transparent crystal 
attached with a piezoelectric transducer (LiNbO3). 

After emission from the femtosecond laser head, the pulse goes through an interface box, as seen 
Figure 3.5, 

 

Figure 3.5: Interference box in front of Laser head consisting of optical layout of SHG and THG pulse generation from 
amplified IR laser beam 

The emitted laser beam from the fundamental laser beam enters an interface box shown in the 
Figure 3.5. The fundamental laser beam goes through a motorised attenuator which consists of a 
polariser (half-wave plate) and a beam splitter cube. Vertical component of the polarised beam 
goes straight through the beam splitter cube and horizontally polarised component is extracted and 
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dumped to a beam bump. This attenuator provides the ability to change peak power of the 
fundamental beam. One part of a fundamental beam is taken through a partially reflecting mirror 
(50-50) for the purpose of material processing. Another component of the fundamental IR beam 
is used to generate higher frequency harmonics using a process known as high-harmonic 
generation. The IR laser pulse passes through a lithium triborate (LiB3O5) crystal for second 
harmonic generation (wavelength 515 nm), and barium borate (BaB2O4) for third harmonic 
generation (wavelength 343 nm) [183]. The fundamental wave generates a nonlinear polarisation 
that oscillates at twice of the fundamental frequency and therefore has half the incident wavelength 
[38, 184]. Frequency tripling takes place when the second harmonic waves (515 nm) combines 
with the fundamental wave (1030 nm) producing a third harmonic (343 nm) wave. This harmonic 
generation results in a lowering of the overall efficiency of the output power. The output power of 
515 nm and 343 nm laser drops to 50 % and 33 % respectively. The sensitivity of the harmonic 
generation depends upon the nonlinear response of the LiB3O5 and BaB2O4 crystals to the incident 
power density. Thus, the spatial profile of 515 nm and 343 nm laser pulse slightly differs from the 
profile of the 1030 nm beam after passing through second and third harmonic crystals. The 
technical specifications of S-Pulse Amplitude femtosecond laser system are tabulated in the Table 
3.5. 

Table 3.2: Technical specifications of Amplitude systems S-Pulse HP femtosecond laser 

Parameters Value Unit 

Laser wavelength 

1030 (Fundamental) 

515 (SHG) 

343 (THG) 

nm 

Pulse duration ~500 fs 

Power 0.4-4 watt 

Energy 40-1000 μJ 

Repetition rate 0.001-300 kHz 

Spatial mode TEM00  

Beam quality (M2) < 1.2  

Pulse to pulse stability 0.5% RMS  

 

After passing through various mirrors the laser beams are focussed through a telecentric lens (F-
Theta) attached with a Galvanometer scanning system (SCANLAB, hurrySCAN II). The laser 
beam is then focussed on the surface of a material which is placed on a computer controlled XYZ 
stage (Aerotech 3200). The schematic of femtosecond laser beam delivery of system along with 
the workstation is shown in Figure 3.6. 
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Figure 3.6: Femtosecond laser workstation for micro processing of samples 

3.3.2. Nanosecond laser system 
A spectra-physics high peak power oscillator (HIPPO) laser system is used to generate nanosecond 
pulses. The material 𝑌𝑌𝑉𝑉𝑂𝑂4 (Vanadate) doped with Nd is used as the active medium of HIPPO laser 
system (chapter 2, section 2.2). Vanadate provides high gain and high laser power is achieved at 
high repetition rate values. Two high-power, thermally stabilised, Spectra-Physics ‘FCbar’ diode 
lasers operating at a wavelength of 808 nm, are fibre delivered to pump the 𝑁𝑁𝑑𝑑:𝑌𝑌𝑉𝑉𝑂𝑂4 active 
medium in the laser head. The pump beams are absorbed by the active medium and generates a 
wavelength of 1064 nm (Figure 2.2).  

Two acousto-optic Q-switches are placed inside the laser cavity to amplify the laser beam. The 
acousto-optic shutter acts like a shutter which consists of a quartz crystal installed inside laser 
cavity. The optical surface of the crystal has low loss anti-reflection coating. A piezoelectric 
transducer is attached with the quartz crystal. The transducer produces strong acoustic waves 
which propagate through the crystal while RF signal of the transducer is turned on. The RF signal 
produces an effective diffraction grating. That is when the RF signal is activated during the time 
that the amplifier is being pumped, the laser beam is deflected out and losses in the cavity 
increases. Once the RF signal is turned off, the laser beam passes through crystal, reflects back 
and Q-switch pulse develops inside the cavity. The portion of the emitted laser light (1064 nm) 
energy comes out from the cavity through a partially reflecting mirror. 

In order to generate 532 nm and 355 nm laser pulses, harmonic doubler and tripler modules can 
be attached to the main laser head. The laser operates with a 𝑇𝑇𝐸𝐸𝑀𝑀00 output spatial intensity. The 
acousto-optic Q-switch enables to vary the laser repetition rate from 30-300 kHz. The laser power 
must be optimised for each wavelength in use. The specifications of the nanosecond laser is 
tabulated in the table below [149]. 
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Table 3.3: Technical specifications of nanosecond HIPPO laser system 

Parameters Value Unit 

Wavelength 1064 532 355 nm 

Pulse width 
9 ns 

@ 50 kHz 

12 ns 

@50 kHz 

20 ns 

@50 kHz 
ns 

Repetition Rate 15-300 kHz 

Average power output 
17 W 

@50 kHz 

11 W 

@50 kHz 

5 W 

@50 kHz 
Watt 

Spatial mode TEM00 TEM00 TEM00  

Beam quality (M2) < 1.2 < 1.3 < 1.3  

Raw beam diameter (at 
waist) 

0.6 1 1 mm 

Pulse to pulse stability 
< 2% at 

50 kHz 

< 5% at 

50 kHz 

<5% at 

50 kHz 
RMS 

Beam ellipticity < 10%  

Polarisation Vertical Horizontal Vertical  

 

The optical setup for the HIPPO laser is shown in the Figure 3.7. After passing through a polarising 
half wave plate and beam splitting cube, the laser beam is transferred through galvanometer system 
attached with a telocentric F-theta lens converging lens. The laser beam is focused in the sample 
surface of interest through the converging lens at a distance of 100 mm from the optic axis of the 
lens. The sample is placed on the top of a manually controlled XYZ stage. 

 

Figure 3.7: HIPPO (nanosecond) workstation for material processing attached with frequency doubling module 
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3.3.3. Laser intensity profile 
The spatial distribution of both femtosecond and nanosecond laser beams are Gaussian in nature. 
This Gaussian profile corresponds to theoretical 𝑇𝑇𝐸𝐸𝑀𝑀00 mode. The ‘beam quality factor, (M2 
value) of an ideal Gaussian beam is 1, but it fluctuates with the different laser sources. For the real 
Gaussian beam, the M-square value is close to unity [184].  The irradiance distribution intensity 
in the 𝑇𝑇𝐸𝐸𝑀𝑀00 Gaussian mode is given in equation (1)  

 𝐼𝐼(𝑟𝑟) = 𝐼𝐼0𝑒𝑒𝑒𝑒𝑒𝑒 �
−2𝑟𝑟2

𝜔𝜔(𝑧𝑧)2
� (14) 

where, 𝑟𝑟 is the radial coordinate, 𝐼𝐼(𝑟𝑟) is the laser beam intensity in (Wm-2), 𝜔𝜔(𝑧𝑧) is known as the 
beam radius and where the peak intensity level (𝐼𝐼0) of the laser beam drops to 1 𝑒𝑒2⁄  times.  

When the Gaussian beam propagates in free space the beam converges to its narrowest value of 
𝜔𝜔0 along the beam axis and is called the beam waist radius. 𝜔𝜔(𝑧𝑧) and 𝜔𝜔0 are related by the 
following formula, 

 𝜔𝜔(𝑧𝑧) = 𝜔𝜔0�1 + �
𝜆𝜆𝑧𝑧
𝜋𝜋𝜔𝜔02

�
2

 (15) 

where, 𝜆𝜆 is the wavelength of the laser bean and z is the distance from the focus. The total power 
is determined by integrating the spatial intensity profile, 

 𝑃𝑃(𝑡𝑡) = 2𝜋𝜋� 𝐼𝐼(𝑟𝑟, 𝑡𝑡)𝑟𝑟𝑑𝑑𝑟𝑟 =
𝜋𝜋𝜔𝜔(𝑧𝑧)2𝐼𝐼0(𝑡𝑡)

2

∞

0
 (16) 

The beam radius for the Gaussian intensity profile, 𝜔𝜔0, was determined as the radius where the 
intensity is equal to 1 𝑒𝑒2⁄  at the peak [185]. The unfocussed beam diameter was measured using a 
beam profiler (Beamstar) with attenuators used to reduce the laser intensity. An example of the 
beam profile imaged is shown in Figure 3.8 which shows the spatial profile of a raw 1030 nm 
femtosecond beam with power distribution. 

 

Figure 3.8: Spatial profile of IR FS laser beam (1030 nm) at very low intensity 
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3.3.4. Laser power control 
The laser power of femtosecond and nanosecond systems were regulated by external attenuator 
setup. The external attenuator consists of a zero-order half wave plate and a beam splitter cube. In 
the case of the nanosecond laser source, the diode current can be maintained at a consistent level 
in order to keep low pulse to pulse instability. Three different combinations of half wave plate and 
beam splitter were used for the wavelengths of 1064 nm, 532 nm and 355 nm, respectively. The 
damage threshold of these half wave plate and beam splitting cube were higher than 10 Jcm-2. The 
laser power of the femtosecond laser beam is controlled through an external attenuator, placed 
before the harmonic generation box (Figure 3.5). The orientation of the THG and SHG crystals 
was optimised in order to achieve 343 or 515 nm laser wavelengths. This is achieved by placing a 
power meter at the harmonic box exit aperture and adjusting the fine screws on the THG and SHG 
crystals, until maximum power is achieved at the desired wavelength. The power used was 
measured just before the beam reaches the galvanometer scanning system, this allows the various 
energy losses to be taken into account because of the reflecting mirrors. The power was measured 
using a thermal head (Ophir). 

The pulse energy (𝐸𝐸𝑎𝑎) of a single pulse was determined using the relation between the laser output 
power (𝑃𝑃) and the operating laser frequency (𝑄𝑄), given below, 

 𝐸𝐸𝑎𝑎 =
𝑃𝑃
𝑄𝑄

 (17) 

3.3.5. Focussing of laser beams 
To focus laser beams, various galvanometer systems (hurrySCAN® II 14, Scanlab®) and an F-
Theta telecentric lenses (F-Theta Ronar, Qioptiq®, focal length 100 mm) were used. The 
galvanometer is controlled using “Winlase®” (Lanmark controls) laser marking software. The 
Winlase software is connected to the laser control head through cable to an RC232 card. This card 
provides an electrical signal to the internal gate which controls shutter. In the femtosecond laser 
set up system, the sample height and position were adjusted using a computer driven XYZ stage 
(Aerotech Inc, Npaq). In case of nanosecond laser processing, the position of the sample at the 
focal point is controlled using a simple XYZ mechanical manual stage. 

3.3.6. Transmission of laser pulse through galvanometer 
Transmission of the laser pulse through the galvanometer lens was estimated by measuring the 
laser power before and after galvanometer setup. Table 3.4 shows the power measured by the 
power meter before the galvanometer and the transmitted power from the galvanometer lens 
measured before the femtosecond laser pulse incident on the sample surface. Finally, the 
transmission through the galvanometer lens was determined after taking average of five different 
measurements. 

 

 

 

42 
 



Table 3.4: Transmission (%) of laser pulse through the beam delivery system 

Wavelength 
(nm) 

Power (milli watt) Transmission 
(%) 

Before Galvanometer After Galvanometer 

1030 

100 98 98 

200 197 98.5 

300 293 97.67 

400 392 98 

500 490 98 

515 

100 98 98 

200 198 99 

300 296 98.67 

400 395 98.75 

500 494 98.8 

343 

100 99 99 

200 198 99 

300 296 98.67 

400 397 99.25 

500 493 98.6 

 

The table indicates transmission of 98.03 (1030 nm), 98.64 (515 nm) and 98.9% (343 nm) laser 
beam takes place through the galvanometer lenses, respectively. Thus, minimal absorption of laser 
wavelengths (1030: 1.97, 515: 1.36 and 343: 1.1%) observed by the galvanometer lens. 

Similar to the femtosecond case, transmission of nanosecond laser pulse through the galvanometer 
lens was measured. It was calculated that at the wavelengths of 1061, 532 and 355 nm wavelengths 
96.26, 97.61 and 98.15 laser pulse transmit through the galvanometer lens, respectively. 

3.4. Measurement of absorbed laser fluence into the material 
The response of the material to an incident laser beam was discussed in the previous chapter 
(chapter 2, section 2.5). The incident laser light on a material can be reflected at the air-material 
interface, absorbed through the depth of the material and transmitted through the rear surface of 
the material. The scattering component is small due to strong absorption in thin films. 
Transmission through the material to the outer surface is also considered but is small. The absorbed 
portion of laser light is determined by subtracting the transmitted and reflected portions from the 
applied laser fluence. In this section, the method for measuring the reflectance and transmittance 
using integrating sphere is presented. 
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3.4.1. Integrating sphere 
The reflectivity measurement was performed using an integrating sphere. The schematic diagram 
of the integrating sphere is shown in the Figure 3.9 (a). This is a hollow sphere of diameter (100 
nm) coated with highly reflecting barium sulphate (BaSO4) from inside. It has three ports among 
which the entrance port allows the laser light to enter the sphere. The bottom port is a sample 
holder, on which a sample is mounted at an angle of 80. The angle of the sample is oriented so that 
reflected light does not travel back again through the entrance port at the top of the sphere. The 
port on the side of the integrating sphere has a photodiode, which detects the diffusely scattered 
light around the integrating sphere. A baffle was placed inside the integrating sphere to ensure that 
there is no reflected laser light directly incident to the detector. A photo of the integrating sphere 
setup is shown in Figure 3.9. 

 

Figure 3.9: Schematic diagram of using integrating sphere (a) and the workstation development for measurement of 
reflectivity and transitivity using integrating sphere 

The sample holder consists of a small hole in the base to prevent multiple reflection inside the 
sample and transmitted light does not reflect back into the sphere. A sample is placed on the top 
of the hole and fixed by a clip. Figure 3.10 shows the sample holder used to account for reflectivity 
measurement using the integrating sphere. Highly reflecting barium sulphate (BaSO4) was used as 
a reference material which is the same as for the reflective coating on the inside of the sphere. 
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Figure 3.10: Integrating sphere base 

When light is incident on a sample, the light is partially reflected, and the reflected light undergoes 
multiple reflection inside the sphere. The intensity of reflected beam reaches to a steady state 
within a few nanoseconds [186]. The total reflected radiation is collected and integrated by the 
sphere and is determined by a signal which is detected by a suitable photodiode (PDA10A-EC, 
silicon amplified detector). The photodetector was connected with a digital oscilloscope 
(Tektronix TDS 5054B) via a 50 Ω resistor. 

3.4.2. Measurement of reflected and transmitted laser beam 
For reflected and transmittance measurement a laser beam of suitable fluence was selected which 
is less than the ablative threshold fluence of BaSO4 and the sample. As the photodiode is very 
sensitive to the light intensity care was taken to ensure that the reflected or transmitted laser light 
does not damage the sensor of the photodiode. 

In case of reflectivity measurement, the laser was first focused on BaSO4. A single laser pulse was 
focussed on the BaSO4 powder. The focussed laser pulse reflected from the BaSO4 was detected 
by the photodetector which generates an electrical signal generates an electrical signal. The 
electrical signal was displayed by the oscilloscope in terms of a voltage signal. After that the laser 
beam was focused on the sample. Using the same manner, the reflected signal was detected. The 
relative reflectivity was measured by dividing the reflected signal from the sample by the reflected 
signal from the BaSO4. 

Transmissivity measurement of the sample was implemented as follows. First, laser was focused 
on highly reflecting BaSO4 sample and the reflected light intensity was measured by the 
photodiode. Next, a sample was placed on top of the entrance port. At this situation, only the laser 
transmitted from the sample incident on the BaSO4 powder and reflects from it. This reflected light 
from the BaSO4 was also measured by the photodiode. The ratio of these two signals provides the 
transmissivity of the sample under examination. 

3.4.3. Measurement of threshold fluence 
Determination of focused laser beam diameter is necessary prior to measure threshold fluence. 
The laser beams were focused on the material using a converging lens (section 3.2.1 and 3.2.2). It 
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was found that the spatial profile remains same after going through a converging lens [185]. If a 
Gaussian laser beam, with sufficient fluence, is focused on a material surface, the functional 
dependence of a crater diameter (𝐷𝐷) determined by an optical microscope and pulse energy (𝐸𝐸𝑎𝑎), 
is given by [187], 

 𝐷𝐷2 = 2𝜔𝜔0
2(𝑙𝑙𝑛𝑛𝐸𝐸𝑎𝑎 − 𝑙𝑙𝑛𝑛𝐸𝐸𝑡𝑡ℎ) (18) 

where, 𝜔𝜔0 is the half the beam waist (beam radius) and 𝐸𝐸𝑡𝑡ℎ is the threshold energy in Joule. The 
beam radius is obtained from the slope of the plot between logarithmic 𝐸𝐸𝑎𝑎 against 𝐷𝐷2. 

The value of, 𝜔𝜔0 is used to determine the peak fluence value, 𝐹𝐹0 using the equation, 

 𝐹𝐹0 =
2𝐸𝐸𝑎𝑎
𝜋𝜋𝜔𝜔02

 (19) 

The value of 𝐹𝐹0 was used to determine the threshold fluence using Liu’s method [187]. 

As the peak applied fluence is decreased, the minimum applied fluence required to visibly damage 
the surface, is generally referred to as the damage threshold fluence. This minimum energy density 
is typically found by plotting 𝐷𝐷2 versus the natural logarithm of the peak fluence ln (𝐹𝐹0), and 
extrapolating the curve to 0. 

 𝐷𝐷2 = 2𝜔𝜔0
2 ln(𝐹𝐹0) − 2𝜔𝜔0

2ln (𝐹𝐹𝑡𝑡ℎ) (20) 

 

 

Figure 3.11: Spectral profile of Gaussian beam and its relationship with different laser fluence 

Figure 3.11 shows the Gaussian profile of difference fluence value with beam waist (2𝜔𝜔0). 
𝐹𝐹𝑡𝑡ℎ correspond the threshold fluence of laser beam. Below the threshold fluence (𝐹𝐹𝑡𝑡ℎ), the laser is 
unable to create any visible damage in the material. The increase of the fluence above material 
threshold value creates damage on the sample surface, defined by diameters D2 and D1. It is also 
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seen that that the diameter of the damaged area on the material surface can be higher or lower than 
the beam waist diameter (2𝜔𝜔0). 

Using the amount of absorbed fraction of the incident laser light energy, absorbed threshold 
fluence (𝐹𝐹𝑎𝑎𝑏𝑏𝑠𝑠) were measured, 

 𝐹𝐹𝑎𝑎𝑏𝑏𝑠𝑠 = (1 − 𝑅𝑅 − 𝑇𝑇)𝐹𝐹 (21) 

where, 𝑅𝑅 and 𝑇𝑇 are the reflectivity and transmissivity, respectively, and 𝐹𝐹 is the applied laser 
fluence on the sample surface. 

Micromachining of molybdenum bulk, thin film and multilayered film assembly was performed 
using the Amplitude systems S-Pulse femtosecond laser and the Spectra Physics HIPPO 
nanosecond laser at various absorbed fluences. The next section will describe the different 
characterisation methods used to understand the ablation mechanism. Offline characterisation was 
used to study ablated/processed material surface after interaction laser pulse with different 
materials. While, online characterisation was used to investigate real-time measurement during 
femtosecond and nanosecond laser ablation. 

3.5. Offline characterisations 
The femtosecond and nanosecond processed samples were investigated using Atomic Force 
Microscope (AFM), Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) 
techniques. The working principle of these instruments and the offline characterisation of a bulk 
molybdenum, single layer thin film of molybdenum and multilayered assembly on molybdenum-
aluminium-molybdenum-ITO-glass is discussed in this section. 

3.5.1. Atomic force microscopy (AFM) 
Atomic force microscopy system is a type of scanning probe microscopy (SPM) system. The 
atomic force microscopy (Agilent 5500) was used to probe local properties of the laser exposed 
and unexposed samples. This technique was used to determine the surface topography, surface 
profile, roughness of the laser patterned features on a sample surface. The instrumental setup in 
atomic force microscopy system is shown in Figure 3.12.  
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Figure 3.12: The atomic force microscopy setup is enclosed in an anti-vibration chamber in order to preclude any external 
vibration 

Three main components of atomic force microscope system are a laser source, a sharp AFM 
cantilever probe and a photodiode. Usually, AFM operates in three modes e.g. contact mode, 
tapping mode and non-contact mode, among which contact mode was used for our study. The 
AFM cantilever probe used in the study are Nanosensors PointProbe Plus (PPP-CONTR) operated 
in contact mode and are of highly doped silicon [188]. The technical specifications of the probe 
are given in the following table, 

Table 3.5: Different features of the cantilever probe used in AFM measurements  [142] 

Feature Value 

Tip radius of curvature < 10 nm 

Tip height 10-15 µm 

Thickness 1-3 µm 

Mean width 42.5- 57.5 µm 

Length 440-460 µm 

Force constant 0.03-0.77 Nm-1 

Resonance frequency 6-21 kHz 

 

Approaching the tip towards the sample leads to an increase of attractive and then repulsive forces 
between the probe and the surface. In the present study, the AFM was operated in the contact 
mode. The net attraction and repulsion between the tip and surface is zero when the system is 
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operated in the contact mode. The AFM scan of a sample was performed over an area of 100 µm2 
or less. The AFM tip experiences a change in surface topography as it travels across the sample 
which results deflection of the cantilever in order to keep constant force between sample and probe. 
A position sensitive photodiode measures deflection of the reflected laser beam caused by 
deflection of the cantilever. A three-dimensional topographic image is generated when the tip of 
the cantilever moved across the surface [189]. 

3.5.2. Scanning electron microscopy 
The Scanning Electron Microscope (SEM) was used to produce high-resolution image the samples 
after femtosecond and nanosecond laser ablation. In this study, scanning electron microscopy of 
samples was performed using Hitachi S-4700 scanning electron microscope operates in high 
vacuum (10-5 to 10-6 Torr) using rotary and ion pump. It has a cold cathode field emission electron 
gun, made of mono-crystalline tungsten which provides stable beam of electrons of adjustable 
energy. It consists of two condensers and one objective electromagnetic lens which are used to 
focus the highly energised electrons on an electrically grounded specimen of interest. Hitachi SEM 
has two photodetectors to detect secondary and backscattered electrons. Required sample size for 
SEM imaging is limited to 25 mm diameter. Molybdenum-based samples were fixed on the sample 
holder (stub) using a double sided conducting carbon adhesive tape. In the present work, for 
imaging purpose primary electron accelerating voltage was varied from 5 keV to 15 keV. Also, 
the samples were placed normal to focused electron beam or kept an angle of 300, depending upon 
the requirement. 

 

Figure 3.13: Scanning electron microscope system (a) and the available setup (b) with energy dispersive X-ray facility used 
for characterisation (Hitachi S-4700) 

3.5.3. Energy dispersive X-ray (EDX) analysis 
The electron dispersive X-ray analysis (EDX) measurement was integrated with Hitachi S-4700 
scanning electron microscope system for the elemental analysis of laser processed materials. This 
technique (Bruker AXS, Quantax 4010) is integrated with scanning electron microscope system. 
Figure 3.13 shows scanning electron microscope system embedded with elemental analysis of 
materials. 
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3.6. Development of laser workstation for online characterisations 
The development of new workstation for real-time imaging required both temporal and spatial 
alignment of observations of the laser material interaction. The generation of single laser pulse at 
a fixed reference time was required for temporal analysis of laser pulse interactions. In many laser 
material processing applications using galvanometer systems, a variable asynchronous timing 
exists between the rising edge of the external gate and the output laser pulse; this is not useful in 
real time measurements. To allow a fixed timing between laser gate signal and the emitted laser 
pulse, the laser pulses were therefore triggered externally which allowed a fixed temporal reference 
between applied gate signal and laser output pulse to be obtained. Thus, any observations of the 
laser material interactions could then be precisely timed from the gate signal.  A new beam delivery 
system was designed and developed using free space optics for this purpose. This section describes 
the temporal and spatial alignment of both femtosecond and nanosecond laser systems, used 
separately, for separate real-time observations. Two types of observations were used. The first 
concerned spatial monitoring of the laser plasma plume. The second concerned spectral 
characterisation of the light emitted from this spatial plume. 

3.6.1. Temporal alignment 
3.6.1.1. Femtosecond laser system 
It is possible to generate a single laser pulse by applying an external signal to the pulse picker 
signal and by triggering femtosecond laser externally. 

A Stanford pulse generator (DG535 Stanford Research Systems) was used to obtain a single 
femtosecond laser pulse. The Generation of a single femtosecond laser pulse from a beam with 
repetition rate, 5 kHz, from the laser head is illustrated in Figure 3.14. 

 

Figure 3.14: External triggering of femtosecond laser using a pulse generator 

The repetition rate of the laser pulse is controlled by the Amplitude software by changing the 
amplifier frequency. This amplifier frequency determines the repetition rate of the output laser 
pulse. The amplifier is placed between the pulse stretcher and compressor and it consists of a laser 
cavity, Pockels cells and Faraday rotator. The amplification of the stretched laser pulse was 
achieved by several passes through the amplifier. The Pockels cell contains an electro-optic crystal 
(barium borate). Linear changes in the birefringence of this crystal take place when an external 
voltage is applied to it. A laser pulse transmits through when a voltage is applied on it. After the 
amplification, the amplified laser pulse is then compressed and passed through a pulse picker (PP) 
(discussed in the section 3.2.1). It is an acousto-optic modulator used to pick pulses by controlling 
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the frequency, power and spatial direction of laser beam by beams of acousto-optic effect. The 
pulse picker (PP) transmit laser pulses at its oscillation frequency and the laser pulses are emitted 
from the external shutter. The repetition rate of the amplified pulse can be varied after the pulse 
goes through the pulse picker by selecting pulse picker oscillation frequency. When the frequency 
of the amplifier and pulse picker matches, all laser pulses transmit through the external shutter. 
When the pulse picker frequency is half of the amplifier frequency, the output laser pulses have 
the repetition equal to the pulse picker frequency. Thus, the pulse picker (PP) controls the 
repetition rate of the emitted laser pulse from the interface box. 

Using the external pulse generator, a 5 V TTL signal of pulse width 210 μs was given to the 
Pockels cells in the amplifier.  The width of the pulse (pulse ON time) must be greater than the 
time period associated with the pulse picker frequency set in the software. Arrival time of the laser 
pulse at the sample surface was detected using a photodiode (PDA50B, Thorlabs). The external 
TTL signal supplied to the amplifier, pulse picker signal (MON PP) and the photodiode signal was 
monitored using a digital oscilloscope (Tektronix TDS5000) in order to understand the temporal 
relationship among them. The time between the rising edge of the pulse picker pulse and the single 
femtosecond laser pulse detection is shown in the Figure 3.15 for 1030 nm wavelength, 

 

 

Figure 3.15: Relationship between pulse picker and laser pulse, Laser pulse (green) was detected after 1.036 µs from the 
rising edge of MON PP pulse picker signal (yellow) 

The 1 µs wide pulse picker signal (MON PP) was monitored using the oscilloscope; an output is 
shown in the Figure 3.15. One laser pulse signal was detected at the sample surface at a time delay 
of 1.036 µs from the rising edge of the pulse picker. 
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The pulse picker (MON PP) signal was used to trigger the camera and the spectrometer for the 
real-time spatial and spectral measurements. 

3.6.1.2. Nanosecond laser system 
The triggering of the nanosecond laser is different than the femtosecond laser as it is Q-switched 
and has no pulse picker. Temporal alignment of the nanosecond laser system was performed by 
providing two separate TTL signals to the laser system via an external 26 pin connection.  The 
rising edge of the gate signal (Pin 17) triggers laser pump diode current to drop to a standby current 
level and it stays constant at this low level for a pre-defined suppress time followed by which the 
current goes high. Again, during the time when the diode current stays high, a laser pulse is 
detected created when an external continuous TTL signal is applied separately to laser Q-switch 
using Pin 21. Hence by applying the controlled signals to pins 17 and 21 of the 26-pin connector, 
the output of the Q-switched laser can be timed. The external control of Q-switch allows the laser 
pulse emission to be precisely controlled. The external triggering of HIPPO laser is shown in the 
Figure 3.16.   

  

Figure 3.16: Relationship between external gate signal, external trigger signal and the laser output for the HIPPO 
nanosecond laser system (HIPPO Manual) 

In practical terms, a Stanford research systems pulse generator (DG535) was used to produce a 
single TTL signal. This TTL signal was used for two purposes; one to gate the laser head using 
Pin 17 and the second to trigger another function generator (DS345). The DS345 function 
generator was used to generate a continuous TTL frequency 30 kHz, synchronised with gate signal, 
to Pin 21. This continuous TTL signal triggers the Q-switch signal of the laser system and the laser 
pulse is emitted. The suppression time and standby laser diode current were set to be 260 μs and 
18 A, respectively, using the internal laser system software. To achieve a single laser pulse, the 
gate signal provided to Pin 17 was controlled and set at 333 μs. The time between the rising edge 
of the external gate and the laser pulse output was then determined to be 304.86 µs using a digital 
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oscilloscope (Tektronix TDS5000). The rising edge of the gate signal was taken as the absolute 
timing reference for producing single nanosecond laser pulse.  

3.6.2. Spatial alignment 
Free space optics were used to perform the real-time observations. Both femtosecond and 
nanosecond laser beams were focussed using Thorlabs 5X microscope objectives depending on 
applied laser wavelength. To prevent any high laser power damage to the optics, the damage 
threshold of microscope objectives was chosen to be greater than 10 Jcm-2. Two different setups 
were developed for real-time plasma imaging and laser induced breakdown spectroscopy (LIBS). 
For both setups, the samples were positioned using a computerised translational XYZ stage using 
Thorlabs APT software. Plasma imaging and LIBS were performed using two models of 
intensified CCD (ICCD, Andor). In the following subsection, the working principle of ICCD and 
spectral alignment for plasma imaging and spectral imaging performed in the current study will 
be elaborated. 

3.6.2.1. Intensified charge coupled device (ICCD) 
The ICCD provided two major advantages over simple CCD; these are higher image sensitivity 
with ultrafast shuttering. An ICCD device is a CCD camera equipped with an image intensifier 
plate. Three major elements of an image intensifier are a photocathode, a micro channel plate 
(MCP) and finally an output phosphor screen. The image intensifier consists of an evacuated tube 
on which a photocathode is located on the inner surface of the front window. When a photon is 
projected on a photocathode and image is focussed. The photocathode absorbs the incident photon 
and leads to the formation of a photoelectron. The photocathode is made of gallium arsenide 
(GaAs). The photoelectron is drawn across a small gap towards micro channel plate by applying 
an electric field of the order of 150-200 V. The MCP consists of a thin disk of honeycombed glass 
channels coated with resistive coating. A high electric potential is applied on the MCP so that 
photoelectron will cascade down the channel and produce secondary electrons which results an 
electron number amplification factor which can be greater than 104. This gain can be varied by 
changing the voltage across the MCP. The electron cloud is accelerated across a small gap by a 
potential of several keV and finally strikes a phosphor coating on the inside of a fibre optic 
window. The phosphor converts the incident electron pattern into visible light which is then 
detected by the CCD. 

The shutter speed of the ICCD camera depends upon the voltage switching time of the 
photocathode. If the voltage of the photocathode relative to the MCP is positive, photoelectrons 
are unable to reach the MCP. The ICCD has an inbuilt digital delay generator (DDG) which 
determines when the voltage is applied across the photocathode and the MCP. This inbuilt DDG 
can control the intensifier tube for gating by an internal or external trigger pulse. Based upon the 
requirement, a delay can be introduced of a gate pulse of definite width. Using the DDG, the gate 
pulse width can be resolved to 25 picoseconds and thus effective exposure time. 

The quantum efficiency (QE) of the photocathode of the ICCD is shown in the Figure 3.17.  
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Figure 3.17: Quantum efficiency of different photocathodes available for ICCD device, adapted from [190]  

A protective ion barrier film is required to be positioned over the input of the MCP to prevent the 
positive ion feedback damage. The film, or barrier, prevents ions coming back and damaging the 
photocathode but it has a detrimental effect on the overall QE of the image intensifier. However, 
the filmless image intensifiers offer a much higher quantum efficiency (almost 50 %) than the 
image intensifier without film. In the present work, to achieve higher quantum efficiency, VIH 
(filmless)-73 (without ion barrier film) photocathode was used. This VIH photodiode provides 
maximum quantum efficiency at visible region [190]. 

3.6.2.2. Plasma Imaging 
Figure 3.18 presents a schematic for the optics used in the real-time plasma imaging study. After 
passing through microscope objective the plasma emission becomes parallel and it is allowed to 
travel through a series of lens combinations to magnify the beam. The magnified beam is finally 
focussed on the plane of ICCD photocathode and forms an inverted image of plasma plume. 

 

Figure 3.18: Spatial diagram for real-time plasma imaging measurement 
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In the present work, a microscope objective (Mitutoyo M-Plan Apo objective) of magnification 
10x was used to collimate the plasma plume. The microscope objective has a focal length of 200 
mm, working distance of 20 mm and a numerical aperture (NA) of 0.42. The microscope objective 
was connected to a Navitar zoom lens with variable magnification and a 2x adapter. The 2x adaptor 
was further connected with a C-mount coupler which can be attached with Andor i-star 734 ICCD 
detector. The magnification on the Navitar lens were varied from 0.7x to 4.5x. 

The Andor camera was triggered using the rising edge pulse picker signal achieved from external 
triggering of S-Pulse femtosecond laser described previously. Real-time plasma imaging was 
executed by varying gate delay from in-built delay setting of the ICCD camera software. The 
variable gate delay was used for plasma imaging at different times over a range from 0 ns to 200 
ns. 

ICCD triggering during nanosecond ablation process was performed using rising edge of the 
external gate signal (Pin 17), which is defined as the absolute zero of whole timing process. Thus, 
the gate rising signal was used to synchronise Q-switch signal, laser output and ICCD camera. 

3.6.2.3. Spectral imaging 
Laser-induced breakdown spectroscopy required to resolve using a spectrometer attached before 
the ICCD camera. Figure 3.19 (a) shows the spatial diagram for laser-induced breakdown 
spectroscopy. The plasma plume is collected and focussed on the spectrograph entrance port. The 
spectral content of the electromagnetic radiation is measured using an ICCD camera interns of 
relative intensity of each wavelength. 
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Figure 3.19: Optical arrangement for Laser-induced breakdown spectroscopy (a) with the propagation of light inside the 

spectrometer (b) 

The laser produced plasma plume was collimated using an UV silica Plano-convex lens of focal 
length 200.7 mm and then focussed on a variable spectrometer aperture using a 100-mm lens. 
After multiple reflections, the emitted light is allowed to be incident on a rotational grating turret. 
The reflecting angle of different spectral components of the reflected light depends upon the 
groove density of a grating. Two different gratings were used in the present work these had 300 
lines/mm and 1200 lines/mm. Gratings of 300 lines/mm and 1200 lines/mm provides a resolution 
of 0.43 and 0.10 nm and band pass of 297 and 67 nm, respectively. Both gratings have blaze 
wavelength at 500 nm. Spectrally resolved light is then focussed using a concave mirror of focal 
length 303 mm on an Andor iStar 334 ICCD. Figure 3.19 shows the optics inside the spectrometer. 
The mirrors of the spectrometer are coated with silver in order to get maximum efficiency. In order 
to achieve best resolution, the input slit width (aperture) was varied in software. The temperature 
inside the ICCD was fixed at -40O. C to reduce noise and dark current. The spectral arrangement 
for time-resolved spectrometry is shown in the Figure 3.20. 
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Figure 3.20: Spectral measurement of real-time spectral imaging of ablated particles. The light path to spectrometer are 

indicated in the figure. 

3.7. Numerical simulation 
The absorption of the laser energy by the material with associated physical response was modelled 
using the finite element method (FEM). The finite element method allows complicated differential 
equations to be solved numerically. Thermal response of a material was examined using COMSOL 
Multiphysics® software. In particular, two different two-dimensional (2D) models were designed 
and solved for the femtosecond and the nanosecond laser material interactions. A two-temperature 
model combined with mechanical stress was solved for the femtosecond laser ablation on bulk, 
thin film and multi-layered molybdenum heterostructure (MAM). The nanosecond laser material 
interactions were examined using a thermal diffusion model combined with thermal induced 
mechanical stress. The temporal and spatial Gaussian-shaped laser beam used in the simulations 
were described in the previous chapter (section 2.5.1). 

The laser processing of different bulk, thin film and molybdenum heterostructure were carried out 
using a sample size of ~ 1x1 mm2. The simulation by COMSOL requires the formation of a mesh 
structure throughout the material geometry. The mesh size of the simulation is determined by the 
convergence of the model towards the same solution. To accurately investigate how the energy 
propagates through the material requires a small mesh size, with a high density of nodes, in the 
depth direction and particularly at the material interfaces. As a consequence, the simulation runs 
for several hours. In order to work under reasonable computational limitations, the computational 
model was scaled with the experimental reality. Computationally the beam diameter was 
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normalised to 2 µm and the lateral length of the sample was taken to be 30 µm. The depth was 
determined by the thickness of the film and the length over which the substrate material can be 
affected. Although beam and sample size were normalised in order to decrease simulation time, 
the required fluence was kept constant by changing input laser energy and adjusting the spot-size 
accordingly. 

3.7.1. Heat diffusion model combined with mechanical stress model 
A simple heat diffusion model was used to study thermal response of a material after the deposition 
of single nanosecond laser pulse. The heat equation was solved using a time dependent solver in 
COMSOL. The time dependent heat source term was used and this is described in the equation 4 
(Chapter 2). The solution was solved from 0 ns to 100 ns with a time interval of 0.5 ns.  The peak 
of the laser pulse was at 20 ns. The initial temperature of the ambient (Ta) and material, both in 
thermal equilibrium, was taken to be 300 K. The material properties, such as reflectivity, 
absorption coefficient are assumed to be temperature independent. Other parameters such as heat 
capacity at constant pressure, thermal conductivity were taken as temperature dependent variables. 
To describe temperature dependence of thermal conductivity and heat capacity, an approximate 
nonlinear function was formulated. The absorption coefficient is calculated experimentally, with 
the results presented in chapters 4 and 6. Different material parameters used for COMSOL 
simulation of bulk and thin film molybdenum on BK7 glass and molybdenum based multilayered 
films are tabulated in the Table 3.6 . 

Table 3.6: Thermal parameters for heat diffusion model 

Parameters Molybdenum Aluminium ITO Glass (BK7) 

Melting 
temperature (K) 

2896 [191, 
192] 

933 [29, 192] 1900 [193] 830 

Vaporisation 
temperature (K) 

4912 [191, 
192] 

2730 [29] 3000 [194]  

Heat capacity at 
constant pressure 
300 K (JKg-1K-1) 

250 [191, 192] 901 [192] 340 [195]  

Thermal 
conductivity @ 300 

K (Wm-1K-1) 
138 [45, 67] 237 [29] 10 [196] 1.1 [197] 

Density (kgm-3) 
10200 [45, 

191] 
2690 [192] 2220 [198]  

Melting enthalpy 
(kJ-1kg-1) 

389 [191, 192] 400 [29]   

Evaporation 
enthalpy (kJ-1kg-1) 

6250 [191, 
192] 

10750 [29]   
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In order to incorporate latent heat of fusion and vaporisation, a parameter for an effective lattice 
heat capacity was used according to Sotrop et al. Here the latent heats associated with the phase 
changes are approximated using a Gaussian function, given by [191], 

 𝐶𝐶𝑙𝑙 = 𝑅𝑅 + ∆𝐻𝐻𝑚𝑚𝑏𝑏𝑒𝑒
−12�

𝑇𝑇−𝑇𝑇𝑚𝑚
∆𝑇𝑇 �

2

+ ∆𝐻𝐻𝑣𝑣𝑐𝑐𝑒𝑒
−12�

𝑇𝑇−𝑇𝑇𝑣𝑣
∆𝑇𝑇 �

2

 (22) 

 

where, 𝑇𝑇𝑚𝑚 and 𝑇𝑇𝑣𝑣 are the melting and vaporisation temperature of the corresponding material,  
∆𝐻𝐻𝑚𝑚 and  ∆𝐻𝐻𝑣𝑣 are the enthalpies for melting and vaporisation in Jkg-1, 𝑅𝑅 (Jkg-1K-1) is the lattice 
heat capacity at room temperature, and 𝑏𝑏 (K-1) and 𝑐𝑐 (K-1) are the normalisation factor for Gaussian 
function ( 1

∆√2𝜋𝜋
) of melting and vaporisation. ∆, is estimated to be 50 K to ensure a smooth transition 

between phases. 

Figure 3.21 shows the approximated effective heat capacity of molybdenum and aluminium with 
increase of lattice temperature using equation (22) 

 

Figure 3.21: Approximated effective lattice heat capacity of molybdenum (a) and aluminium (b) used for computational 
simulation 

The variation of the thermal conductivity with the lattice temperature was also considered in the 
simulation. The thermal conductivity of molybdenum and aluminium lattice is shown in the Figure 
3.22. 
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Figure 3.22: Temperature dependent thermal conductivity of (a) molybdenum and (b) aluminium used for simulation 

When materials experience heating, material expansion can take place, which can lead to an 
associated strain and stress in the material. The thermal stress module of COMSOL allows the 
effect of increasing temperature, material expansion and therefore the stress/strain at different 
layer interfaces to be estimated. The temperature obtained from the simple heat diffusion model 
was used to calculate the thermal expansion by solving the thermally induced mechanical stress. 
Typical values of the mechanical properties of the thin film and substrate materials are estimated 
and listed below in Table 3.7. 

Table 3.7: COMSOL coefficients for material processing for stress/strain simulation 

Parameters Molybdenum Aluminium ITO Glass (BK7) 

Young’s modulus 
(Nm-2) 

321 × 109  

[191] 

69 × 109 

[199] 

190 × 109 
[194] 

82 × 109 

[167, 200] 

Poisson’s ratio 
(unit less) 

0.31 

[191] 

0.33 

[199] 

0.35 

[194] 

0.22 

[167, 200] 

Thermal 
expansion 

coefficient (K-1) 

4.8 × 106 

[191] 

23 × 106 

[199] 

8.5 × 106 
[194] 

8.6 × 106 

[167, 200] 

 

The heat diffusion model was simulated the nanosecond laser of wavelength of 1064 nm and the 
pulse duration of 9 ns (at FWHM). 

The values for the absorption coefficients were taken from the literature [148] and the reflectivity 
and transmissivity values were obtained from the measurements using integrating sphere (section 
3.4.1). 

To avoid this complexity of the reflection, in case of multi-layered film, it was assumed that the 
reflection takes place at the top surface only. A simple mathematical calculation was conducted to 
understand the laser beam propagation inside molybdenum, using Beer’s formula. It was estimated 
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that, the peak intensity of the laser pulse decreases to 12.5, 2.5 and 0.9% after the beam travels 40 
nm through the molybdenum, for 1030, 515 and 343 nm wavelengths respectively. A small 
fraction (1030 nm: 0.63%, 515 nm: 0.2% and 343 nm: 0.06%) of this remaining light penetrates 
through to the underneath aluminium layer. The rest is reflected from the Mo/Al interface, as 
determined by the Fresnel equation and determined to be 11.88, 2.3 and 0.84% for the incident 
wavelengths of 1030, 515 and 343 nm, respectively. The reflected light from the Mo/Al interface 
travels back and forth between the air/Mo layer interface and the Mo/Al layer interface. Thus, it is 
a good approximation to consider complete absorption of laser within the top molybdenum layer. 

3.7.2. Two temperature model combined with mechanical stress model 
In the femtosecond case, both electronic and lattice systems were considered separately. To 
estimate the temperature of electronic and lattice subsystem, the two temperature model was used 
by solving two partial differential equations described in the chapter 2 (section 2.5.2). The source 
term is estimated using equation 4. The estimated optical properties such as material reflectivity 
and absorption coefficient are more complex for femtosecond material interactions; in this simple 
experimental study, the lattice values are taken to be the same as those used in the nanosecond 
heat diffusion model. The electron heat capacity and electron–phonon coupling constant 
coefficients were approximated as described in the previous chapter (section 2.6). A mechanical 
stress model was linked with the two temperature model where it was assumed that the lattice 
temperature is responsible for any stress inside a material. In case of the multi-layered 
heterostructure (Mo-Al-Mo-ITO), the third (Mo) and fourth (ITO) layer with the substrate was 
treated as a simple thermally connected layer, as electric diffusion length is much smaller than the 
depth of these layers (section 3.3.2). 
3.7.3. Terminology of the stress vector 
In general, a mechanical stress tensor (𝜎𝜎) in three-dimensional coordinate system (X, Y, Z) is 
written as follows, 

 𝜎𝜎 = �
𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑋𝑋𝑍𝑍
𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑋𝑋𝑍𝑍
𝜎𝜎𝑍𝑍𝑋𝑋 𝜎𝜎𝑍𝑍𝑋𝑋 𝜎𝜎𝑍𝑍𝑍𝑍

� (23) 

 

The direction and of the different components of the stress tensor is interpreted as follows, 

The stress components acting in X direction on a plane XY, YZ and ZX are termed as 𝜎𝜎𝑋𝑋𝑍𝑍, 𝜎𝜎𝑋𝑋𝑋𝑋 
and 𝜎𝜎𝑋𝑋𝑋𝑋, respectively, 

Stress acting in Y direction on a plane XY, YZ and ZX are termed as 𝜎𝜎𝑋𝑋𝑍𝑍, 𝜎𝜎𝑋𝑋𝑋𝑋 and 𝜎𝜎𝑋𝑋𝑋𝑋, 
respectively, 

And, the stress acting in Z direction on a plane XY, YZ and ZX are termed as 𝜎𝜎𝑍𝑍𝑍𝑍, 𝜎𝜎𝑍𝑍𝑋𝑋 and 𝜎𝜎𝑍𝑍𝑋𝑋, 
respectively, 

The three-dimensional mechanical stress tensor is shown in the Figure 3.23. 
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Figure 3.23: Components of the stress tensor along X, Y and Z direction on 50 nm molybdenum thin film 

The quantities 𝜎𝜎𝑋𝑋𝑋𝑋, 𝜎𝜎𝑋𝑋𝑋𝑋 and 𝜎𝜎𝑍𝑍𝑍𝑍 are termed as the tensile tensor and 𝜎𝜎𝑋𝑋𝑋𝑋, 𝜎𝜎𝑋𝑋𝑋𝑋, 𝜎𝜎𝑋𝑋𝑍𝑍, 𝜎𝜎𝑍𝑍𝑋𝑋, 𝜎𝜎𝑍𝑍𝑋𝑋 and 
𝜎𝜎𝑋𝑋𝑍𝑍 are known as the shear tensor. Taking into account the axial symmetry, the nine components 
of the stress tensors reduces to 6 quantities as, 

𝜎𝜎𝑋𝑋𝑋𝑋 = 𝜎𝜎𝑋𝑋𝑋𝑋, 𝜎𝜎𝑋𝑋𝑍𝑍 = 𝜎𝜎𝑍𝑍𝑋𝑋 and 𝜎𝜎𝑍𝑍𝑋𝑋 = 𝜎𝜎𝑋𝑋𝑍𝑍 

The stress tensor reduces to, 

 𝜎𝜎 = �
𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑋𝑋𝑍𝑍
𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑍𝑍𝑋𝑋
𝜎𝜎𝑋𝑋𝑍𝑍 𝜎𝜎𝑍𝑍𝑋𝑋 𝜎𝜎𝑍𝑍𝑍𝑍

� (24) 

 

In the present work, the three-dimensional axis system is reduced to a two-dimensional axis system 
(X, Z) in the COMSOL model. Where, X corresponds to the axis related to the lateral direction of 
the sample, and Z is known as the depth of the sample. Thus, the stress tensor components 𝜎𝜎𝑋𝑋𝑋𝑋, 
𝜎𝜎𝑋𝑋𝑋𝑋, 𝜎𝜎𝑋𝑋𝑍𝑍 were set to zero. The three-dimensional stress matrix reduces to  

 𝜎𝜎 = �
𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑋𝑋𝑍𝑍
𝜎𝜎𝑍𝑍𝑋𝑋 𝜎𝜎𝑍𝑍𝑍𝑍� = �

𝜎𝜎𝑋𝑋𝑋𝑋 𝜎𝜎𝑋𝑋𝑍𝑍
𝜎𝜎𝑋𝑋𝑍𝑍 𝜎𝜎𝑍𝑍𝑍𝑍� (25) 

 

The stress 𝜎𝜎𝑋𝑋𝑋𝑋 and 𝜎𝜎𝑍𝑍𝑍𝑍 are the tensile stress and the direction of these stress are along the X and 
Z axis, respectively and on the Z= constant and X= constant plane, respectively. 𝜎𝜎𝑋𝑋𝑍𝑍 is termed as 
the shear stress. The axis system used for numerical analysis and the two-dimensional stress 
tensor are illustrated in the Figure 3.24. 
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Figure 3.24: (a) Two-dimensional experimental condition of the laser-molybdenum interaction and (b) conventional notation 

of the stress vector in two dimensions (X, Z) for the numerical simulation of the molybdenum thin film of thickness 50 nm 

3.8. Summary 
In this chapter, an in-depth summary of the materials, used equipment and characterisation 
methods are presented. Firstly, this Chapter provides a methodology of single-layered and 
multilayered film deposition. The laser system, optical setup and the method of micromachining 
by short and ultrashort laser pulses are presented in the next section. Next section describes various 
offline and online characterisation methods used to study the laser material interaction. Separate 
workstations for real-time observation of femtosecond and nanosecond ablation was designed and 
developed to understand laser-material interaction. The final section of this chapter provides the 
method of numerical simulation to understand the ablation phenomena by short and ultrashort laser 
pulses. These methods will be used to examine ablation of molybdenum bulk, single and 
multilayered thin film in the next three result chapters. 
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Chapter 4: Laser-Molybdenum interaction 

4. Chapter 4: Laser molybdenum interaction 
In this chapter, single pulse ultra-short (500 femtosecond at FWHM, 1030 nm) and short (9 
nanosecond at FWHM, 1064 nm) pulsed laser ablation on molybdenum bulk and the thin film is 
investigated. To measure the laser fluence absorbed by the material, reflectivity and transmissivity 
of molybdenum bulk and thin films at the incident laser wavelength and for specific pulse 
durations are investigated. The absorbed laser energy is used to measure the ablative threshold 
fluence. The ablation mechanism is understood by investigating a two temperature (TTM) model 
for the femtosecond laser processes. A heat diffusion model is used for nanosecond laser material 
interactions. The transient behaviour of temperature and the thermally induced mechanical stress 
and strain is considered. The ablation of bulk molybdenum, studied experimentally and 
investigated by FEM simulations, is presented in first section of this chapter. Patterning of 
molybdenum thin films by femtosecond and nanosecond laser pulses is then reported. Finally, the 
thermal and mechanical properties of 50 nm molybdenum film were investigated using 
computational simulations. 

4.1. Interaction of bulk molybdenum with laser sources 
Laser processing of bulk molybdenum samples (section 3.1) using single pulse ultra-short and 
short pulse laser is described in this section. The dimension of the molybdenum sheet measured 
using a Vernier callipers was 1 cm x 1 cm and the thickness measured by a micrometre screw 
gauge was (0.50 ± 0.001) mm. The roughness of molybdenum samples was found to be (0.5 ± 
0.03) µm by white light interferometry. 

A detail analysis of laser-molybdenum interaction requires the measurement of the absorbed laser 
energy by a sample, and in order to do that, the reflectivity and transmissivity were measured by 
an integrating sphere (section 3.3.1, chapter 3). 

4.1.1. Measurement of absorbed laser energy using integrating sphere 
Prior to laser processing, the reflectivity (R) was measured for the bulk molybdenum sample using 
integrating sphere. No transmission of laser light was observed through the bulk sample. Table 4.1 
shows the reflectivity of bulk molybdenum, measured by the integrating sphere. 

Table 4.1: Reflectivity measurement of bulk molybdenum by integrating sphere 

Pulse regime IR Green UV 

Femtosecond 
(0.65 ± 0.01) 

@1030 nm 

(0.55 ± 0.02) 

@515 nm 

(0.54 ± 0.04) 

@343 nm 

Nanosecond 
(0.69 ± 0.03) 

@1064 nm 

(0.58 ± 0.05) 

@532 nm 

(0.54 ± 0.02) 

@355 nm 

 

The measured reflectivity value of molybdenum using femtosecond and nanosecond laser are 
shown in the Table 4.1. The calculated values are close to the values obtained from the literature 
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[148]. Reflectivity measurement using IR wavelength (1030 and 1064 nm) was found higher than 
the green (515 and 532 nm) and UV (343 and 355 nm) wavelengths. These are average values. 
The effect of pulse duration was not considered. 

The transmissivity (𝑇𝑇𝑟𝑟) was assumed to be negligible irrespective of laser wavelength and pulse 
durations used in this study. The estimated penetration depth (𝑙𝑙𝑎𝑎 = 1 𝛼𝛼� ) of various laser pulses 
used in this study are given in the Table 4.2. Here α (in m-1) is the optical absorption coefficient 
of the material that varies with wavelength and pulse duration of the electromagnetic wave. The 
values of the optical penetration depth were obtained from the literature [55, 201]. Negligible 
amount of transmission is estimated through molybdenum of thickness of 500 µm.  

Table 4.2: Optical penetration depth of different laser wavelengths in molybdenum [55, 202] 

Laser wavelength 
(𝝀𝝀) (nm) 

Optical penetration depth 
(𝒍𝒍𝜶𝜶) (nm) 

1064 19.23 

1030 19.34 

532 11.56 

515 10.83 

355 8.85 

343 8.47 

 

4.1.2. Micro-machining of bulk molybdenum by femtosecond laser 
The laser material interaction of bulk molybdenum was investigated using wavelengths of 1030 
nm, 515 nm and 343 nm, with a 500-femtosecond laser pulse, at different applied fluences. The 
optical micrograph (OM) presented in Figure 4.1; shows images of the craters generated in the 
bulk molybdenum sample after irradiation by a single femtosecond laser pulse with different 
applied pulse energies (applied). The values indicated refer to the energy of the laser pulse. 
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Figure 4.1: Image of damage craters on molybdenum by 1030 nm femtosecond laser at different average energies (applied) as 
viewed by an optical microscope (Olympus BX60M). Values of the applied pulse energy are listed.   

The roughness of the bulk molybdenum sample is evident from the Figure 4.1. The pits present in 
the bulk molybdenum originate from the localised corrosion of the metal surface and are not due 
to the laser irradiation. The diameter of the craters increases with increasing applied pulse energy. 
Craters are approximately circular (𝑟𝑟𝑋𝑋

𝑟𝑟𝑌𝑌
≈ 1.0 ± 0.1). Here 𝑟𝑟𝑋𝑋 and 𝑟𝑟𝑋𝑋 are the radius of crater along 

X and Y direction. 

The threshold fluence was calculated using Liu’s method (section 3.4.3 in chapter 3); this involves 
plotting a graph of squared diameter (𝐷𝐷) of and the logarithmic fluence. A linear fit between the 
natural logarithm of fluence and the squared diameter is shown in the Figure 4.2. The ablation 
threshold in terms of the applied fluence were obtained from extrapolating the linear fit (Figure 
4.2(a)) to 𝐷𝐷2  =  0 was calculated to be (0.45 ± 0.01), (0.36 ± 0.02), (0.27 ± 0.01) Jcm-2 for 1030 
nm, 515 nm and 343 nm wavelengths, respectively. The peak value of the absorbed threshold 
fluence obtained from extrapolating the graphs (Figure 4.2(b)) are, (0.16 ± 0.01), (0.17 ± 0.02) and 
(0.12 ± 0.12) Jcm-2 for 1030 nm, 515 nm and 343 nm wavelengths, respectively. It is found that 
the applied threshold fluence is wavelength dependent and it increases with increasing laser 
wavelength. Figure 4.2(b) reveals that when the applied energy is corrected for reflectivity, the 
ablation threshold in terms of the absorbed fluence for wavelengths 1030 nm and 515 nm threshold 
fluence are almost similar, whereas the 343 nm absorbed threshold fluence is less. 
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Figure 4.2: Measurement of single pulse (a) applied and (b) absorbed threshold fluence of molybdenum by 1030 nm, 515 nm 
and 343 nm femtosecond laser. The intercept of the linear fit at Y = 0 determines the peak value of the threshold fluence 

4.1.3. Computer simulation using Finite Element Method (FEM) 
4.1.3.1. Interaction of molybdenum bulk with ultra-short pulse laser 
The time-dependent temperatures of the electronic (𝑇𝑇𝑒𝑒) (blue line) and lattice (𝑇𝑇𝑙𝑙) (black line) 
subsystem at an absorbed peak fluence of 0.3 Jcm-2 using 1030 nm laser wavelength are presented 
in Figure 4.2. The temporal profile of the laser beam is also shown in Figure 4.3 (red line). The 
value, 0.3 Jcm-2 was chosen because this fluence is greater than the ablation threshold value for all 
three wavelengths. An electron-phonon coupling (13.6×1016 Wm-1K-1) constant independent of 
the temperature of the electronic subsystem was used for the simulation. The model predicts that 
the increase of electron temperature is almost instantaneous with laser pulse, while the lattice 
temperature increases more slowly. At later times, greater than 4×10-11 s, the electron and lattice 
temperature reaches thermal equilibrium. Peak electron and lattice temperatures were estimated 
on the molybdenum surface (X=0, Y=0, Z=0) for a range of femtosecond laser pulses using 
absorbed fluences of 0.5, 0.4, 0.3, 0.25, 0.2, 0.15 and 0.1 Jcm-2. 

67 
 



 

Figure 4.3: Two temperature modelling of 500 fs (at FWHM) IR laser pulse using finite element method and evolution of 
electron and lattice temperature at a fluence of 0.3 Jcm-2 (absorbed) temperature in the bulk molybdenum. The electron-

phonon coupling constant used for this simulation is 13.6×1016 Wm-1K-1 

Estimate of threshold fluence 
The lattice temperature was estimated at different peak absorbed fluences of 0.5, 0.3, 0.25, 0.2, 
0.15 and 0.1 Jcm-2 and the variation of peak lattice temperature with these laser fluence is presented 
in the Figure 4.4. Peak temperature at different fluences were fitted to a linear model. It was found 
that the temperature of the molybdenum lattice reached its melting temperature (2896 K) at an 
absorbed peak fluence of 0.205 Jcm-2. An increase of the absorbed peak laser fluence above the 
ablation threshold leads to an increase peak temperature beyond the melting temperature. When 
the peak lattice temperature exceeds the vaporisation temperature of molybdenum (4912 K), at a 
fluence of 0.39 Jcm-2, evaporation of molybdenum is predicted; the absorbed peak laser fluence in 
this regime for bulk molybdenum can be nominally related to the threshold fluence for ablation. 
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Figure 4.4: Prediction of melting and evaporation threshold fluence for bulk molybdenum, when exposed to a single 1030 nm 
femtosecond laser pulse 

It is predicted from the numerical simulations presented in Figure 4.4 that the peak lattice 
temperature exceeds the melting temperature for molybdenum at fluences of 0.25, 0.3, 0.4 and 0.5 
Jcm-2 while at the fluence value of 0.1, 0.15 and 0.2 Jcm-2, the lattice temperature remains below 
molybdenum melting temperature (2896 K). 

A difference between the experimental (0.16 Jcm-2) and predicted numerical (0.205 Jcm-2) 
threshold fluences is therefore observed. The origin of this discrepancy can be due to the simplicity 
of the model. The sudden thermalisation of hot electrons to the lattice can result in high 
compressive stresses. Relaxation of the compressive stress results in the spallation and fracture of 
the heated molybdenum layer at absorbed fluences less than the values predicted by traditional 
melting and evaporative phase changes alone [174]. 

Variation of crater roughness with laser fluence 
The RMS roughness of the femtosecond laser processed molybdenum bulk was measured in the 
case of IR (1030 nm) wavelength. The roughness of molybdenum bulk samples was measured 
using a white light interferometer at an area of 1 µm x 1µm. In the case of measuring the roughness 
of ablated craters, the roughness was measured at the centre of the ablated crater at an area of 1 
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µm x 1µm. Figure 4.5 presents the variation of roughness with peak absorbed laser fluence. Each 
RMS roughness value of a crater is an average of 10 individual measurements. 
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Figure 4.5: Variation of r.m.s. roughness of molybdenum craters with peak laser fluence (absorbed) 

The RMS roughness values are found to decrease with increasing peak fluence. At higher fluence, 
a saturation in the roughness of the craters is observed. An increase of fluence results in an increase 
of induced temperature in molybdenum surface. At the fluence higher than melting threshold, the 
molybdenum undergoes through the molten phase. Eventually, resolidification of the molten 
molybdenum take place and thus, the roughness of the crater decreases. 

At very high laser fluence, the molten molybdenum may reflow into the molybdenum crater; which 
leads to a saturation of roughness inside molybdenum crater. 

4.1.3.2. Interaction of bulk molybdenum with short pulse laser 
Experimental work on bulk molybdenum samples was only performed using femtosecond laser 
pulses. Nanosecond trials were conducted using low fluences in a regime where the anticipated 
plume interactions were small. These investigations are incomplete and not included in the thesis. 

Modelling of a nanosecond laser bulk molybdenum interaction was considered in terms of a 
simpler heat diffusion approach using absorbed fluence values of 1.5, 1.0, 0.5 and 0.2 Jcm-2. The 
peak lattice temperature was estimated at these fluences. It is found that the peak temperature 
decreases with decreasing incident laser fluence. Figure 4.6 shows the temporal profile of transient 
lattice heat at different absorbed laser fluence. 
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Figure 4.6: Temporal behaviour of lattice temperature of bulk molybdenum under the influence of Gaussian shaped 

nanosecond laser of fluence 0.2, 0.5, 1.0 and 1.5 Jcm-2 (absorbed). Tm and Tv are the melting and evaporation temperature of 
molybdenum, respectively. 

It was found from the Figure 4.6 that the peak temperature of molybdenum was achieved within 
few nanoseconds after the maximum laser pulse intensity. At the peak absorbed fluence of 1.5 and 
1.0 Jcm-2, the lattice temperature reaches beyond the melting temperature of molybdenum enabling 
the potential for melt driven ablation. It is estimated that the melting threshold fluence of 
molybdenum using a 1064 nm nanosecond laser pulse is 0.5 Jcm-2 as the peak temperature just 
reaches to the melting temperature of molybdenum (2896 K). Below this threshold fluence, the 
peak lattice temperature reaches temperatures below that required for the onset of melting 
temperature and no ablation is expected. 

4.2. Interaction of molybdenum thin film with laser sources 
Single, ultra-short and short, pulsed laser interactions with very thin (50 nm) molybdenum film 
are presented in this section. In the first subsection, the absorbed fraction of laser energy by thin 
molybdenum is determined using an integrating sphere. Laser wavelength, pulse duration and the 
amount of laser energy was varied to achieve different craters on the film surface. The craters were 
examined using scanning electron microscopy and atomic force microscopy techniques. Finally, 
numerical simulations were performed in the final subsection to understand the ablation/removal 
mechanism by the laser pulses. 

4.2.1. Measurement of absorbed laser energy using integrating sphere 
Table 4.3 presents an average reflected (R) and transmitted (𝑇𝑇𝑟𝑟) fraction of the incident laser 
energy. It was found that the amount of reflected and transmitted light decreases with lower 
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wavelength. Simple mathematical calculation suggests that  less than 7.09%, 0.82% and 0.26% of 
the absorbed laser energy is transmitted through to the substrate (BK7 optical glass) for 
wavelengths 1030 nm, 515 nm and 343 nm respectively [148]. The attenuation of the laser energy 
in the molybdenum thin film suggested that a negligible amount of laser energy is reflected from 
the molybdenum-substrate interface. The measurements presented in Table 4.3 indicate a small 
difference of reflectivity and transmissivity of molybdenum thin film between femtosecond and 
nanosecond laser pulses. 

Table 4.3: Reflected and transmitted fraction of incident femtosecond and nanosecond laser by 50 nm thick molybdenum thin 
film on BK7 optical glass substrate 

Pulse regime Wavelength (nm) Reflectivity (R) Transmissivity (Tr) 

Nanosecond 

1064 0.69 0.08 

532 0.581 0.027 

355 0.543 0.017 

Femtosecond 

1030 0.603 0.079 

515 0.516 0.041 

343 0.515 0.027 

 

The different values of reflected and transmitted part of the laser light is indicated in Table 4.3, 
while the absorbed light (A) is calculated from the following formula, 

 𝐴𝐴 = 1 − 𝑅𝑅 − 𝑇𝑇𝑟𝑟 (26) 

Table 4.4 presents the absorbed part of laser energy by 50 nm thin molybdenum film using 
femtosecond and nanosecond laser pulses at IR, Green and UV wavelengths. 

Table 4.4: Fraction of incident laser light absorbed by molybdenum film of thickness 50 nm 

Pulse Regime 
(𝟏𝟏 − 𝑹𝑹 − 𝑻𝑻𝒓𝒓) 

IR Green UV 

Femtosecond 
0.31 ± 0.01 
(1030 nm) 

0.44 ± 0.01 
(515 nm) 

0.45 ± 0.01 
(343 nm) 

Nanosecond 
0.23 ± 0.01 
(1064 nm) 

0.39 ± 0.01 
(532 nm) 

0.44 ± 0.01 
(355 nm) 
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4.2.2. Micro-machining of 50 nm thin molybdenum film using femtosecond and nanosecond 
pulsed laser sources 
4.2.2.1. Femtosecond laser processing 
Figure 4.7 presents an optical microscope image of the crater created in molybdenum thin film 
after the interaction with 1030 nm femtosecond laser pulse at different absorbed peak fluences. 
The first key observation of femtosecond laser processing of molybdenum thin film shows 
delamination of molybdenum film from the substrate [105, 106]. Several particles were observed 
under the optical microscope. 

The absorbed peak threshold fluence of molybdenum thin film was calculated using Liu’s method 
by varying laser pulse energy as described previously (section 3.4.3). At each specific energy 
value, three different diameters were measured, and an average value was determined.  Although, 
the laser produced craters which were not perfectly circular, an approximate diameter was used; 
this was obtained by picking three points along a circumference of the delaminated damaged/ 
undamaged interface. At these peak fluences, the energies absorbed by the molybdenum film are 
insufficient to account for any of melting or evaporative phase changes within the thin film. Hence 
the removal of the molybdenum thin film is attributed to other ablative mechanisms. 

 
Figure 4.7: Removal of the molybdenum film from the glass substrate, as observed from the optical microscope image, Optical 

microscope image reveals an increase of crater diameter with higher absorbed 1030 nm femtosecond laser fluence 

Measurement of absorbed threshold fluence was performed by plotting a graph between the 
diameter squared and the natural logarithm of the absorbed fluence (section 3.4.3), shown in the 
Figure 4.8. The threshold fluence was calculated and it was found that the absorbed threshold 
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fluence for thin films is small compared with bulk molybdenum but also varies with laser 
wavelength. It was found that the calculated threshold fluence is much smaller than the predicted 
fluence required for melting or vaporisation of molybdenum and thus the threshold value is termed 
as the ablation threshold. The calculated ablation threshold fluences are listed in the Table 4.5. 

Table 4.5: Absorbed threshold fluence at different femtosecond laser wavelength 

Wavelength 

(nm) 

Threshold fluence (absorbed) 

(Jcm-2) 

1030 0.018 ± 0.001 

515 0.021 ± 0.007 

343 0.016 ± 0.001 
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Figure 4.8: Estimation of threshold fluence (absorbed) of molybdenum thin film using 1030 nm, 515 nm and 343 nm 
femtosecond laser sources. The extrapolate values provide the peak value of absorbed threshold fluence 

Red, green and violet points in Figure 4.8 present the diameters produced by 1030 nm, 515 nm 
and 343 nm femtosecond laser at different peak fluences. The slope of the lines fitted to the data 
points determine the beam size (radius) at the surface of thin molybdenum film. The different 
values of beam diameter calculated from the Figure 4.7 are 50.79 ± 1.56 µm (1030 nm), 51.84 ± 
1.84 µm (515 nm) and 46.51 ± 2.56 µm (343 nm). The R2 values of each linear fit confirms the 
quality of the linear fitting. While, initial observations indicate that the molybdenum thin film is 
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loosely adhered to the glass substrate, the threshold fluence required to remove the molybdenum 
film from the glass substrate is also correspondingly small when compared with bulk values. 

Figure 4.9 shows the scanning electron microscope image of a crater created on the thin 
molybdenum film using 515 nm laser wavelength at peak absorbed fluence of 0.1 Jcm-2. Several 
loosely bounded fragmented film (particles) are observed surrounding the craters (Figure 4.9(a)). 
Figure 4.9(b) presents the SEM image of uncoated laser processed molybdenum film using 1030 
nm femtosecond laser pulse. Electrostatic charging was observed at the substrate using SEM 
measurements.  

 
Figure 4.9: (a) Fragmentation of the molybdenum thin film surrounding the ablated crater (peak value of absorbed fluence: 

0.3 Jcm-2) and (b) electrostatic charging in glass during the interaction of high energy electron beam with non-conductive 
glass substrate is also evident; the peak value of the absorbed fluence is 0.1 Jcm-2 

In order to overcome this charging effect, a very thin layer of gold was sputtered prior to capture 
image using SEM. 

The delamination of the molybdenum film was also observed from these subsequent SEM 
measurements.  This occurred at different fluences (Figure 4.10(a)). The peak values of the 
absorbed fluences are indicated. Figure 4.10(b) shows the expanded view of a crater at a peak 
fluence of 0.1 Jcm-2 by 1030 nm femtosecond laser interaction with molybdenum thin film. 
Evidence of fragmentation of the thin film is also observed at lower magnification. The density of 
these fragmented particles increases with increasing laser fluence. A deformed and delaminated 
film is also extensively observed throughout the laser processed thin films. 
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Figure 4.10: (a) Delamination of molybdenum film as a result of interaction with 500 femtoseconds laser source of 

wavelength of 1030 nm and (b) molybdenum surface at a fluence of 0.1 Jcm-2. A thin layer of gold was coated on the laser 
processed molybdenum thin film to avoid the charging 

Figure 4.11 shows higher magnification scanning electron microscope images on molybdenum 
film surface at nine different fluences using 1030 nm femtosecond laser wavelength. The result 
clearly shows an increase of the crater diameter with laser fluences. Several cracks on the 
molybdenum film was observed at the boundaries between the removed and non-removed 
molybdenum film surface, particularly at lower fluences. This effect is less noticeable with 
increasing laser fluence, presumably because the mechanical stress which gives to such cracks 
leads is released by creation of fragmented particles. 
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Figure 4.11: SEM images of single pulse IR FS processed molybdenum film on glass substrate at different peak absorbed 

fluences 

The scanning electron microscope images indicate that delamination with complete removal of the 
molybdenum film from the substrate in the region of the crater is the cause of material removal. 
The samples shown in Figure 4.10 and Figure 4.11 were cleaned gently with a compressed air 
duster prior to examination; this removed the excess particulates from the surrounding region 
which otherwise may cause damage to the SEM tool.  This light cleaning does not impact the crater 
or the proposed hypothesis for how the thin film delaminates from the surface.  

The onset of delamination was clearly observed at a fluence just above the ablation threshold of 
molybdenum film. Figure 4.12 shows the SEM images at fluences of 0.03 and 0.025 Jcm-2. It was 
also found that the delaminated edge surfaces are very loosely adhered to the substrate and thus 
these physically formed edges fall back to the substrate surface when the applied energy is 
removed. 
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Figure 4.12: Strained molybdenum film after incidence of 1030 nm femtosecond laser just about the ablation threshold 

There was no consistent pattern for how the molybdenum film broke up. This is probably due to 
non-uniformity of molybdenum film on glass substrate (1 ± 0.3 nm) or due to the presence of other 
defects in the glass substrate. A similar delamination effect was observed during 515 nm and 343 
nm femtosecond laser interaction with molybdenum thin film. The craters produced by single 
pulse femtosecond laser molybdenum interactions at wavelengths of 515 nm and 343 nm are 
shown in Figure 4.13. 

   
Figure 4.13: Femtosecond laser processed molybdenum thin film using 515 and 343 nm wavelength at different peak 

absorbed fluences 
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Figure 4.14(a) presents an atomic force microscope image (AFM) of a crater attained at a fluence 
of 0.1 Jcm-2 using a femtosecond laser at a wavelength of 1030 nm. The AFM technique does not 
provide the usual clarity because of the loosely adhered film and particulate associated with the 
ablation mechanism. On close inspection of the AFM image, a distortion or noise is observed in 
the form of horizontal lines. Many particles are also observed at the centre of the crater; which 
results from the fragmentation of the molybdenum film. A representative profile of the craters is 
shown in Figure 4.14(b). It was observed from the AFM analysis that no film was left in the centre 
of the crater. Several unwanted peaks were also noticed at the centre of the crater. It was concluded 
that these peaks are formed due to the deposition of the fragmented molybdenum film on the 
surface of the film and the substrate. 

 

Figure 4.14: (a) 1030 nm femtosecond laser produced damage on 50 nm molybdenum film at an absorbed fluence of 0.1 Jcm-

2. (b) The extraction of the profile from AFM image indicates that substrate surface below the film is damage free except for 
contamination by particulate. The dashed line indicates the position where the profile extraction of the crater was measured 

In order to overcome the noise, the AFM analysis of the damaged molybdenum film were 
performed again after applying the compressed air to the surface to gently remove loosely adhered 
particles. The AFM images post air cleaning are shown in Figure 4.15. AFM analysis was carried 
out at different absorbed fluences. At low fluence, a clean ablation with minimal substrate damage 
was observed. An increase of laser fluence results in an increase of fragmented particles. At high 
fluence, many small particles were observed surroundings the ablated craters. The extracted 
surface profile from the AFM images indicates almost clean ablation with minimal substrate 
damage and thin film distortion. It was found that the depth in the extracted profile is almost 
constant (~50 nm) and indicates a delamination process. No trace of molybdenum was also 
observed by the energy dispersive X-ray measurement. 

The Figure 4.15 presents surface profile of laser processed molybdenum film at fluence 0.1, 0.07 
and 0.04 Jcm-2. The corresponding surface profile presents the constructed depth on the film 
surface and results in almost a constant value (50 nm) indicating a clear delamination effect. 
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Figure 4.15: Profile extraction from AFM image reveals femtosecond laser processing of molybdenum film results damage 

free substrate. The dashed line on the AFM images corresponds the line from where the surface profile was extracted  

The roughness of the ablated/removed area of the crater was found to be 2.81 ± 0.01, 3.07 ± 0.05 
and 4.41 ± 0.07 nm, respectively. 

Figure 4.16 presents an AFM image of the crater on the surface of the molybdenum thin film, at a 
peak absorbed fluence 0.028 Jcm-2. This peak fluence is just above the absorbed ablation threshold 
fluence of the molybdenum film (0.018 Jcm-2) using a femtosecond laser of wavelength of 1030 
nm. Some fragmented particles were noticed in the AFM image; this indicates the fragmentation 
of molybdenum film from the BK7 substrate. 
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Figure 4.16: Removal of molybdenum film at low fluence (Femtosecond, 515 nm, Peak value of the absorbed fluence: 0.028 
Jcm-2) 

A clear indication of the fracture of the molybdenum film is observed from the Figure 4.16. The 
nature of the fracture in the molybdenum thin film is appears to be brittle, presumably. After 
removal of the fractured molybdenum thin film, the fragmented films are re-deposited on the 
crater. The removed area was found to be reasonably smooth (roughness: 1.66 ± 0.03 nm) and the 
measured depth was approximately equal to the total thickness of the molybdenum film.  

4.2.2.2. Nanosecond laser processing 
Figure 4.17 shows an optical microscope image of the craters produced using nanosecond laser 
pulse of wavelength of 1064 nm at different absorbed energies for the thin molybdenum film. In 
all cases material removal is observed. Two fluence regimes were observed on the ablated crater. 
At higher fluence, the inner circle becomes more prominent. It was presumed that the inner circle 
is causes due to the damage in the glass substrate. Initial observation indicates that formation of 
several fragmented particles surrounding the ablated craters. It was estimated that the average size 
of the fragmented particles are larger than 5 µm. It was also noticed that the fragmented particles 
are loosely adhered with the surfaces of the molybdenum thin film and the craters. 

 
Figure 4.17: Optical microscope image of molybdenum thin film using single pulse 1064 nm nanosecond laser by varying 

energy of laser pulse  

The peak value of the absorbed threshold fluence was calculated using Liu’s method and the Figure 
4.18 presents squared diameter vs natural logarithm of absorbed fluence. The extrapolated linear 
fit was used to determine the ablation threshold fluence. 
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Figure 4.18: Estimation of the threshold fluence (absorbed) of molybdenum thin film by 1064 nm, 532 nm and 355 nm 

nanosecond laser sources. The insert presents the extrapolation of the linear fit at Y=0, and corresponds the value of ablation 
threshold at three different wavelengths 

The linear fit for each data set is good (R2 > 0.97). The estimated threshold fluence values are 
listed in the Table 4.6, 

Table 4.6: Absorbed threshold fluence at different nanosecond laser wavelength 

Wavelength 

(nm) 

Threshold fluence (absorbed) 

(Jcm-2) 

1064 0.043 ± 0.003 

532 0.012 ± 0.006 

355 0.026 ± 0.001 

 

The ablation threshold fluence for the molybdenum film was smallest for the interaction of 
nanosecond laser using a wavelength of 532 nm. The threshold fluence required to damage the 
molybdenum thin film using 355 nm wavelength is almost half of 1064 nm threshold fluence.  

The scanning electron microscopy images of the craters on the molybdenum thin film by different 
fluences are shown Figure 4.19. The glass damage is increasingly observed with increasing peak 
fluence of the laser pulse using nanosecond laser wavelength of 1064 nm. Re-deposited 
fragmented particles were also observed on the craters. The craters were created on the 
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molybdenum film using 1064 nm nanosecond laser pulse at different fluences. Similar to the 
femtosecond case, several fragmented particles were observed from the SEM image.   

. 

 

Figure 4.19: SEM images of single pulse nanosecond laser (wavelength 1064 nm) processed molybdenum film on glass 
substrate at different fluences. The peak value of the absorbed fluences are indicated with each crater.  

Unlike the femtosecond laser ablation, it was observed that the edge of the craters produced by 
nanosecond laser are comparatively sharp. Two diameters are observed from the SEM images.  
The outer diameter defines the threshold limit for the complete removal of molybdenum thin film 
from the glass substrate. The inner diameter is presumably because of the substrate (glass) damage. 
The inner diameter becomes clear with increasing laser fluence. The diameter of both the craters 
increases with increasing absorbed laser fluence.  

Figure 4.20 presents the scanning electron microscope images of the crater on the molybdenum 
thin film at the peak absorbed fluences of 0.046 and 0.048 Jcm-2 using nanosecond laser of 
wavelength of 1064 nm. Both the fluences are just above the ablation threshold of molybdenum 
thin film using a wavelength of 1064 nm. Both the images indicate complete film removal from 
the substrate by fragmentation. 
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Figure 4.20: Selective removal of molybdenum film a low fluence, just above peak absorbed ablation threshold. Presents 
fracture in molybdenum thin film. A small increase of the fluence leads to removal of molybdenum thin film from the glass 

substrate 

An atomic force microscope image of a nanosecond produced crater is shown in the Figure 4.21. 
This indicates the complete removal of molybdenum film with a significant substrate damage. 
Figure 4.21(a) corresponds to AFM image of surface morphology of 1064 nm nanosecond laser 
created molybdenum crater at a fluence of 0.1 Jcm-2. The surface profile across the crater is shown 
in the Figure 4.21(b) and the noise at the centre of the profile indicates damage to the substrate. 
The full and the expanded profile across the centre part of the crater indicates ablation of the 
substrate with the molybdenum film. 

 
Figure 4.21: (a) Atomic force microscope image shows complete film removal during by nanosecond laser (wavelength: 1064 
nm, peak fluence 0.1 Jcm-2) ablation with (b) the profile extraction of the AFM image corresponds significant damage in the 

substrate. Evidence for glass damage was observed in centre of the crater 
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Figure 4.22: AFM microscopy images at different absorbed fluences. Profile extraction from AFM image reveals 
femtosecond laser processing of molybdenum film results complete film removal with significant damage on the substrate. 

The dashed line on the AFM images corresponds the line from where the surface profile was extracted 

The AFM images in Figure 4.22 indicates a variation of the peak depth of the craters with the 
absorbed peak fluence. The profile measurements indicate a sampled height difference of 55.0, 
57.2 and 55.4 nm for the peak fluences of 0.061, 0.095 and 0.109 Jcm-2, respectively. Thus, 
complete removal of molybdenum film takes place at all the fluences. Thermal damage of the glass 
substrate was found to increase with increasing laser fluence. The RMS roughness of the 
molybdenum film at the centre of the crater was calculated to be 3.81 ± 0.04, 5.73 ± 0.08 and 13.5 
± 0.2 nm for above fluences. The damage on the substrate suggests that the glass undergoes to the 
melting phase from its initial solid phase. Similar to femtosecond case, at the ablation track 
molybdenum was not detected by energy dispersive X-ray measurement.   
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4.2.3. Computational simulation using finite element method (FEM) 
4.2.3.1. Interaction of thin molybdenum film with ultra-short pulse laser using combined two temperature 
model with mechanical stress model 
To understand femtosecond laser ablation phenomena of a molybdenum thin film, two temperature 
modelling (TTM) was performed. A mechanical model was integrated with the simple TTM to 
understand evolution of stress and strain inside the molybdenum film. The coordinate system used 
for the numerical simulation is indicated in the section 3.7.3. 

Initially, an electron-phonon coupling constant and an electron heat capacity (Figure 2.13), depend 
upon the temperature of the electronic subsystem, were used to study the femtosecond laser 
interaction with molybdenum thin film [150]. 

Figure 4.23 presents the transient temporal profile of localised electron and lattice temperatures 
with the incident laser wavelength (solid red line) at a fluence of 0.1 Jcm-2. The simulation relates 
to when the laser pulse peaks at t = 0.5 picoseconds from an arbitrary time (t0) and has a pulse 
width (FWHM) of 500 femtoseconds. The model predicts that the electron temperature (square 
dotted line) increases rapidly with the incident laser beam and reaches several thousands of Kelvin. 
After this peak, the electronic temperature decays slowly over a time scale of several picoseconds. 

0 1 2 3 4 5 6 7 8 9 10
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

2896 K

 Electron temperature (K)
 Lattice temperature (K)
 Laser intensity (A.U.)

Temporal time (ps)

Te
m

pe
ra

tu
re

 (K
)

Melting temperature of molybdenum

0.0

0.2

0.4

0.6

0.8

1.0

Intensity (A
.U

.)

 
Figure 4.23: Transient temperature increase of electronic and lattice subsystem with a normalised laser intensity in a thin 

film. The peak absorbed fluence was chosen to be was 0.1 Jcm-2 and the electron-phonon coupling coefficient selected from 
[150] 

The hot electrons diffuse into the slightly colder parts of the molybdenum film due to the 
temperature gradient. The electron and lattice temperature reach an equilibrium after ~3 
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picoseconds which is determined by the electron-phonon coupling constant discussed in the theory 
chapter (section 2.6). 

The lattice temperature (circular dotted line) increases at a slower rate compared with the electron 
temperature. The numerical simulation suggests that the peak temperature of the lattice reaches to 
4560 K at 1.93 picoseconds. The lattice temperature reaches a value above the melting temperature 
of the molybdenum (2896 K) at a time 0.8 picoseconds from the arbitrary reference time t0. This 
is contrary to our experimental observations where no molten phase was observed. 

The distribution of the lattice temperature along the depth of the molybdenum film and the glass 
substrate is shown in the Figure 4.24. A rapid decay of the lattice temperature was observed at the 
centre of the laser pulse, from the surface of the molybdenum thin film (Z = 0) towards the 
molybdenum-glass interface (Z = -50 nm).  
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Figure 4.24: The variation in the peak temperature of the lattice for different depths in the molybdenum thin film and near 
surface region of the glass substrate at different times after the peak pulse (peak absorbed fluence 0.1 Jcm-2) was applied to 

the materials 

During the femtosecond laser processing, when the time needed to initiate a collective motion of 
atoms on the lattice within the absorbing volume is greater than the duration at which the energy 
is supplied to the material determined by the duration of the laser pulse, laser modification of the 
molybdenum target occurs within a volume condition that is approximately constant. This 
confinement of energy leads to high stresses shown in the Figure 4.25. 

The coordinate system used for the mechanical simulations was shown in the Figure 3.24 (chapter 
3, section 3.7.3). The 𝜎𝜎𝑋𝑋𝑍𝑍 measures the shear stress induced on the XY plane (Z=constant) and 
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acting in the X- direction. Similarly, the tensile stress 𝜎𝜎𝑋𝑋𝑋𝑋 measures the stress component acting 
in the X direction and on the plane YZ. 

In this study, the expansion of the film vertically with respect to the horizontal the interface at the 
solid substrate which is a likely relaxation route for a laterally confined compressive stress. As the 
thermal expansion of the molybdenum thin film is confined in the horizontal direction (XY plane), 
a high stress (𝜎𝜎𝑋𝑋𝑋𝑋) is developed in the film. It was observed that this stress is compressive in the 
region of absorption and exerts an expansion force which acts both laterally and vertically in 
directions parallel and perpendicularly across the film substrate interface. The build-up of the 
lateral compressive stress at the film surface, produced by 1030 nm femtosecond laser at 0.1 Jcm-

2 fluence, is shown in the Figure 4.25. The graphs were calculated on the surface at Z = 0, at 
different times before the heating of the molybdenum film by the laser source causes the melting 
of molybdenum. The release of stress at the melting temperature was ignored for the low fluences 
used in this study. The simulation suggests that the compressive stress reaches a peak value at time 
1.93 picoseconds; the corresponding temperature at this time was found to be 4560 K. The high 
compressive stress is established even before the melting of molybdenum that take place at 0.8 
picoseconds. The peak value of the compressive stress at the surface of the film at a fixed time is 
observed at the centre of the focussed laser spot. In this model, it is observed that the compressive 
stress reaches to its maximum value, after the melting of molybdenum lattice. The graphs are 
calculated at the point corresponding to the maximum stress (σXX), at the centre of the focused 
laser spot (X = 0, Y = 0), and on the surface at Z = 0 (is X = 0, Y = 0, Z = 0). 

 

Figure 4.25: Transient expansion of compressive stress (σxx) at the film surface 
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Figure 4.26 shows the transient compressive stress in the plane (XY plane) and at different depths 
(different Z) of the molybdenum film at the centre of the laser spot i.e. X = 0, Y = 0. 

It was found that the compressive stress is triggered by the lattice temperature after electron-
phonon coupling. At t = 0, no stress in the film is observed. The peak value of the compressive 
stress was observed after the melting, when the temperature of the lattice reaches to its maximum 
temperature. The peak value of the compressive stress is found to decrease with increasing distance 
from the surface of the film (Z = 0). It is also observed that the stress peaks reach at different time 
at different depths from the surface. Stresses at other points away from the centre of the laser spot 
also occur at times which are after that when the molten phase has started to form. 
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Figure 4.26: Compressive stress (𝝈𝝈𝑿𝑿𝑿𝑿) at different depth from molybdenum film surface to the molybdenum-substrate 
interface. The insert shows the Cartesian coordinate system and the direction of the different stress components 

The peak value of the compressive stress at the film surface and the molybdenum/glass interface 
occurs at 1.5 and 21 picoseconds at the onset of the laser pulse, respectively. The decrease of the 
peak value of compressive impulse is due to the reduction in temperature. These results suggest 
that we can only consider stresses up to 0.8 picoseconds in duration. 

Lattice heating of the molybdenum film would lead to thermal expansion of the material if it were 
free to expand. This in turn would generates strain in the film. The only direction in which the 
laser irradiated part of the film can expand is in the vertical direction, perpendicular to the plane 
of the thin film at the air interface. Numerical simulations indicate that approximately 2.5% and 
5% peak stain is observed in the vertical direction for fluence values of 0.05 Jcm-2 and 0.1 Jcm-2 

respectively. This displacement of material leads to a tensile stress at the thin film substrate 
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interface in the upward direction. An important observation from the model is that this tensile 
stress evolves more quickly than the compressive stress generated in the plane of the thin film. 
The peak tensile stress (σZZ) at the thin film-glass interface, in the perpendicular direction occurs 
1.3 picoseconds before the peak compressive (σXX) stress observed in the lateral direction. 

Figure 4.27 presents the transient behaviour of tensile stress at the film-substrate interface 
compared with the compressive stress in the plane of the material. 
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Figure 4.27: Transient nature of the peak orthogonal stress (𝜎𝜎𝑍𝑍𝑍𝑍) the magnitude of the lateral compressive stress (𝜎𝜎𝑋𝑋𝑋𝑋) at the 
thin film-glass interface 

The predicted peak value of the tensile stress σZZ, (1.68 ×108 Nm-2) was found to be comparatively 
smaller than the compressive stress σXX, (5.21×109 Nm-2) generated due to the confined thermal 
stress in the lateral direction. 

It is understood from the numerical simulation and the experimental evidence that due to the high 
compressive stress in the laser irradiated molybdenum film, the fracture limit for delamination 
often takes place. Hence the removal of molybdenum takes place prior to the time molybdenum 
reaches its melting temperature. This observation is supported by the presence of fracture 
fragments Figure 4.10(a) which on close observation does not show any melting (Figure 4.10(b)). 

The combination of the tensile and compressive stress results in the fragmentation of molybdenum 
(shown in the AFM image, Figure 4.13). The model indicates that this happens as follows. The 
thin film is perturbed and displaced in the vertical direction according to the Gaussian profile of 
the laser pulse. Following this perturbation, a small component of the high compressive stress, σXX 
is then aligned in the vertical direction (σZZ). This leads to partial relaxation of the confined stress 
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which in turn leads to delamination and subsequent fragmentation of the loosely bound 
molybdenum film from the glass substrate [106]. 

The simulation also predicts that the peak temperature of the substrate reaches above its melting 
temperature at the time of 0.9 picoseconds. Although, experimental observation indicates that the 
melting of the molybdenum and the substrate does not take place. Therefore, the discrepancy 
between the simulated and experimental results can be interpreted as follows: 

1. Removal of molybdenum thin film may take place prior to molybdenum undergoing melting 
(0.8 picoseconds). 

2. The loss of electron by means of the thermionic emission and the photoelectric effect was 
ignored. These effects reduce the number of electrons available to transfer energy to the cold 
lattice; as a result, the effective lattice temperature may be less than that predicted by the model. 
The emission of the electrons by the thermionic effect will be discussed in the chapter discussed 
in the chapter 5.  

Therefore, it is concluded that the removal of the molybdenum take place before the temperature 
of the lattice reaches its melting temperature (at 0.8 picoseconds). Thus, the melting of the 
molybdenum and glass was ignored, and the numerical simulation was considered from 0 
picosecond to 0.8 picoseconds, at which time the molybdenum undergoes to melting. 

A second attempt was made to investigate the evolution of electron (Te) and lattice temperature 
(Tl) in molybdenum thin film, using fixed value for the electron-phonon coupling coefficient 
(13×1016 Wm-1K-1). Figure 4.28 presents the evolution of transient temperature of the electron and 
lattice after the interaction of molybdenum thin film with femtosecond laser of wavelength of 1030 
nm at an absorbed fluence of 0.1 Jcm-2. 

91 
 



0 5 10 15 20 25 30 35 40 45 50
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Te
m

pe
ra

tu
re

 (K
)

Temporal time (ps)

 Electron temperature (K)
 Lattice temperature (K)

Melting temperature of Molybdenum (2896 K)

0.0

0.2

0.4

0.6

0.8

1.0

 Laser intensity (A.U.)

In
te

ns
ity

 (A
.U

.)

 

Figure 4.28: The increase of the temperature of electronic (blue line) and lattice (black line) subsystem with a normalised 
arbitrary laser intensity (red line). The peak value of the laser pulse intensity was taken at 0.5 picoseconds from an arbitrary 

reference. A temperature independent value of the electron-phonon coupling constant was used for the simulation 

The laser pulse has a peak value at 0.5 picoseconds, measured from an arbitrary time (t0). A rapid 
increase of the peak temperature of the electronic subsystem (Te) was observed. The maximum 
temperature of the electronic subsystem was observed at an additional 0.65 picoseconds from t0 
and was found to be 8956 K. The peak temperature of electron (Te) and lattice (Tl) reaches to an 
equilibrium after 17.5 picoseconds from the arbitrary time (t0). The peak temperature of the lattice 
at the surface of the film was determined to be 1825 K. The temperature of the thin film-substrate 
interface reached to its peak value at 17.9 picoseconds and determined to be 1559 K. 

Thus, this second model with fixed value of electron-phonon coupling coefficient indicates that 
the peak temperature of the molybdenum lattice does not exceed the melting temperature (2896 
K). This simulation satisfies the experimental evidence which indicates the non-existence of 
molten molybdenum.  Although, the simulation also predicts that the peak temperature of the glass 
exceeds to its melting temperature (823 K) and contradicts the experimental observation, it is 
concluded that the removal of molybdenum thin film may take place prior to the time allowed for 
the peak temperature of glass to its melting temperature.   

4.2.3.2. Interaction of thin molybdenum film with short pulse laser using combined heat diffusion and 
thermal stress modelling 
To better understand stress and strain confinement during nanosecond laser processing, a thermal 
stress model was integrated with the heat diffusion model (section 3.7.1). 
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Figure 4.29 shows the estimate of two peak temperature profiles on the molybdenum surface, at 
the centre of the Gaussian laser beam, during nanosecond laser (9 ns at FWHM, wavelength 1064 
nm) irradiation using absorbed peak fluences of 0.1 Jcm-2 and 0.05 Jcm-2. The red line indicates 
the normalised incident laser pulse intensity. The peak value of the incident laser pulse was set at 
20 ns from an arbitrary reference time. 

The simulations predict that the molybdenum surface reaches its peak temperature 4 ns after the 
laser pulse reaches its maximum intensity. Once the peak temperature has been attained, the 
temperature in the film decreases as conduction drives the heat to the colder substrate. 
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Figure 4.29: Thermal response of lattice temperature at the surface of the molybdenum thin film (Z=0) after incident of 
nanosecond laser of absorbed fluence 0.1 and 0.05 Jcm-2. The peak temperature of the lattice occurs in the film 4 ns after the 

laser pulse. The peak temperature of the lattice does not exceed the melting temperature of molybdenum. 

The simulation suggests that as the film absorbs the laser pulse, the lattice heats up until the 
temperature of the film reaches the maximum value (1723 K and 968 K at fluences 0.1 and 0.05 
Jcm-2, respectively). It is observed that the peak temperature on the surface of the molybdenum 
film does not exceed the value of its melting temperature (melting point of Molybdenum 2895 K). 
As the film is much thinner (50 nm) than the large thermal heat diffusion length associated with 
the nanosecond laser, estimated to be 𝑙𝑙𝑇𝑇 = √𝐷𝐷𝜏𝜏 ~ 700 nm for  𝜏𝜏 = 9 ns, an almost uniform 
temperature distribution (ΔT < 20 K) is established across the depth of molybdenum film 
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extending from the surface to the interface with the substrate. The temperature distribution in the 
depth of the film is shown in the Figure 4.30. 
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Figure 4.30: The variation in the peak temperature of the lattice for different depths in the molybdenum thin film and near 
surface region of the glass substrate at different time after the peak pulse was applied to the materials at a reference time of 

20 ns duration 

Initial observations suggest that the temperature profile in the molybdenum film along the depth 
is almost constant and a rapid decrease in the temperature is observed at the substrate. Initially, 
the Gaussian distribution of the laser beam determines the temperature profile at the surface; as 
the time progressed a minor temperature gradient throughout the depth is observed. The 
temperature gradient is ∆T

∆x� = 2.85 × 10−10 and 0.84 × 10−10 Kelvin/m for the absorbed 
fluences of 0.1 and 0.05 Jcm-2 at 4 ns after the intensity of laser pulse reaches to its maximum 
value. A small reduction in the temperature at the thin film substrate interface compared with 
surface is observed as time evolves and this is attributed to the temperature gradient and heat 
conduction in the radial direction. As time progresses, the temperature of the lattice decreases and 
reaches towards the initial temperature (300 K). Therefore, as a result, a decrease of the slope of 
the temperature of the substrate is observed with the distance from the surface (as seen among the 
line shapes of the temperature). Despite this, the temperature at molybdenum-glass interface 
exceeds the melting temperature of the glass substrate (annealing point of BK7: 823K) [203]. 
Therefore, in nanosecond case, it is expected that the glass can reach high temperatures, 1754 K 
and 982 K at fluences of 0.1 and 0.05 Jcm-2, way in excess of its molten temperatures with similar 
to that observed in the film. The high temperature achieved in the glass suggests that the phase 
change (melting) of the glass at the film-substrate interface disrupts the attachment of the thin film 
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to the substrate. This hypothesis is supported by evidence obtained using the AFM on nanosecond 
produced craters. Figure 4.31 shows that the surface of the glass materials is clearly observed to 
have been reconstructed in the centre of the crater of molybdenum thin film above the threshold 
fluence. 

 

Heating of molybdenum film results in the expansion of molybdenum both in planar direction and 
out of plane direction. As in the case of femtosecond laser pulses, a large tensile compressive stress 
𝜎𝜎𝑋𝑋𝑋𝑋 develops in the film as the material is not allowed to expand along the spatial direction of the 
laser pulse due to the confinement of the surrounding cold lattice. Fast relaxation of this high 
compressive stress makes the film fragile. 

Figure 4.31 shows the time-dependent compressive stress (magnitude) at the film surface (X = 0, 
Y = 0, Z = 0) and at the thin film-substrate interface (X = 0, Y = 0, Z = -50 nm) at fluence levels 
0.1 Jcm-2 and 0.05 Jcm-2. The peak values of the compressive stress 𝜎𝜎𝑋𝑋𝑋𝑋 is shown is the Figure 
4.31. 
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Figure 4.31: Magnitude of the compressive stress (𝜎𝜎𝑋𝑋𝑋𝑋) at the film surface and interface during nanosecond laser ablation 

The overall increase of the magnitude of the compressive stress σXX follows the temporal 
behaviour of peak temperature of the molybdenum film and glass substrate. Maximum values of 
|σXX| are observed at 24 ns at the interface for both fluences and measured to be 0.73 × 109 Nm-

2 (0.1 Jcm-2) and 0.39 × 109 Nm-2 (0.05 Jcm-2), respectively; this is the time when the lattice 
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temperature reaches to its maximum value (1723 K and 968 K at fluences 0.1 and 0.05 Jcm-2, 
respectively).  

Expansion of the molybdenum film and the glass in vertical direction leads to an outer plane 
deformation in the molybdenum and glass substrate. The higher coefficient of thermal expansion 
of glass (8.6 × 10−6 K-1 at 300 K) compared to molybdenum (4.8 × 10−6 K-1 at 300 K) results in 
a deformed interface [191, 197, 204]. The thermal expansion of the glass in the vertical direction 
is immediate and leads to strain (εZZ) in the glass and an upward expansion takes place, prior to 
the molten phase being established. The expansion of glass exerts an upward pressure against the 
molybdenum film. The upward pressure is the reason for a vertical stress σZZ. 

Figure 4.32 presents the stress, σZZ and stain εZZ, in the perpendicular direction at the interface of 
the film surface and the substrate,  
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Figure 4.32: Transient behaviour of expansion stress σZZ and strain εZZ at molybdenum film and the interface during 
nanosecond laser ablation. The peak tensile stress was observed 4 ns prior to the peak vertical strain 

The adhesion of the molybdenum layer to the substrate is greatly reduced as soon as the 
temperature of glass increases towards its melting point and becomes fluid. The peak value of 
σZZ (at the surface of the glass X = 0, Y = 0, Z= -50 nm) was found at 20 ns (2.8 × 106 Nm-2 at 
peak fluence: 0.1 Jcm-2 and 1.3 × 106 Nm-2 at peak fluence: 0.05 Jcm-2). It was estimated that the 
tensile stress along vertical direction (σZZ) is smaller than the compressive stress (σXX), as the 
thickness of the film (50 nm) is very thin compared with the lateral dimension of the film (0.7 
mm). Also, it was noticed that the compressive stress (σXX) at the film near the interface (X = 0, 
Y = 0, Z= -50 nm) is larger than that at the top of film surface (X = 0, Y = 0, Z = 0) used in this 
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study. Similarly, the expansion strain, εZZ has peak values at the interface between molybdenum 
and glass substrate. The associated peak interfacial strain (εZZ) with the molybdenum film was 
found to be 0.018 and 0.008 at absorbed fluence of 0.1 Jcm-2 and 0.05 Jcm-2 at the centre of the 
laser spot (X = 0, Y = 0, Z= -50 nm). It was also found that the stress and strain distribute radially 
with the Gaussian laser intensity distribution. 

Moreover, the higher coefficient of thermal expansion of glass compared to molybdenum results 
in thermal expansion of glass at the interface. The thermal expansion of the glass leads to strain 
(εZZ) at the glass and an upward expansion takes place. The expansion of glass exerts an upward 
pressure against the molybdenum film. The upward pressure is the reason for a vertical stress σZZ. 
The upward stress on the glass-molybdenum interface exerts pressure on the film and delamination 
of the film is observed during short pulse laser ablation [37, 100]. 

The inner diameter observed on the glass substrate was measured by an optical microscope 
operating in a transmission microscope in a phase contrast mode. The inner diameter at the 
fluences of 0.082, 0.095, 0.108, 0.123, 0.138 and 0.166 Jcm-2. This inner diameter on the glass 
substrate was then compared with the numerically determined modified area (the area where the 
glass exceeds its melting temperature) of the glass. 

The diameter of the modified area are estimated and tabulated in the Table 4.7. These diameters 
are comparable with the experimentally determined inner diameter on the glass substrate. This 
confirms the modified area on the substrate results from melting of glass by nanosecond laser 
irradiation. 

Table 4.7: Comparison of the inner diameter on the glass substrate measured by an optical microscope with the numerically 
estimated diameter where the temperature of glass reaches its melting temperature 

Peak absorbed fluence 
(Jcm-2) 

Inner diameter (µm) estimated using 
Optical microscope Numerical simulation 

0.082 13.60 ± 0.10 13.21 
0.095 17.90 ± 0.07 17.66 
0.108 23.78 ± 0.08 24.35 
0.123 30.21 ± 0.06 29.65 
0.138 34.21 ± 0.06 33.77 
0.166 41.14 ± 0.03 41.56 

 

4.3. Chapter conclusions 
This chapter consists of the study of the laser-material interaction of molybdenum bulk (thickness 
250 µm) and thin film (thickness 50 nm) using lasers of femtosecond (fundamental: 500 fs, 
wavelength 1030 nm) and nanosecond (fundamental: 9 ns, wavelength 1064 nm) pulse durations, 
across a range of wavelengths using optical beam delivery system. The absorbed intensity of the 
incident laser pulse in the molybdenum bulk and thin film was estimated using an integrating 
sphere. 
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(a) Interaction of bulk molybdenum with femtosecond laser 
• It is estimated that the laser intensity absorbed by the molybdenum is dependent on the 

wavelength of the incident laser pulse. Almost 65, 55 and 54 percent of the incident laser 
pulse was found to reflect from the molybdenum bulk sample at wavelength of 1030, 515 
and 343 nm, respectively. A negligible transmission of incident laser intensity is observed 
from the molybdenum bulk samples. 

• The interaction of an ultrashort laser pulse with a molybdenum bulk sample was 
investigated at different peak absorbed fluences (0.1 to 3 Jcm-2). The ablation threshold 
fluence of the molybdenum bulk sample was calculated using three different wavelengths 
of 1030, 515 and 343 nm and estimated to be 0.16 ± 0.01, 0.17 ± 0.001 and 0.12 ± 0.01 
Jcm-2, respectively. 

• Femtosecond laser interaction with molybdenum bulk at different peak absorbed fluences 
(0.1, 0.15, 0.25, 0.3, 0.4 and 0.5 Jcm-2) was studied numerically using finite element 
method (FEM). The peak absorbed fluence required to ablate a molybdenum by 
femtosecond laser source was estimated using numerical simulation. The experimental 
observations and the expected results from the numerical simulation were compared. It is 
predicted that the rapid thermalisation of hot electrons into the lattice by electron-phonon 
coupling during interaction of ultrashort laser pulse with molybdenum results in a highly 
compressive stress. Relaxation of the compressive stress results in the spallation and 
fracture of the molybdenum at absorbed fluences and occurs at energy densities less than 
the values predicted by traditional melting (0.16 Jcm-2) and evaporative phase changes 
alone. 

(b) Interaction of thin film with femtosecond laser 
• Almost 60.3, 51.6 and 51.5% of incident laser intensity was found to reflect from the thin 

molybdenum film at laser wavelength of 1030, 515 and 343 nm, respectively. It was 
observed that the fraction of transmitted laser intensity increases with increasing incident 
laser wavelength. It was observed that 7.9, 4.1 and 2.7% of laser intensity transmit through 
molybdenum thin film and the substrate at incident laser wavelength of 1030, 515 and 343 
nm, respectively. The reflected and transmitted fraction of incident laser intensity were 
used to determine the pulse energy absorbed by molybdenum thin film. 

• It was estimated that the fluence required to remove molybdenum film from the glass 
substrate is sufficiently smaller than those for bulk molybdenum sample. The ablation 
threshold of the molybdenum thin film was measured at the femtosecond laser wavelengths 
of 1030, 515 and 343 nm and determined to be 0.018±0.001, 0.021±0.001 and 0.016±0.001 
Jcm-2, respectively. 

• When a laser of certain wavelength is incident on a sample surface, electrons in a particular 
energy band absorbs the laser energy and is being excited to an upper energy state. 
Electrons respond differently to different incident laser wavelengths. We expect that 
electrons absorb the UV energy interband absorption; IR energy is absorbed by intra-band 
absorption. The UV absorption is expected to be more efficient, resulting in a rapid increase 
of lattice energy which ultimately results in mechanical fracture of the thin film. The 
coupling of a higher amount of UV laser energy to the molybdenum lattice results in 
lowering of damage threshold of molybdenum. 
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• Micro-structuring of 50 nm thick molybdenum thin film was carried out using a 
femtosecond laser pulse at wavelengths of 1030, 515, and 343 nm. An increase of the 
square of the crater diameter was observed with increasing laser fluence. ‘Peeling off’ of 
molybdenum thin film was observed at fluences above the ablation threshold. Several 
loosely adhered particles were found around the laser ablated crater. Number of fragmented 
particles were found to increase with increasing laser fluence. 

• Delamination of the molybdenum thin film was observed at various absorbed fluences. 
AFM and SEM analysis of the ablated craters indicates complete removal of molybdenum 
thin film with minimal substrate damage. At low fluence, brittle fracture of thin 
molybdenum film was observed using AFM microscopy technique. 

• At a fluence (0.1 Jcm-2) above the ablation threshold, the laser-molybdenum interaction 
was understood numerically using a computational model based on two temperature model 
integrated with the thermal stress. Two different approaches were conducted using two 
separate values of electron-phonon coupling coefficient. 

• A varying electron-phonon coupling constant [150] depends upon the temperature of 
electronic subsystem was used in the first approach. The free electrons present in the 
molybdenum film absorb the photon energy of the laser and a high electronic temperature 
establishes. The electron temperature couples to molybdenum lattice by means of electron-
phonon coupling. The temperature of the molybdenum lattice reaches an equilibrium with 
electron temperature after the electron-phonon coupling time. Also, the model predicts that 
the peak temperature of the molybdenum lattice reaches to the melting temperature of 
molybdenum (2896 K). The heat developed in the molybdenum lattice conducts laterally 
and vertically towards the substrate. A high compressive stress (𝜎𝜎𝑋𝑋𝑋𝑋) develops on the 
molybdenum because of the temperature confinement of the molybdenum crater (Figure 
4.24). The stress exerts an expansion force acts both laterally and vertically in directions 
parallel and perpendicular across the thin film-substrate interface (Figure 4.25). The lattice 
heating of molybdenum thin film also results in the displacement of film along vertical 
direction. This expansion of the material leads to a tensile stress (𝜎𝜎𝑍𝑍𝑍𝑍) at the thin film 
substrate interface in the upward direction (Figure 4.26). The combination of the tensile 
stress and the relaxation of this highly compressive stress in molybdenum film results in 
the deformation (Figure 4.11) and the removal of the molybdenum thin film from the glass 
substrate. 

• A temperature independent electron-phonon coupling term (13.6 × 1016 Wm-1K-1) was 
used in the second attempt to understand the laser molybdenum interaction. The second 
simulation confirms that the temperature of the molybdenum does not exceed its melting 
temperature (Figure 4.27) although the temperature of glass reaches to its melting 
temperature at the peak fluence of 0.1 Jcm-2. It is predicted that the removal of 
molybdenum thin film take place prior to the glass substrate exceeds the melting 
temperature. 

• The constant electron-phonon coupling coefficient shows a better fit of the experimental 
data. Simulation of lattice temperature using the variable electron phonon coupling factor 
results in the peak temperature of molybdenum rising above its melting temperature. This 
is contrary to the experimental evidence. The strong variable electron-phonon coupling 

99 
 



coefficient constant results in a rapid increase of the lattice temperature, which in turn leads 
to an increase in the peak temperature of the lattice. The variable electric phonon coupling 
factor was taken from the theoretical work carried by Leonid V. Zhigilei et al. The 
approach proposed by Zhigilei seeks to offer a more accurate response than that obtained 
using a constant value. The variable electron phonon coupling factor for molybdenum 
depends upon several factors including electron density of states, electron heat capacity, 
Debye temperature, number density of electron, and electron-phonon coupling time. These 
parameters may vary from those associated with the different experimental samples. In this 
present work of study, we did not have the capacity to change such parameters used by 
Zhigilei’s model. Thus, it is likely that the variable electron-phonon coupling constant 
factor used is itself an approximation. 
Hence, our findings are that the constant electron-phonon coupling factor is a better 
approximation for describing the femtosecond laser thin film molybdenum interaction 
when compared with considering a variable constant electron-phonon coupling factor.  

(c) Interaction of molybdenum thin film nanosecond laser 
• The amount of laser intensity absorbed by the molybdenum thin film was determined using 

the integrating sphere. It was estimated that the (23 ± 1), (39 ± 1) and (44 ± 1) % of incident 
laser intensity is absorbed by the molybdenum thin film at wavelength of 1064, 532 and 
355 nm, respectively. 

• Molybdenum thin film interaction with a nanosecond laser was studied using wavelengths 
of 1064, 532 and 355 nm wavelengths at different peak absorbed fluences. Similar to 
femtosecond case, peak absorbed ablation threshold was determined to be 0.043, 0.012 and 
0.026 Jcm-2, for the laser wavelength of 1064, 532 and 355 nm, respectively. 
Fragmentation of the molybdenum thin film (Figure 4.19) was observed during 
nanosecond laser (at all wavelengths) interaction with molybdenum film. Interaction of 
nanosecond laser pulse with molybdenum thin film results in a complete removal of the 
film with significant damage on the surface of the glass (Figure 4.21). 

• Nanosecond laser-molybdenum thin film interaction with nanosecond laser source was 
understood, numerically, using a heat diffusion model integrated with thermally assisted 
stress model. A computational simulation was taken place using peak absorbed fluence 0.1 
and 0.05 Jcm-2 at 1064 nm laser wavelength. 

• The simulation predicts that almost a uniform temperature distribution establishes from the 
top surface of molybdenum to the molybdenum/glass interface of the molybdenum thin 
film (Figure 4.29). The molybdenum thin film reaches to its peak temperature 4 ns after 
the nanosecond laser pulse reaches to its maximum intensity. At both the fluence, the peak 
temperature of the molybdenum stays under the melting point of molybdenum. While, the 
peak temperature of the substrate exceeds the melting temperature of glass (823 K). 

• The simulation also predicts that a high compressive stress (𝜎𝜎𝑋𝑋𝑋𝑋) is established at the laser 
irradiated area of the thin film (Figure 4.30). This high compressive stress results in 
fragmentation in the molybdenum thin film (Figure 4.30). Higher thermal expansion of 
glass than molybdenum leads to a vertical strain (𝜀𝜀𝑍𝑍𝑍𝑍) in the glass (Figure 4.31). This 
vertical strain result is a tensile stress (𝜎𝜎𝑍𝑍𝑍𝑍) formed in the thin film-glass interface. The 
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tensile deformation on the molybdenum thin film from the molybdenum/glass interface 
results in the removal of molybdenum film from the glass substrate (Figure 4.19). 
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Chapter 5: Real-time imaging of laser-molybdenum 
interaction 

5. Chapter 5: Real-time imaging of laser molybdenum interaction 
The previous chapter provides an understanding of ablation mechanisms in molybdenum bulk and 
thin films at atmospheric pressure by short and ultra-short laser pulse interactions using three 
different wavelengths. The findings from the previous chapter are given as follows: 

1. The ablation of a molybdenum bulk sample by femtosecond laser pulses mainly governed 
by thermo-mechanical stress (chapter 4, section 4.1.3.1). 

2. The ablation of 50 nm thick molybdenum thin film from a glass substrate upon treatment 
by an ultra-short femtosecond pulse laser is mainly governed by thermally generated 
mechanical stress (chapter 4, section 4.2.3.1). It was found that at low fluence ultra-short 
laser pulses resulted in a minimal damage to the substrate (section 4.2.2.1). 

3. The ablation of 50 nm thick molybdenum thin film by a nanosecond laser pulse is most 
likely due to due to thermally assisted stress removal triggered by the expansion of the 
substrate (chapter 4, section 4.2.3.2). An incident nanosecond laser pulse at fluence higher 
than the ablation threshold provides significant damage to the substrate (section 4.2.2.2). 

4. It was observed that the interaction of the ultra-short and short laser pulses with 
molybdenum have different ablation thresholds which depends on the incident laser 
wavelength. 

An attempt is made in this chapter to apply real-time monitoring techniques to understand the 
ablation mechanism for bulk and thin film molybdenum samples. The instrumental setup for the 
time-resolved experiments by ultra-short and short pulse laser were previously discussed in the 
materials and method section (section 3.6). The main motivation of these experiments follows: 

a. To visualise the material removal effects for bulk molybdenum by an ultrashort pulse laser 
at 1030, 515 and 343 nm wavelengths. 

b. To interpret the behaviour of ejected materials by ultra-short and short pulse ablation at 
different fluences. 

c. To understand thin film removal/delamination from the glass substrate by single short and 
ultra-short pulse laser. 

d. To differentiate the ablation mechanism of molybdenum thin film by ultrashort and short 
laser pulses. 

e.  To understand the interaction mechanism of molybdenum thin film with ultrashort and 
short pulsed laser sources at IR, green and UV wavelengths; that leads to different values 
of ablation threshold. 

In order to accomplish these objectives, an online diagnostic measurement of the laser-generated 
plasma plume was performed at different fluence values. First, second, and third harmonics of 
single pulse femtosecond (FWHM: 500 femtoseconds, fundamental 1030 nm) and nanosecond 
(FWHM: 9 nanoseconds, fundamental 1064 nm) lasers were used separately as the laser source. 
To understand the spectral nature of laser generated plasma plume, laser induced breakdown 
spectroscopy (LIBS) was first performed. The final section consists of spatial imaging of ejected 
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components during femtosecond and nanosecond laser ablation at various wavelengths using 
different fluence values. 

Optical emission from the plasma plume 
As described in the theory chapter (section 2.5.6), the absorption of light energy in the metal takes 
place by the free electrons via inverse Bremsstrahlung process [60]. As a result, the kinetic energy 
of the heated electrons increases, and they collide via electron-electron scattering. A fraction of 
these highly energised electrons can emit from the near-surface metal by thermionic electron 
emission. The remaining electrons collide with the lattice and electron-lattice coupling takes place. 
The lattice heating by the laser source result in ablation. The removed material consists of 
electrons, ions, clusters and neutral fragments or particles. The removed constituents contribute to 
a plasma plume. In addition to the initial excitation provided by the laser ablation process, the 
species are further excited by collisions in the plasma plume. De-excitation of the electrons leads 
to optical emission from the plasma plume. Such optical emission from such atomic transitions is 
detected in this work. 

The ground state of the molybdenum is [Kr] 4d5 5s and is termed as 7S3. It is observed that the 
spectral line emission in non-ionised molybdenum (Mo I) is most significant in the green region. 
Three significant lines observed in the line emission of Mo I are 550.6493, 553.3031 and 557.0444 
nm [205, 206]. The electronic configuration of these three lines are given below [205-207]: 

Table 5.1: Term designation and energy of the upper and lower electronic levels with transition probability of neutral 
molybdenum (Mo I) atom [6] 

Observed 
wavelength 

(nm) 

Lower 
electronic 

level 

(2S+1LJ) 

Upper 
electronic 

level 

(2S+1LJ) 

Energy of 
the lower 

state 

(eV) 

Energy of 
the upper 

state 

(eV) 

Transition 
probability 

(s-1) 

550.6493 5S2 5P3 1.33510 3.58608 3.61×107 

553.3031 5S2 5P2 1.33510 3.57528 3.72×107 

557.0444 5S2 5P1 1.33510 3.56024 3.20×107 

 

Here, 2S+1LJ is the term designation of a particular energy level [6]. L and S are total orbital angular 
momentum and spin quantum number, respectively, determined from the configuration of 
electrons of the unfilled electronic level. The total angular momentum, J is determined from the 
vector addition of L and S (J=L+S). For the total angular momentum 0, 1, 2 and 3, the total orbital 
angular momentum L is written as S, P, D and F, respectively. 

Similarly, the spectral emission from the singly ionised molybdenum (Mo II) is observed mostly 
at the UV region of the electromagnetic spectrum. The electronic configuration of the ground state 
of the singly ionised molybdenum atom is [Kr] 4d5 and termed as 6S5/2 [208]. The three major 
spectroscopic transitions observed for the transition of Mo II and given below [207, 209]: 
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Table 5.2: Term designation and energy of the upper and lower electronic levels with transition probability of singly ionised 
molybdenum atom (Mo II) 

Observed 
wavelength 

(nm) 

Lower 
electronic 

level 

(2S+1LJ) 

Upper 
electronic 

level 

(2S+1LJ) 

Energy of 
the lower 

state 

(eV) 

Energy of 
the upper 

state 

(eV) 

Transition 
probability 

(s-1) 

201.511 6S5/2 6P5/2 0 6.15070 0.88×108 

202.031 6S5/2 6P7/2 0 6.13487 2.15×108 

203.845 6S5/2 6P3/2 0 6.08029 1.84×108 

  

Online diagnostics: 
The origin of the various optical emission from the laser-produced plasma were described 
previously in the theory chapter (Section 1.5). In short, during laser ablation, if the incident laser 
energy exceeds a material’s breakdown threshold, the sample becomes dissociated, atomised and 
partially ionised to form a high-temperature and high-electron-density plasma [210]. The optical 
emission from the high electron density micro plasma consists of atomic emission (characteristic 
of neutral and ionised elements) and the black-body radiation (depends upon the overall 
temperature of the plasma plume). This micro plasma was analysed by optical emission 
spectrometry (Laser induced breakdown spectroscopy-LIBS). Spectrally and temporally resolved 
detection of the specific atomic emission reveals information about the elemental composition of 
the sample. 

5.1. Spectral imaging: 
The purpose of the spectral imaging of the laser produced plasma plume was to understand the 
origin of the light in the plume. This initial work was performed using lasers at infrared 
wavelengths. The exposure time was fixed at 1 µs and centred at 0.7 µs. At this time regime, the 
plasma plume is assumed to be in local thermal equilibrium (LTE) condition. 

For the plasma to be in a complete thermodynamic equilibrium, all the processes are balanced and 
characterised by a single temperature [211]. Therefore, ideally, the process of excitation of atoms 
by collisions with electrons is equal to the reverse deactivation process, collisional ionisation is 
equal to three-body collisional recombination, and radiation emitted is equal to the radiation 
absorbed [211]. 

When collision dominates and the same laws describing full thermodynamic equilibrium apply, 
but radiation disequilibrium exists, the system is treated as complete thermodynamic equilibrium. 
Considering that radiative transitions between low-lying energy levels (resonance transitions) are 
characterised by high values of the Einstein coefficient of spontaneous emission, these levels are 
depopulated much faster than correspondingly higher levels and are therefore more prone to 
radiative disequilibrium. If these levels are excluded, i.e., only levels above a certain main 
quantum number are considered in defining the requirements for attaining equilibrium. In such 
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cases we speak of partial local thermodynamic equilibrium (LTE). This is the common situation 
with most plasma sources [212]. 

A Maxwell-Boltzmann electron energy distribution establishes at the LTE [115, 122, 212]. At this 
condition, the number density of electrons is less than a critical value, imposed by the constraints 
that the mean difference between thermal electrons should be less than the de Broglie wavelength. 

The spectroscopic measurements were performed at the LTE condition. In the spectroscopic study, 
the broadening of the spectral lines is important as it contains information of the emitter and the 
surrounding plume. The total broadening in a spectroscopic measurement arises from several 
broadening mechanisms, such as, 

(a) Natural broadening: 

Natural broadening arises due to the spontaneous emission when the unperturbed energy level has 
a finite lifetime. Natural broadening is largest when one of the two levels is dipole-coupled to the 
ground state. Even in this case, it is usually negligible (of the order of 10-4 nm). Thus, in the case 
of spectral imaging of laser produced molybdenum plasma plume, the natural broadening was not 
considered. 

(b) Doppler broadening: 

Doppler broadening is caused by random thermal motion of the emitter. The thermal motion of 
the absorbing atoms leads to a variation of absorbed frequency due to the Doppler effect. The 
Doppler broadening at the of a spectral line is Gaussian in nature and the FWHM is estimated 
using the following relationship, 

 
∆𝜆𝜆1 2⁄ = 2𝜆𝜆�

2𝑘𝑘𝑇𝑇𝑒𝑒𝑙𝑙𝑛𝑛2
𝑚𝑚𝑐𝑐2

 

 

(27) 

where, 𝜆𝜆 is the wavelength (nm) of the spectral line, 𝑘𝑘 is the Boltzmann constant, 𝑇𝑇𝑒𝑒 is the 
electronic temperature (K), 𝑚𝑚 is the atomic mass (kg) and 𝑐𝑐 is the velocity of light (ms-1). 

For neutral molybdenum (Mo-I) the spectral line at 530.65, 553.31 and 557.04 nm, the maximum 
electronic temperature was estimated to be 20000 K and the corresponding Doppler width is 
estimated to be 0.0054, 0.0056 and 0.0057 nm. This shows that the contribution of Doppler 
broadening is very small and thus it can be neglected. 

(c) Stark broadening: 

Stark broadening plays a key role in LIBS measurement [213]. Predominantly, it is used to 
evaluate the number density of electrons [115, 214, 215]. The emitting species in the plasma 
(atoms and ions) are placed under the influence of an electric field by fast-moving electrons and 
relatively slow-moving ions. Because of the charge separation between electrons and ions splitting 
of the energy levels take place by the quasi-static perturbed electric field. The lines those arises 
from the transitions between the split levels are then broadened and the overlap because of the 
electron collisions. 
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(d) Instrumental broadening: 

Usually, the instrumental broadening is experimentally found by scanning the emission profile of 
a line emitted by a low-pressure discharge (hollow cathode lamp) or a laser (usually He-Ne). The 
instrumental broadening is described by a Lorentzian profile [216].   
Instrumental broadening is almost negligible at early delay time (at LTE) when the Stark 
broadening dominates [211]. The instrumental broadening becomes more significant later in the 
time during plasma evolution as the number density of electrons decays. The instrumental 
broadening can be measured by the deconvolution method [216, 217]. 

The broadening due to instrument was considered negligible in the present work. It is assumed 
that all the broadening takes place due to the stark broadening effect.  

Spectral imaging of bulk and thin film molybdenum samples was performed using a combination 
of a spectrometer (SHAMROCK 303) and Andor iStar ICCD camera (iStar 334T). Prior to all the 
experiments, wavelength [218] and intensity calibration [219] of the spectrometer was performed 
using a mercury spectral lamp and a standard broadband white light source, respectively. Free 
space optics were used to focus the plasma plume on the spectrometer entrance mirror. The groove 
density of the two separate grating (1200 lines/mm and 300 lines/mm, blaze wavelength: 500 nm) 
used for the spectroscopic measurements. The grating 1200 and 300 provides the spectral 
resolution of 0.08 and 0.33 nm. The full vertical binning of the detected spectral image provides 
the optical spectrum of emission. Full vertical binning (1:1) was performed using the camera 
software (Andor SOLIS) for the exposed area of the camera chip.  

The wavelength calibration of the spectrometer was performed to correct the systematic deviation 
of wavelength from the actual value. This was done by comparing the experimentally detected 
emission lines from a mercury lamp with the corresponding wavelengths obtained from the 
literature [218, 220]. 

The response of the spectral system depends upon several factors. These include the detector 
response, grating efficiency and spectral response of coatings of the mirrors and lenses. A standard 
white light source (Thorlabs, MWWHL3) was used to correct the intensity in the interval 340 nm 
to 820 nm [221]. The Figure 5.1(a) presents the standard response and measured light source 
intensity using the grating 300 lines/mm while, Figure 5.1(b) provides the wavelength dependent 
intensity response curve. 
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Figure 5.1: Wavelength-dependent intensity response calibration of Andor iStar ICCD and spectrometer, (a) standard and 
observed intensity of standard light source was used to determine response curve (b) of the spectrometer and Andor iStar 

ICCD. 

The temperature of the detector was set to be at -30o. C to reduce noise (dark noise) [222]. The 
background noise was subtracted by taking the background and reference spectra [223]. The gate 
width (GW) and the gain of the multi-channel plate (MCP) image intensifier were adjusted from 
the Andor software interface, to achieve an optimal signal to noise ratio. The camera was gated 
for single pulse laser exposure. 

The spectral response of the laser produced plasma plume was studied at different fluences using 
a laser at the infrared wavelength. Single laser pulses of femtosecond and nanosecond duration 
were used as the laser source. The exposure time used on the camera was 1000 ns; while this did 
not permit the dynamics of ejected plasma plume to be fully investigated, it allowed the principal 
spectral lines to be assessed. The various peaks of the spectroscopic data were identified from the 
NIST (National Institute of Standards and Technology) atomic spectra database [224]. The slit 
width at the entrance to the spectrometer was kept at 150 µm to avoid any unnecessary broadening 
of peaks at the detector plane. 

It is found from the literature that the nature of the plasma at early times (several nanoseconds) are 
very unstable [225, 226]. This phase of the plasma is characterised by high temperatures (over 
10,000 K) and high pressures [227]. The high temperature of the plasma gives rise to black body 
emission from the plasma [228]. Also, the initial high pressure of the plasma results in spectrally 
broadened features. 

The spectral emission from transitions from electronic states occur after a certain time delay. The 
recombination of electrons and ions and neutrals are followed by the plasma cooling [225]. Thus, 
it is important to choose an appropriate delay time to collect the emission due to atomic transitions. 
In order to avoid such temporal broadening, the spectral measurement was performed after 200 ns 
(delay time) from when the peak of the laser pulse incident on the sample surface. 

The spectral behaviour of the femtosecond and nanosecond laser-induced plasma plume was 
studied at this time scale to understand the dependence of the atomic emission with the incident 
laser fluence. The spectral response of the plasma plume was performed for three cases: 

a. Ultra-short pulse laser ablation of molybdenum bulk sample  
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b. Ultra-short pulse laser ablation of molybdenum thin film, and 
c. Short pulse laser ablation of molybdenum thin film. 

5.1.1. Spectral imaging of ultra-short pulse laser ablation of molybdenum bulk 
Spectral imaging of the ablated plume was performed using 1030 nm femtosecond laser. The spot 
diameter (2𝜔𝜔0) of the laser beam on the bulk molybdenum surface was calculated using Liu’s 
method discussed earlier (chapter 3, section 3.4.3) and determined to 15.3 µm. The MCP gain used 
for the spectral imaging of plasma plume was set at 1200 from the Andor software interface. The 
absorbed fluence used in the spectroscopic experiments were higher than the previously identified 
melting threshold fluence (0.16 ± 0.01 Jcm-2) of the molybdenum (Table 3.4). The different peak 
values of the absorbed laser fluence are indicated in Figure 5.2. 

Figure 5.2 presents the wavelength dependence of the spectral emission from the plasma plume 
for a range between 546.6 nm and 577.3 nm and centred at 562 nm at different absorbed fluences. 
In this case, measurements were performed using the grating with 500 lines/mm (groove density) 
and at blaze wavelength of 500 nm. Peaks were identified using the NIST database [224, 226]. 
The spectral features arise from emission by discrete molybdenum neutral atoms. The three most 
intense peaks 550.65 nm, 553.31 nm and 557.04 nm correspond the atomic transition from the 
electronic configuration 5P3 to 5S2, 5P2 to 5S2 and 5P1 to 5S2, respectively 3.61 × 107, 3.72 × 107 
and 3.30 × 107 s-1 correspond transitions in non-ionised molybdenum (Mo I) [205, 224, 226].  
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Figure 5.2: Laser-induced breakdown spectroscopy (LIBS) intensities of 1030 nm femtosecond laser ablated molybdenum 

bulk sample at different absorbed fluences 
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The other three peaks at 563.25, 568.91 and 575.14 nm corresponds atomic transition from the 
atomic level 5P1 to 5D0, 5P1 to 5D1 and 5P2 to 5D2, respectively. Initial observation suggests that the 
peak intensity of the laser induced spectral emission increases with increasing laser fluence. 

The broadening of the intensity LIBS peaks mainly caused by the Stark broadening (section 5.1(c)) 
and the spectral curve follows the Lorentzian distribution. Thus, the fitting the intensity (𝐼𝐼) of the 
Lorentzian curve was performed using Levenberg Marquardt iteration algorithm (𝐼𝐼 = 𝐼𝐼0 +
2𝐴𝐴
𝜋𝜋

𝛤𝛤
4(𝜆𝜆−𝜆𝜆𝑐𝑐)2+𝛤𝛤2

) for each of the six most intense spectral features (550.65 nm, 553.31, 557.04, 

563.25, 568.91 and 575.14 nm) at different fluences [229, 230]. Here, 𝐼𝐼0 defines the base line 
(background), 𝐴𝐴 is the area under the Lorentzian curve, 𝛤𝛤 and  𝜆𝜆𝑐𝑐 are the FWHM and centre of the 
curve. Height of the curve was determined using the formula, when 𝜆𝜆 = 𝜆𝜆𝑐𝑐 

 𝐻𝐻 = (2 ∙ 𝐴𝐴)
(𝜋𝜋 ⋅ 𝛤𝛤)�  (28) 

 

The variation of background intensity (I0), FWHM (𝛤𝛤), area (𝐴𝐴) and the height (𝐻𝐻) of the fitted 
curve at the spectral line centred at 550.65 nm is tabulated in the Table 5.3. 

Table 5.3: Variation of the background intensity, FWHM, area and the height of the Lorentzian curve centred at a 
wavelength of 550.65 nm (interaction of molybdenum bulk with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background (𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

3.29 55.52 ± 4.612 
0.56 ± 
0.050 

162.80 ± 14.296 
184.21 ± 

8.343 

6.59 344.54 ± 11.328 
0.50 ± 
0.012 

1232.36 ± 29.428 
1568.42 ± 

18.038 

9.89 851.46 ± 22.258 
0.48 ± 
0.009 

2966.92 ± 57.906 
3902.61 ± 

37.686 

13.19 1118.32 ± 34.254 
0.49 ± 
0.011 

4250.55 ± 91.220 
5477.56 ± 

58.162 

16.48 1598.20 ± 58.879 
0.49 ± 
0.011 

7126.74 ± 157.429 
9344.69 ± 
104.867 

19.78 2326.11 ± 83.850 
0.50 ± 
0.011 

10433.85 ± 224.442 
13314.80 ± 

141.032 

23.08 2986.33 ± 68.809 
0.50 ± 
0.008 

12792.10 ± 195.580 
16202.73 ± 

131.015 
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26.37 3156.85 ± 120.169 
0.51 ± 
0.010 

15850.24 ± 325.247 
19816.15 ± 

198.967 

29.67 3780.80 ± 148.980 
0.49 ± 
0.010 

19323.23 ± 401.490 
25269.49 ± 

268.272 

32.97 4259.59 ± 187.833 
0.50 ± 
0.010 

24786.15 ± 501.930 
31766.16 ± 

319.321 

39.56 5062.07 ± 174.887 
0.49 ± 
0.009 

26501.83 ± 478.436 
34087.48 ± 

315.596 

 

Other tables for the peaks centred at 553.31, 557.04, 563.25, 568.91 and 575.14 nm are mentioned 
in the Appendix.  

It was observed that the background intensity, area under the curve and height increases with 
increasing peak absorbed fluence. The FWHM of the fitted Lorentzian curve for spectral features 
at this time scale was constant with laser fluence. 

The variation of the peak intensity height (H) of these three curves at different peak fluences are 
presented in Figure 5.3. 
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Figure 5.3: Peak LIBS intensity for the six major molybdenum peaks (550.65, 553.31, 557.04, 563.23, 568.91 and 575.14 nm) 
as a function of absorbed fluence by 1030 nm femtosecond laser. The peak intensity is found the increase with increase peak 

absorbed fluence 
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Various laser ablation processes depends upon the intensity of the incident laser pulse [231]. The 
intensity of the three different peaks increases rapidly with the peak value of the absorbed fluences. 
At the higher fluence (peak fluence 32.97 Jcm-2) a saturation of the optical emission intensity is 
observed, although this is based on a single spectrum acquisition. 

5.1.2. Spectral imaging of ultra-short laser pulse ablation of molybdenum thin film 
Spectral imaging of molybdenum thin film (50 nm) at various fluences were also performed using 
infrared femtosecond and nanosecond laser pulse durations. The beam diameter of nanosecond 
laser pulse (wavelength 1030 nm) at the film surface was calculated to 16.54 µm using Liu’s 
method by varying applied laser energy. The absorbed laser fluence used for spectral 
measurements were significantly higher than the ablation threshold of the film (0.023 Jcm-2). 
Higher MCP gain (2000) was used for molybdenum thin film spectral imaging compared with the 
molybdenum bulk. 

Figure 5.4 illustrates the spectral intensity distribution of 50 nm molybdenum thin film at various 
fluences between the spectral range of 546.6 nm and 577.3 nm. An increase of noise is noticed for 
thin film ablation when compared with bulk ablation. Atomic transition of the non-ionised 
molybdenum was detected by the spectroscopy measurements. 
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Figure 5.4: Laser-induced breakdown spectroscopy (LIBS) intensities of 1030 nm femtosecond laser ablated 50 nm 

molybdenum thin film at various absorbed fluences 

The variation of the background, FWHM, area and height of the fitted picks are tabulated in Table 
5.4. 
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Table 5.4: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 550.65 
nm at different peak fluences (interaction of molybdenum thin film with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 
(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

12.69 
1136.42 

± 72.526 
0.45 ± 0.058 1132.64 ± 157.686 

1603.17 

± 99.517 

14.09 
985.15 

± 162.897 
0.44 ± 0.040 3475.63 ± 343.589 

4988.85 

± 208.649 

15.51 
1604.745 

± 109.643 
0.42 ± 0.017 6533.09 ± 254.894 

9860.41 

± 195.779 

16.92 
1339.60 

± 287.284 
0.44 ± 0.025 10775.27 ± 638.667 

15718.49 

± 428.977 

18.33 
1718.14 

± 171.055 
0.44 ± 0.014 12568.43 ± 401.284 

18365.63 

± 289.661 

19.74 
2162.25 

± 158.620 
0.42 ± 0.011 14989.43 ± 378.927 

18365.63 

± 311.520 

21.15 
2400.51 

± 432.236 
0.47 ± 0.023 20695.47 ± 1032.289 

22987.95 

± 637.069 

22.53 
2472.42 

± 357.173 
0.42 ± 0.016 21859.45 ± 825.723 

27941.80 

± 624.264 

23.96 
2585.04 

± 422.942 
0.42 ± 0.015 26921.67 ± 958.763 

32871.98 

± 722.276 

25.38 
2913.96 

± 443.914 
0.43 ± 0.013 35630.35 ± 1052.266 

40852.84 

± 784.440 

26.78 
4223.64 

± 309.371 
0.44 ± 0.009 41694.24 ± 478.218 

59998.50 

± 612.050 

 

Similar to molybdenum bulk, the variation of other tables for the peaks centred at 553.31, 557.04, 
563.25, 568.91 and 575.14 nm are mentioned in the Appendix.  
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It is found that the peak intensity (𝐻𝐻) of the six spectral lines again increases with applied laser 
fluence. The FWHM were similar to all the fluences. Similar to bulk molybdenum, the variation 
of peak intensity was measured by the Lorentzian curve fitting and illustrated in the Figure A.1. 

5.2.3. Spectral imaging of short laser ablation of molybdenum thin film 
The LIBS experiments of 50 nm thick molybdenum thin film were performed using an infrared 
nanosecond laser using different laser energy. The nanosecond laser of wavelength of 1064 nm 
and beam diameter of 16.53 µm was focussed on the surface of molybdenum thin film. The spectral 
measurements of the LIBS signal from the molybdenum thin film ablation was performed at a 
delay time of 200 ns after the nanosecond laser pulse incident on molybdenum surface. The gate 
width (exposure time) was kept at 1 µs during the spectral acquisition. Similar to the molybdenum 
thin film ablation by femtosecond laser, the MCP gain for the spectral imaging of nanosecond 
laser ablation was kept at 2000.  

Figure 5.5 indicates the spectral features obtained within a range of 546.6 to 577.3 nm, centred at 
562 nm at different fluences greater than ablation threshold (0.043 Jcm-2) of the molybdenum thin 
film. 
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Figure 5.5: Laser-induced breakdown spectroscopy (LIBS) intensities of 1064 nm nanosecond laser abated 50 nm 
molybdenum thin film at various absorbed fluences 

The background, peak height, FWHM and area under the curve were calculated for six major 
molybdenum peaks using Lorentzian fitting. These calculated parameters for the most intense peak 
(550.65 nm) is tabulated in Table 5.5. 

113 
 



Table 5.5: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 550.65 
nm at different peak fluences (interaction of molybdenum thin film with short pulsed laser) 

Peak fluence 
(Jcm-2) 

Background 
(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the 
curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

5.29 
869.54 

± 105.54 
0.26 ± 0.025 1317.47 ± 145.51 

3224.74 

± 250.62 

6.50 
906.24 

± 126.238 
0.27 ± 0.029 1708.22 ± 182.396 

3997.39 

± 208.665 

8.81 
1175.80 

± 108.537 
0.29 ± 0.020 1952.92 ± 148.590 

5400.68 

± 140.694 

10.04 
727.05 

± 313.667 
0.24 ± 0.023 2786.51 ± 323.497 

6894.74 

± 337.498 

12.16 
1079.34 

± 401.458 
0.24 ± 0.030 3082.54 ± 438.701 

8006.98 

± 455.230 

13.46 
648.85 

± 333.462 
0.25 ± 0.021 3929.32 ± 378.339 

9857.15 

± 381.579 

14.67 
617.95 

± 366.048 
0.27 ± 0.022 4892.75 ± 448.682 

11643.93 

± 434.020 

15.43 
1450.12 

± 212.858 
0.23 ± 0.012 5479.53 ± 272.362 

15074.41 

± 382.592 

 

The five other spectral lines centred at 553.31, 557.04, 563.23, 568.81 and 575.14 nm are tabulated 
in the appendix section. 

The background intensity, peak intensity and area under the curve again increases with increasing 
laser fluence. The FWHM is approximately constant at all the fluences. Primary observation 
suggests that at the similar fluences, the intensity of the nanosecond laser produced plasma plume 
is more intense than that obtained by femtosecond laser pulse. In the case of interaction of short 
laser pulse with the molybdenum thin film, the nanosecond laser pulse further interacts with the 
ablated molybdenum plume due to the plasma shielding effect. As a result, the ablated species are 
further excited by the laser pulse. 

114 
 



An average FWHM value of 0.25 ± 0.006 nm is estimated for the nanosecond laser produced 
plasma plume. At the similar fluence, the FWHM of the spectral lines during the nanosecond laser 
ablation of molybdenum thin film is lesser than that obtained by femtosecond laser interaction. It 
is well known from the literature that the electron density of the plasma plume is directly 
proportional to the Lorentzian curve fitted spectral line [232, 233]. This suggests that the electron 
density of the femtosecond laser produced plasma is higher than the nanosecond laser produced 
plasma. This evidence suggests that more thermionic emission take place during femtosecond laser 
pulse interaction with the molybdenum thin film compared with the nanosecond laser pulse 
interaction.   

The variation of molybdenum peaks with a variation of laser fluence is shown in the Figure A.2. 

Thus, from the spectral acquisition, the following points are made justified: 

1. An increase of laser fluence increases line spectrum signal, which suggests the total number 
of particles ejected increases with increasing laser fluence. 

2. An enhancement of laser fluence resulted in an increase of background intensity, which 
may be due to a temperature increases with increasing laser fluence. 

3. It was observed that at low fluence, the plasma plume observed from the interaction of 
femtosecond laser pulse with molybdenum bulk is more intense than the femtosecond 
laser-molybdenum thin film interaction. At higher fluence values, the interaction of laser 
with molybdenum thin film results in more intense plasma plume than that obtained with 
molybdenum bulk samples.  

4. In case of nanosecond laser ablation of molybdenum thin film, the peak intensity from the 
spectral line emission of the plasma plume is found to be more intense compared with the 
femtosecond case. 

5. The FWHM of spectral lines of the femtosecond laser plasma plume is wider than that by 
nanosecond case. This may arise due to more thermionic emission during femtosecond 
laser interaction with molybdenum samples at ultra-short time frame. 

These observations are not conclusive as they are highly dependent on the experimental 
configuration. Hence, difference between the spectral acquisition obtained for nanosecond and 
femtosecond laser ablation was not clearly distinguished. Thus, spatial imaging of the plume is 
required during nanosecond and femtosecond laser ablation. The primary purpose of the spatial 
imaging was to identify the origin of light observed in the spectral imaging of femtosecond and 
nanosecond laser ablation which is now described. 

5.2. Plasma Imaging 
The previous section shows the spectral response of the plasma plume of molybdenum bulk and 
thin film between the wavelength range of 546.6 nm and 577.3 nm. The spectral lines originate 
from the atomic transitions in the plasma plume. The spectral acquisition of the plasma was 
collected for 1000 µs and delay was kept at 200 ns from the time when the laser pulse incident on 
the sample surface. Thus, the spectral response detected by the spectrometer are not due to early 
emission from the molybdenum sample. Also, the region from which the spectral emission was 
collected was also fixed by the collecting lens. Hence the spectral data does not accurately reflect 
how the plasma plume evolve with time.  
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The motivation of a spectral imaging is to understand the ablation mechanism and to identify the 
time when the thin film detaches from the surface of the substrate. The spatial imaging of the 
plasma plume was conducted at early times (delay: 0 ns to 200 ns) of the laser ablation. Also, the 
emitted optical emission during the plasma imaging was collected for the time duration of 5 ns. 

The plasma imaging of molybdenum bulk and thin film is of somewhat limited value as it was 
performed at fluence much higher than the threshold fluence; this is because the detected intensity 
of the ejected particles was not observable at low fluences. Thus, another major limitation of this 
study is all the experiments were performed at high fluences. 

Real time spatial imaging of the plasma plume was obtained during laser ablation of molybdenum 
bulk and thin film. The experiment was performed at different fluences for IR, green and UV 
wavelengths. The objective of the real-time imaging was to understand the evolution of the ejected 
plasma plume. A time delay between the laser pulses with the plasma plume was noticed, which 
include the internal (instrumental) delay of the ICCD detector and the time to generate plasma 
plume after the laser pulse incident on the sample surface. A background image was taken prior to 
recording images of the laser plume to avoid the noise caused by the background light. The 
background-corrected image was recorded at a different time delays from the time when the laser 
plume is detectable. This is recorded to be t = 0 s.  Normally, the exposure time of each frame was 
taken to be 5 ns to study real-time dynamics of ejected plasma plume. The gain applied to the 
micro-channel plate (MCP) (section 3.5.2.1) was set depending on the intensity of the plasma 
plume and detection efficiency by ICCD. The higher MCP gain leads to an increase of noise in the 
image. Initially, it was found that the plasma plume intensity was very intense and then decayed 
gradually with increasing delays. The MCP gain was varied from 150 to 220 for different peak 
fluences and was kept fixed at a particular fluence to achieve the optimal plasma images for a 
given laser wavelength and pulse duration. Using the camera software, the auto-scale adjust on 
image intensity was kept ‘ON’ to scrutinise ejected particles at various time delay. 

5.2.1. Spatial imaging of plasma plume during ablation of molybdenum bulk by ultra-short pulse 
laser 
The evolution of the plasma plume at different fluences using the 1030 nm wavelength of the 
femtosecond laser is presented in Figure 5.6. The plasma plume was detected (7 ± 1) ns after the 
peak intensity of the laser pulse. The spot radius (𝜔𝜔0) of the laser beam focussed on the surface of 
the samples was nearly 25 µm. Each image recorded, corresponded to a gate width (exposure time) 
of 5 ns and was taken at an interval of every 10 ns. The intensity of the ejected components 
(particles and other emission ions etc.) are found to decrease with reducing the peak laser fluence. 
Figure 5.8 presents the plasma plume dynamics at an absorbed fluence of 1, 1.5 and 2 Jcm-2. The 
MCP gain was set at 170 to capture the plasma plume at these peak fluences. Initially, the spatial 
intensity was taken in 32-bit grey scale, and to make the distribution of intensity more evident, the 
images were converted to RGB scale from grey scale. 
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Figure 5.6: Time-resolved plasma plume generated from the molybdenum bulk samples after the interaction of 1030 nm 

femtosecond laser pulse at fluences (absorbed) 1, 1.5 and 2 Jcm-2. The MCP gain used for this study was 170.  

Figure 5.7 and Figure 5.8 present images of 515 nm and 343 nm produced plasma, respectively, 
at the same absorbed fluences and at the same delays. The spot radius (ω0) of the craters produced 
on the surface of the molybdenum bulk were determined to be 15.51 and 18.57 µm at the laser 
wavelengths 515 nm and 343 nm, respectively. It was observed that the plasma plumes generated 
by the laser of wavelength of 515 nm are more intense than 1030 nm and 343 nm produced plasma. 
Thus, the MCP gain, was reduced to 100 during the capture of the 515 nm femtosecond laser pulse 
plasma plume images to avoid any intensity saturation by the ICCD detector. The gain used to get 
plasma images at 343 nm laser wavelength was 220. Also, at early times it was observed that, 
during the interaction of the femtosecond laser pulse (515 nm) with molybdenum sample, at the 
intensity of the plasma are so intense that the intensity of plasma saturates at the start of formation 
of plasma plume. 
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Figure 5.7: Time-resolved plasma plume generated from the molybdenum bulk samples after the interaction of 515 nm 
femtosecond laser pulse at fluences (absorbed) 1, 1.5 and 2 Jcm-2; the MCP gain value used for this study was 100. 

 
Figure 5.8: Time-resolved plasma plume generated from the molybdenum bulk samples after the interaction of 343 nm 

femtosecond laser pulse at fluences (absorbed) 1, 1.5 and 2 Jcm-2; the MCP gain value used for this study was 220. 

Initially, at early times (0 to 10 ns), the emission originates from one spatial region in the gated 
images. The plasma plume then separates at t > 10 nanoseconds, a comparatively more intense and 
faster-moving part separates from the slower part. Eventually, the faster-moving part is first to 
decrease in intensity at longer times while the component near the surface stay bright longer. In 
the case of 1030 and 343 nm laser ablation (1.0, 1.5 and 2.0 Jcm-2), the intensity of the faster-
moving part of the plasma is less intense at longer delay (≥ 80 ns) compared with slower part. 
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After the laser interaction of 515 nm femtosecond laser pulse with molybdenum bulk at the peak 
fluences of 1.0 cm-2, it was observed that the faster moving part of plasma is less intense than the 
slower part. At higher 515 nm femtosecond laser fluences (1.5 and 2.0 cm-2), it was observed that 
(from delay 0 ns to 100 ns) the faster-moving part of plasma plume is more intense than the slower 
moving part. 

A cross section of the vertical intensity profile through the centre of the plume was extracted from 
the images to identify more clearly the expansion dynamics of the plasma plume at various 
fluences. Figure 5.9 illustrates an example of the temporal evolution of these profiles at different 
time delays from the incident laser peak for an absorbed fluence of 1 Jcm-2, using femtosecond 
laser wavelengths of 1030, 515 and 343 nm. The vertical intensity distribution of the plasma 
plumes was plotted at different delays from 0 ns to 80 ns. The distance on the X-axis presents the 
distance from the surface of the bulk molybdenum. Two peaks in the profile are typically observed. 
At the lower fluence, the forward part of plasma plume is initially more intense compared with the 
lower than the slower part. As the time progresses, the slower moving component becomes more 
intense than the faster-moving part. 

 
Figure 5.9: Vertical intensity distribution of the emission from the plasma plume, through the centre of the plasma (X=0, 
Y=0), after the interaction of molybdenum bulk with the femtosecond laser pulse of wavelength of (a) 1030 nm (b) 515 nm 

and (c) 343 nm using an absorbed fluence of 1 Jcm-2. 

The distribution of intensity through the centre of the plasma plume at laser wavelengths of 1030, 
515 and 343 nm are shown in the Figure 5.9. The initial plasma peak (0 ns) separates into two 
peaks by a delay of 10 ns and the distance between two peaks increases with increasing time delay. 
The distance of the faster moving part of the 343 nm femtosecond laser pulse produced plasma 
plume is longer than that of 1030 and 515 nm laser pulse. The faster part of the 343 and 515 nm 
laser produced plasma plume disappears quicker than the 1030 nm laser produced plasma plume. 
The slower part of the plume travel relatively less distance at the similar delays. 

The origin of the plasma was taken at the surface of the film, where the initiation of plasma plume 
happens. The reduction of the signal compared to the noise occurs at longer delays when the optical 
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emission decreases. Initially, the distance of the plasma plume from the surface was calculated in 
the unit of number of pixel, thereafter it was converted to the unit of length (µm). 

The distance of the faster moving part (Figure 5.9) of the plasma plume was calculated using the 
maximum intensity identified by fitting the intensity profile to a Gaussian shape. The distance to 
the leading edge of the plume was measured to be when the intensity decays 90% of the peak 
intensity of the feature at the furthered distance to plume front. The distance travelled by the 
plasma plume front (R) is calculated. The Plume front position–delay time (R-t) plots were 
obtained from Figure 5.10 and used to obtain better insights of plasma expansion dynamics at 
various fluences. Figure 5.10 shows the vertical distance of travelled by 1030 nm produced plasma 
plume from the sample surface at fluences of 1, 1.5 and 2 Jcm-2 (absorbed). 
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Figure 5.10: Vertical distance travelled plasma front at 1, 1.5 and 2.0 Jcm-2 produced by 1030 nm femtosecond laser.  

It was found that at early times an almost linear expansion takes place and the expansion decreases 
exponentially according to the Drag model [234]. An exponential fitting (𝑅𝑅 = 𝑅𝑅0 ⋅ (1 − exp (−𝛽𝛽 ⋅
𝑡𝑡))) was performed on the distance travelled by the front edge of the plasma plume at various 
fluences [122]. The proportionality coefficients of the exponential fitting 𝑅𝑅0 (in µm) and 𝛽𝛽 (in ns-

1) presents the stopping distance of the plasma plume and the acceleration/deceleration coefficient, 
respectively. A Taylor expansion of the exponential fitting at t = 0 s provides the average velocity 
and the de-acceleration of the plasma plume and is given by 𝑣𝑣0 = 𝑅𝑅0 ∙ 𝛽𝛽 and 𝑓𝑓 = 𝑅𝑅0 ∙ 𝛽𝛽2. 

In a similar way, the peak height of the plasma was obtained to measure the distances of the plasma 
plume at specific time delays during the interaction of bulk molybdenum samples with 
femtosecond laser pulse at the wavelengths of 515 nm and 343 nm. In Figure A.3, the vertical 
distance travelled by 515 nm plasma plume from the surface at time delay of interval 10 ns at 
fluence values of 1, 1.5 and 2 Jcm-2.  Similarly, Figure A.4 presents the 343 nm laser produced 
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plasma peak height at fluence of 1, 1.5 and 2 Jcm-2. The exponential fitting of peak position of 
plasma plume intensity at different fluences were employed and illustrated in the Figure A.3 and 
Figure A.4. 

Using the Drag model, the stopping distance (𝑅𝑅0), average velocity (𝑣𝑣0), deceleration coefficient 
(𝛽𝛽) and the decceleration (𝑓𝑓) was calculated for the fluence value of 1, 1.5 and 2 Jcm-2 (absorbed) 
and tabulated in Table 5.6. 

Table 5.6: Estimated ‘stopping distance’, ‘average velocity’ and ‘deceleration coefficient’ of the faster-moving plasma plume 
front of bulk molybdenum after exposure of 1030, 515 and 343 nm femtosecond laser at the fluence of 2, 1.5 and 1 Jcm-2 

Wavelength 
(nm) 

Fluence 
(absorbed) 

Jcm-2 

Stopping 
distance (R0) 

(µm) 

Average 
velocity (𝑹𝑹𝟎𝟎𝜷𝜷) 

(ms-1) 

Deceleration 
coefficient (𝑹𝑹𝟎𝟎𝜷𝜷𝟐𝟐) 

(ns-1) 

1030 

1 211 ± 3 4471 (2.12 ± 0.07) x 102 

1.5 246 ± 3 4765 (1.94 ± 0.07) x 102 

2 317 ± 8 5541 (1.75 ± 0.11) x 102 

515 

1 144 ± 3 4594 (3.19 ± 0.26) x 102 

1.5 215 ± 7 4837 (2.25 ± 0.18) x 102 

2 252 ± 10 5972 (2.37 ± 0.25) x 102 

343 

1 107 ± 6 3517 (3.29 ± 0.33) x 102 

1.5 200 ± 6 6470 (3.23 ± 0.28) x 102 

2 251 ± 4 6669 (2.66 ± 0.12) x 102 

 

The following observations are identified from the Table 5.6: 

a. The stopping distance increases with increasing laser fluence, 
b. The average velocity of the plasma plume increases with decreasing applied wavelength at 

a particular absorbed laser fluence, and 
c. At the same peak fluence value, wavelength dependence of these parameters was observed. 

The velocity of the plasma plume is maximum for UV wavelength than IR and Green, at a 
particular peak value of the absorbed fluence. Also, an anomalous plasma velocity is 
observed in the case of UV femtosecond laser pulse ablation. The reason for that was not 
understood clearly. Although, we believe that at very high fluence aggressive ablation 
takes place and a result, the velocity of the plasma plume increases rapidly.  

The intensity of the light emitted from ejected components decreases with longer delay, and to 
accommodate this, the gate width (GW, exposure time) was increased to visualise further emission 
from the ejected components. The plasma emission from the faster moving part of plume was not 
detected after 400 ns irrespective of what gate width was used. Figure 5.11 presents the slower 
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moving components of plasma plume at gate width of 100 ns duration at 200 ns, 250 ns, 350 ns 
and 450 ns and delay. 

 
Figure 5.11: Spatial distribution of ejected elements at long delay for a peak absorbed fluence of 1 Jcm-2 using wavelength of 

1030 nm. The surface of the sample is represented by the black dotted line. Reflection of the plume from the surface of the 
target resulted in the presence of a light signal was detected at the images below the surface of the target. 

At a delay of 200 ns, the intensity of the centred part of the slower moving component of plasma 
plume is significantly intense compared with the edge parts. Also, the intensity of the centre and 
edge the plasma plume decreases with increasing the delay. At long delay, although the optical 
emission from the faster moving part of the plasma plume vanishes, emission from the slower 
moving components of the plasma plume takes place.  

Real time spatial imaging of the plasma plume of molybdenum thin film at different absorbed 
fluences at 1030 and 515 nm femtosecond laser wavelengths will be discussed in the next section. 
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5.2.2. Spatial imaging of plasma plume during ablation of molybdenum thin film by ultra-short 
pulse laser 
Temporal dynamics of plasma plume at fluences of 1, 1.5 and 2 Jcm-2 using 1030 nm femtosecond 
laser was studied at different delays and is illustrated in Figure 5.12. The time indicated with each 
image corresponds the ‘delay time’ of detecting the laser produced plasma plume (section 5.2) at 
an interval of 10 ns. Similar to the molybdenum bulk case, the delay (t) is recorded to zero 
nanosecond (0 ns), when the detector (ICCD) starts collecting the optical emission from plasma 
plume. The shape of the plasma plume was found to be completely different than the plasma plume 
during the interaction of femtosecond laser with bulk molybdenum. In order to visualise detailed 
spatial evolution of the plasma plume, the gate width (exposure time) of each acquisition was kept 
at 5 ns. The MCP gain (section 3.2.1) was kept at 220 during all the acquisitions. 

From the initial measurement, it was observed that the lifetime of the optical emission depends 
upon the peak value of the absorbed fluence. The intensity of different parts of plasma plume 
decreases with reducing the absorbed fluence of the laser. Thus, at low fluence, the intensity of the 
plasma plume is not detectable by the ICCD. It was presumed that near damage threshold of the 
molybdenum thin film, the plasma plume may be present but not detectable by the ICCD detector. 
Thus, the plasma plume detection was again performed at higher value of absorbed fluence. 

 
Figure 5.12: Time-resolved plasma plume generated from the 50 nm thin molybdenum thin film after the interaction of 1030 
nm femtosecond laser pulse at peak fluences (absorbed) of 1.0, 1.5 and 2.0 Jcm-2. The MCP gain used for this study is 220. 

The detected plasma plume generated by the interaction of 1030 nm femtosecond laser pulse with 
molybdenum thin film consists of two components. The faster part of the plasma plume ejects with 
high velocity and disappears quickly. The second part of the plasma plume is more intense and 
evolves at a slower velocity than the faster component. As the laser pulse is spatially Gaussian, 
the peak fluence is expected to be at the centre of the spot on the surface of the molybdenum thin 
film. Thus, it was observed that the height of the plasma plume from the sample surface is 
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maximum at the centre. As a result, the velocity of the film is expected to increase towards the 
centre of the plume. 

Spatial measurement of the evolution of the plasma plume was conducted for the interaction of the 
femtosecond laser with molybdenum thin film using green (515 nm) wavelength. The gate width 
(GW) for each measurement was kept at 5 ns and the detection of 515 nm plasma plume performed 
at an interim of 10 ns. The MCP gain (section 3.2.1) for the plasma plume detection was fixed at 
220. Figure 5.13 presents the spatial dynamics of plasma plume produced by interaction with laser 
of wavelength of 515 nm at specific time delays for the peak value of fluence of 0.5, 1 and 1.5 
Jcm-2. For the detection of the plasma plume, at a peak fluence of 2 Jcm-2, produced by the 
interaction of molybdenum thin film with femtosecond laser of wavelength of 515 nm, the MCP 
gain was reduced to 200. 

 
Figure 5.13: Time-resolved plasma plume generated from the 50 nm thin molybdenum thin film after the interaction of 1030 
nm femtosecond laser pulse at peak fluences (absorbed) of 0.5, 1.0 and 1.5 Jcm-2. The MCP gain used for this study is 200. 

Similar to 1030 nm femtosecond laser, it was observed that the plasma produced during the 
interaction of molybdenum thin film with 515 nm femtosecond laser, consists of two parts. The 
forwarded part of the plasma plume is found to have relatively more intensity than the plasma 
produced by the interaction of femtosecond laser using wavelength 1030 nm. Also, it was observed 
that unlike the case of interaction with wavelength of 1030 nm, the forwarded part is more 
relatively intense than the slower part. 

The vertical propagation of the plasma plume, produced by the interaction of molybdenum thin 
film with femtosecond laser, at different time delays is illustrated in the Figure 5.14. This figure 
presents the intensity profile of plasma plume using femtosecond laser of wavelength of (a) 1030 
and (b) 515 nm; at a peak absorbed fluence of 1 Jcm-2. The X-axis corresponds to the vertical 
distance travelled by the plasma plume from the surface of the molybdenum thin film. The Y-axis 
indicates the number of counts (intensity) detected by the ICCD detector. 
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Figure 5.14: Vertical intensity distribution of the emission from the plasma plume, through the centre of the plasma (X=0, 
Y=0), after the interaction of molybdenum thin film with the femtosecond laser pulse of wavelength of (a) 1030 nm and (b) 

515 nm using an absorbed fluence of 1 Jcm-2 

Two distinct peaks of the plasma plume were observed at delays greater than 10 ns. In the case of 
1030 nm and at fluence of 1 Jcm-2, the peak height of the forwarded part of the plasma is relatively 
less intense than the slower component (Figure 5.14(a)). Green femtosecond laser pulse ablation 
results in relatively more peak intense than the IR plasma (Figure 5.14(b)). Also, at the fluence 1 
Jcm-2, the forwarded part of the plasma plume is comparatively more intense than the slower part 
at delays less than 100 ns. 

The vertical intensity distribution of the plasma plume during femtosecond laser ablation at a 
fluence 2.0 Jcm-2 presented in the Figure 5.15. The intensity of plasma peaks at 2 Jcm-2 are found 
significantly higher than that of 1.0 Jcm-2. 
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Figure 5.15: Vertical intensity distribution of the emission from the plasma plume, through the centre of the plasma (X=0, 
Y=0), after the interaction of molybdenum thin film with the femtosecond laser pulse of wavelength of (a) 1030 nm and (b) 

515 nm using an absorbed fluence of 2 Jcm-2 

The less intense forwarded part of the plasma plume eventually disappears and only one peak was 
observed. It was found that high-speed part (forwarded) is ejected rapidly from the surface and 
expands both vertically and horizontally. The distance of the faster and slower moving components 
of the plasma plume from the sample surface was estimated from Figure 5.15. As the vertical 
intensity profile of the faster and slower components are not completely Gaussian, the distance 
was measured at the position when the intensity reduces to 90% of the peak intensity. The 
dynamics of the forwarded and delayed part of the plasma plume was investigated for different 
peak value of absorbed fluences.  The forwarded part of the plasma was fitted using the Drag 
model [122, 234]. It was found that the plasma plume ejects very rapidly from the surface of the 
plume and then the velocity decreases slowly. The intensity of the high-speed part of the plasma 
was found to decreases with increasing the time delay. 

Similar to the case of bulk molybdenum, the propagation of plasma plume from the surface was 
measured at a particular delay and when the intensity drops to 90% of the peak value. The distance 
travelled by the plasma plume were measured at a range of time delays at different fluences. The 
forwarded and delayed parts of the plasma plume are expressed as the plasma and film front. 
Figure 5.16 shows the travelled distance by the edge of the front part of 1030 plasma plume at 
fluence values of 1, 1.5 and 2 Jcm-2. The vertical expansion of front part of the plasma plume at 
different peak fluences are fitted by the Drag model using the exponential model (described 
earlier). Measured R-squared values were found to close to 0.99 indicating a good fitting. 
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It was found that the slow part of the plasma plume does not decelerate quickly, and it was noticed 
that the propagation of the component is almost linear. Thus, in the Figure 5.17, a linear fitting 
(𝑑𝑑 = 𝛼𝛼 ∙ 𝑡𝑡) was carried out for the expansion of the slow part of the plume and the slope (𝛼𝛼) of the 
linear fitting provides the velocity of the centre part of the slow component. The slower moving 
part is considered as the particle front of the plasma plume. 
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Figure 5.16 Propagation of plasma front at various absorbed fluencies values using 1030 laser wavelength 
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Figure 5.17: Propagation of delaminated film edge at various absorbed fluencies values using 1030 laser wavelength 
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When the peak value of the absorbed laser fluence was reduced further, spatial acquisition was 
also carried out to detect the faster and slower moving part of the plasma plume generated due to 
the interaction of femtosecond laser with molybdenum thin film using wavelength of 1030 nm for 
the absorbed fluences of 0.25 and 0.5 Jcm-2. A comparatively less clear and low intense plasma 
plume was detected. The measurement at these two fluences does not allow to study the 
propagation of plasma plume. 

Similar to the plasma produced by femtosecond laser using wavelength of 1030 nm, the 
propagation of the forwarded and slower component of 515 nm femtosecond laser generated 
plasma plume was illustrated in the figures below. Figure A.5 and Figure A.6 present the spatial 
propagation of the plasma front and particle front at fluence 0.25, 0.5 and 1 Jcm-2. The separation 
of the faster and slower moving component of the plasma plume was not clearly visualised during 
the interaction of femtosecond laser with molybdenum film at absorbed fluence of 2 and 1.5 Jcm-

2 using wavelength of 515 nm. Thus, the propagation of slower moving part was not investigated 
at these two fluences. 

The stopping distance, average velocity and the deceleration coefficient of the faster moving 
component of the plasma plume at different absorbed fluences at different fluences are tabulated 
in the Table 5.7. 

Table 5.7: The stopping distance, average velocity and the deceleration coefficients of fast components of the plasma plume 
produced by the interaction of molybdenum thin film with femtosecond laser of wavelength of 1030, 515 nm at different peak 
absorbed fluences 

Wavelength 
(nm) 

Fluence 
(absorbed) 

Jcm-2 

Stopping 
distance (R0) 

(µm) 

Average 
velocity (𝑹𝑹𝟎𝟎𝜷𝜷) 

(ms-1) 

Deceleration 
coefficient (𝑹𝑹𝟎𝟎𝜷𝜷𝟐𝟐) 

(ns-1) 

1030 

0.25 NA NA NA 

0.5 NA NA NA 

1 127 ± 7 2307 (1.82 ± 0.193) x102 

1.5 139 ± 9 3363 (2.42 ± 0.471) x102 

2 198 ± 8 4415 (2.23 ± 0.212) x102 

515 

0.25 178 ± 7 4565 (2.56 ±0.228) x102 

0.5 252 ± 11 5140 (2.04 ± 0.17) x102 

1 274 ± 10 7124 (2.60 ± 0.21) x102 

1.5 323 ± 10 8614 (2.65 ± 0.36) x102 

2 389 ± 4 9152 (2.83 ± 0.45) x102 
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The average velocity and stopping distance of the plasma plume decreases with applied laser 
fluence. The component of the plasma plume near the surface of the thin film expands at a 
comparatively lower velocity. The intensity of the slower moving part decreases comparatively 
more slowly than the faster moving forwarded segment. The average velocity of the comparatively 
slower part of the plasma plume was determined and presented in the Table 5.8.  

Table 5.8: The stopping distance, average velocity and the deceleration coefficients of slow components femtosecond laser 
produced plasma using wavelength of the 1030, 515 nm at different peak value of absorbed fluences  

Wavelength 
(nm) 

Fluence 

(Jcm-2) 

Average velocity 

(ms-1) 

1030 

0.25 NA 

0.5 NA 

1 465 ± 5 

1.5 526 ± 6 

2 747 ± 6 

515 

0.25 658 ± 15 

0.5 794 ± 15 

1 961 ± 14 

1.5 NA 

2 NA 

 

It is expected that the deceleration of slower moving part of the plasma plume take place at longer 
time delay. 

The emission lifetime of the slower part of the plasma was found to be larger than the fast 
component of plume. The Figure 5.18(a) presents the plasma plume at 300 ns delay at fluences of 
0.5, 1, 1.5 and 2 Jcm-2. Also, the intensity profile of the plasma plume at these fluences are 
presented in the Figure 5.18(b). The X-axis in the Figure 5.18(b) determines the distance from the 
surface of the thin film and the X axis corresponds the normalised intensity profile of the plasma 
plume at a delay of 300 ns and gate width (exposure time) of 100 ns. Within the fixed delay and 
gate width was kept constant, the slower component of the plasma plume was found to travel a 
greater distance at higher fluence. 
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Figure 5.18: Spatial image (a) and intensity profile (b) of the plasma plume at a time delay of 300 ns for 1030 nm 
femtosecond laser fluence of 0.5, 1, 1.5 and 2 Jcm-2 

The central part of the slower component of the plasma plume was found to travel more distance 
than the edge of the plasma plume. This is because the variation of fluence across the surface of 
the film due to the beam shape. 

The plasma plume at a longer delay was achieved using comparatively long gate width (GW). 
Figure 5.19 indicates the existence of plasma plume at a delay of 300, 500 and 1000 ns using 
fluence of 1 Jcm-2. The spot diameter of the laser beam at the surface was measured to ~60 µm. 
Each image at long delay presents gate width of 100 ns. 
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Figure 5.19: Expansion of 1030 nm single pulse femtosecond laser (absorbed fluence 1 Jcm-2) produced Molybdenum thin 

film plume at delay of 200, 500 and 1000 ns. The gate width was kept at 100 ns. The black dotted line represents the top 
surface of the thin film. 

It was identified clearly that the distance travelled by the comparatively slower component of the 
plasma plume increases with time, also the intensity of the slower part of plasma plume decreases 
with longer delay. 

The imaging of the plasma plume produced by the interaction of femtosecond laser pulse with 
molybdenum samples provides the following pieces of information: 

(a) Spatial profile of the plasma plume is different for bulk and thin film ablation by 
femtosecond laser pulses. Two distinct parts of plasma plume are observed for the 
interaction of laser pulse with molybdenum bulk and thin film samples. 

(b) Interaction of femtosecond laser with molybdenum at green wavelength provides different 
plasma emission than IR. The plasma plume is comparatively more intense than that at 
other wavelengths. 

(c) At a fixed wavelength, the parameters, stopping distance, average velocity increases with 
increasing fluence. 

Real-time plasma imaging of molybdenum film at different fluences at 1064, 532 and 355 nm 
nanosecond laser wavelengths will be discussed in the next section. 

5.2.3. Spatial imaging of plasma plume during ablation of molybdenum thin film by short pulse 
laser 
Figure 5.20 shows nanosecond laser-produced plasma at different time delay using a wavelength 
of 1064 nm. Each image was taken at a gate width (exposure time) of 5 ns at an interval of 10 ns. 
Mushroom shaped plasma plume was observed which is entirely different than the ‘jet-like’ 
femtosecond laser produced plasma. The evolution of mushroom shaped plasma plume at fluence 
value of 1, 1.5 and 2 Jcm-2 is shown in the Figure 5.20. 

Primary observation indicates that the forwarded part of the plasma plume is less intense than the 
delayed part at early time (~20 ns). The intensity of the delayed part of plasma plume decays very 
quickly and the relative intensity of the forwarded part increases. It was also found that the plasma 
stays near to the surface of the sample as the maximum height of the plume is less than the 
femtosecond case. 
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Figure 5.20: Expansion of 1064 nm nanosecond laser produced plasma plume on molybdenum thin film at absorbed fluence 

of 1.0, 1.5 and 2.0 Jcm-2 

Detection of plasma plume was also performed during the interaction of femtosecond laser with 
molybdenum thin film using wavelength of 532 and 355 nm at different peak absorbed fluences. 
Figure 5.21 and Figure 5.22 present the spatial distribution of plasma profile at 1, 1.5 and 2 Jcm-2 
using nanosecond laser wavelength of 532 nm and 355 nm, respectively. ‘Mushroom’ shaped 
plasma profiles were also observed for green and UV nanosecond laser wavelength. It was 
observed that the intensity of the plume decreases with the absorbed laser fluence. As the response 
of the detector sensor (quantum efficiency) (chapter 3, section 3.6.2.1) is maximum at green 
wavelength, the MCP gain was reduced to 100 to visualise plasma in case of interaction of 
molybdenum thin film with nanosecond laser of wavelength of 532 nm. It was observed that the 
saturation of the intensity of the laser beam takes place at time delay of 20 ns during the interaction 
of nanosecond laser with molybdenum thin film using wavelength of 532 nm. Screening of 
incident laser beam by the ejected plasma plume also takes place during the interaction of 
nanosecond laser with molybdenum thin film. It is also possible that a part of the laser pulse 
reflects from the surface of the molybdenum thin film to the detector. As a result, as the detector 
is very sensitive to the green wavelength, saturation of light take place by the ICCD camera. 
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Figure 5.21: Expansion of 532 nm nanosecond laser produced plasma plume on molybdenum thin film at absorbed fluence of 

1.0, 1.5 and 2.0 Jcm-2 

 
Figure 5.22: Expansion of 355 nm nanosecond laser produced plasma plume on molybdenum thin film at absorbed fluence of 

1.0, 1.5 and 2.0 Jcm-2 

The intensity of the laser plasma plume increases with increasing the peak value of the absorbed 
fluence. Similar to the plasma plume generated by the interaction of molybdenum thin film with 
femtosecond laser, it was observed that the mushroom shaped nanosecond laser produced plasma 
plume consists of two parts. It was observed that the plasma plume expands in both vertical and 
horizontal direction. 

133 
 



The vertical expansion of the plasma plume was calculated from the line intensity distribution of 
plasma at different time delays. Intensity distribution of the laser produced plasma plume provides 
the vertical expansion of the plasma plume. Vertical propagation of only faster-moving part of 
plume was measured as the detected slower moving part was less intense and unclear. The 
propagation of plasma plume was calculated from the vertical intensity profile of the plasma plume 
and the travelled distance was fitted using the Drag model. Figure 5.23 presents the flight of fast 
intense part of the plasma plume at fluence value of 0.5, 1, 1.5 and 2 Jcm-2 using the nanosecond 
laser of wavelength of 1030 nm. Similarly, Figure A.7 and Figure A.8 shows the vertical distance 
covered by the faster moving part of the plasma plume produced by nanosecond laser of 
wavelength of 532 and 355 nm, respectively, at absorbed fluences of 0.5, 1, 1.5 and 2 Jcm-2. The 
R2 values indicates how well the data fits. 
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Figure 5.23: Distance travelled by the faster moving part of the plasma plume using the interaction of nanosecond laser 

(wavelength: 1064 nm) with molybdenum thin film samples at 0.5, 1, 1.5, and 2 Jcm-2 fluence values 

The various parameters, such as stopping distance, average velocity and deceleration coefficient 
was determined using the exponential fitting of peak position of 1064, 532 and 355 nm plasma 
and are illustrated in the Table 5.9.  
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Table 5.9: The stopping distance, average velocity and the deceleration coefficients of fast components of the 1064, 532 and 
355 nm plasma plume at different fluences (absorbed). 

Wavelength 
(nm) 

Fluence 
(absorbed) 

Jcm-2 

Stopping 
distance (R0) 

(µm) 

Average 
velocity (𝑹𝑹𝟎𝟎𝜷𝜷) 

(ms-1) 

Deceleration 
coefficient (𝑹𝑹𝟎𝟎𝜷𝜷𝟐𝟐) 

(ns-1) 

1064 

0.5 72 ± 4 2477 (3.44 ± 0.49) x 102 

1 79 ± 1 3186 (4.01 ± 0.19) x 102 

1.5 87 ± 1 3619 (4.16 ± 0.08) x 102 

2 93 ± 1 3953 (4.68 ± 0.27) x 102 

532 

0.5 97±1 2553 (2.63 ± 0.20) x 102 

1 101±1 3364 (3.35 ± 0.08) x 102 

1.5 111 ± 1 3714 (3.33 ± 0.20) x 102 

2 116 ± 1 4352 (3.41 ± 0.12) x 102 

355 

0.5 NA NA NA 

1 106±1 5017 (5.43 ± 0.38) x 102 

1.5 113 ± 2 5266 (4.66 ± 0.48) x 102 

2 124 ± 1 5756 (4.05 ± 0.20) x 102 

 

Figure 5.24 presents the expansion of plasma plume components at a fluence of 0.1 Jcm-2 (near 
threshold). At this fluence, a weak plasma signal was observed. The emission from the fast-moving 
plasma component quickly disappears but the slower component of the plume exists for a longer 
time. Evidence for ejected matter is observed. 
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Figure 5.24: Plasma plume imaging of molybdenum film on glass at various gate width (exposure time) at a fluence of 0.1 

Jcm-2 using 1064 nm nanosecond laser, indicates removal of film. 

The plasma plume was observed at long delay at a fluence of 0.5 Jcm-2, well above the threshold 
fluence of molybdenum film using 1064 nm wavelength. Figure 5.25 presents the ejected plume 
at a fluence of 0.5 Jcm-2 at delay of 200, 500 and 1000 ns when the plasma component does not 
exist. At these delays, only emission from the slower moving component of the plasma plume was 
observed. 
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Figure 5.25: Expansion of 1064 nm single pulse nanosecond laser (absorbed fluence 0.5 Jcm-2) produced Molybdenum thin 

film plume at delay of 200, 500 and 1000 ns. 

5.2.4. Discussion 
Spectral emissions from the plasma plume evolved by the interaction of femtosecond laser pulse 
with molybdenum bulk and thin film are presented in Figure 5.2 and Figure 5.4, respectively. The 
intensity of the LIBS peaks (H) and the background intensity (y0) increases with increasing peak 
laser fluence (Table 5.3 and Table 5.4). 

When the laser interacts with the molybdenum samples, the free electrons absorb the laser energy 
and excites to the higher atomic energy level. The energy of the excited electrons couples to the 
lattice via electron-phonon coupling. When the material removal take place, the electrons and 
lattice remain energised. The excited electrons bound to the ejected atom relaxes to a lower state 
via atomic selection rules. Spectral emission from these atomic transitions results in the peaks in 
the LIBS signal of molybdenum. The de-excitation of electrons to its ground level results in the 
emission of a photon of energy equivalent to the energy difference between these two electronic 
energy levels and provides the line emission. An increase of the intensity of the line emission 
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results from a greater number of excited molybdenum atoms. In the case of molybdenum bulk, the 
number of molybdenum atoms removed from the sample increases. Also, as the fluence grows up, 
the amount of molybdenum film removed from the glass surface becomes more. Thus, the amount 
of atomic transition in the molybdenum increases. As a result, the intensity of peak LIBS intensity 
increases with increase in applied laser fluence (Figure 5.3 and Figure A.1). Also, with increasing 
the fluence, the temperature of the removed constituents increases. This may lead to increase of 
background intensity with increasing laser fluence. 

Similar to femtosecond laser ablation, it is observed that from Figure 5.5 that the intensity of the 
optical emission increases with increasing laser fluence. At the similar fluence level, the intensity 
of the LIBS signal of the nanosecond laser induced laser plasma plume are found to be higher than 
that for femtosecond laser ablation. This can be due to further interaction of nanosecond laser pulse 
with the emitted molybdenum plasma. The evaporated plasma plume is further excited by the laser 
pulse. As a result, the more emission from the plasma take place and the peak intensity of the peaks 
of the LIBS spectrum increases. The peak height and the background intensity are also increase 
with increasing peak laser fluence (Figure A.2). 

Also, the FWHM of the peaks in the molybdenum spectrum are expected to increase with 
increasing laser fluence. As the pulse width of the nanosecond laser pulse (FWHM 9 ns) is longer 
that the time required for the ejection of ablated species (typically several picosecond) from the 
thin film, plasma shielding takes place. Plasma shielding leads to higher excitation of ablated 
species by the laser pulse itself. The excited electrons present in the ablated species results in an 
electric field. With increasing laser fluence, the amount of excited electron increases and thus the 
electric field increases. As a result of this electric field, the energies at which the levels are becomes 
different [235]. As a result, broadening, known as Stark broadening, of emission peaks is expected 
to observe with the increase of fluence [236, 237]. However, this does not observe here. 

Molybdenum bulk plasma plume consists of two components (Figure 5.6, Figure 5.7 and Figure 
5.8). The faster-moving part consists of various atomic components like ions, electrons etc. and 
the slower part is comparatively heavy elements, like neutral particles, clusters etc. [238, 239]. In 
general, at high fluence, the amount of excited and neutral fragments from the surface are higher 
compared with low fluence. Similarly, the density of plasma plume (number of emission centres 
per unit volume) also increases at higher fluence. Thus, at atmospheric pressure, the time required 
for the excited particles to reach ground state are longer than the time at low fluence. This results 
in an increase of the stopping distance and average velocity with an increase in the absorbed laser 
fluence (Table 5.6). The change in velocity of the plasma plume at different fluence caused by the 
presence of atmospheric pressure by ambient results in deceleration of plasma plume.  

The emission from thermalised excited and neutral elements are still observed at longer time delay. 
The emission from the slower moving component of the plasma plume takes place via atomic 
transitions of the excited elements of the plume. Also, the broad band spectral emission takes place 
from the neutral clusters or particle if elements due to their increased temperature is known as 
black body emission. The black body emission is observed even after several microseconds after 
the plasma plume disappears. It is proposed that the atomic transitions and the black body emission 
leads to the emission of radiation from the ejected elements close to the sample surface at longer 
delay. 
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Similar to molybdenum bulk plasma plume, the slow and fast-moving component of the plasma 
plume is observed (Figure 5.12 and Figure 5.13) for thin film ablation by femtosecond laser 
sources. The intensity of the faster moving component of plasma plume decreases with higher 
delay. The faster moving component of plasma plume is lighter in weight and consists of several 
atomic elements like electrons, neutral and ionised particles etc. Because of the light weight of the 
components of the faster-moving part, they eject quicker (Table 5.7) than the comparatively heavy 
particles (Table 5.8), clusters or the delaminated film which are the components of the slower part 
of plasma plume.  

Because of the low mass of the components of the faster-moving part, they eject quicker than the 
comparatively heavy particles, clusters or the delaminated film which are expected to be the slower 
components of the plasma plume. The origin of the slower part, which is caused from the atomic 
transition from the excited neutral components and from the thermal (black body) radiation of the 
hot elements. The quick ionisation rates of the atomic components of the faster part of the plasma 
plume leads to fast decay of its intensity. Comparatively slower decay rate resulted in longer 
lifetime of the heavier parts.  

The quick ionisation rates of the atomic components of the faster part of the plasma plume leads 
to fast decay of its intensity. Because of the Gaussian nature of the laser pulse, at longer delay the 
expansion of the central portion of the slower component of the plasma plume is higher than the 
edge (Figure 5.18). The intensity of the slower moving part of the plasma decreases with increasing 
delay. This suggests as the time progresses, the temperature and atomic transition from the slower 
moving component of the plasma plume decreases (Figure 5.19). 

The Mushroom shaped plasma plume produced by interaction of nanosecond laser pulse with 
molybdenum thin film (Figure 5.20, Figure 5.21 and Figure 5.22). Unlike the femtosecond case, 
the laser produced plasma plume produced by nanosecond laser pulse stays near the sample surface 
and thus comparatively smaller stopping distance and average velocity is observed (Table 5.9). As 
the pulse width of the nanosecond laser source is larger, the laser pulse further interacts with the 
ejected plasma plume and the intensity of the plasma plume increases. 

Numerical simulation suggests at these fluences, the temperature of the substrate (BK7) reaches 
beyond its vaporisation temperature (section 4.2.3.2). The vertical stress on molybdenum film by 
the vaporised glass becomes stronger and comparatively higher velocity of plasma plume was 
observed. As a result, the components of plasma plume consist of excited and neutral molybdenum 
with vaporised glass. 

When laser energy is deposited on the surface of a metal, the following phenomena can happen, 

1. Emission of surface electrons take place due to photoelectric and thermionic emission 
phenomena.  

2. Electron-phonon coupling take place and electronic energy transfers to lattice. 

3. Further interaction of laser pulse with the ablated plume (for longer laser pulses e.g. nanosecond 
laser). 
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The photon energy (ℎ𝜈𝜈) of the laser pulse is absorbed by the free electrons present in the 
molybdenum and the electrons gains their kinetic energy. When the energy of the electron exceed 
the work function (𝑒𝑒𝑒𝑒) of the metal, the electrons are emitted from the metal [65, 240, 241] if they 
travel in the direction of the surface. The emitted electrons are known as photoelectron. The 
emitted electrons eject with an effective kinetic energy in the ambient equal to, 

 𝐸𝐸𝑘𝑘 = (ℎ𝜈𝜈 − 𝑒𝑒𝑒𝑒) (29) 

 

The excited electrons remaining in the metal surface undergo electron-electron scattering. Because 
of the electron-electron scattering, a very high electron temperature (𝑇𝑇𝑒𝑒) establishes in the sample. 
The number of escaped electron (𝐽𝐽) per unit surface area per unit time is given by the Richardson 
equation, given by, [241-243] 

 𝐽𝐽 =
𝑒𝑒

2𝜋𝜋2ħ3
(𝑘𝑘𝑇𝑇𝑒𝑒)2 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑒𝑒𝑒𝑒
𝑘𝑘𝑇𝑇𝑒𝑒

� = 𝐴𝐴𝑇𝑇𝑒𝑒2𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑒𝑒𝑒𝑒
𝑘𝑘𝑇𝑇𝑒𝑒

� (30) 

 

where, 𝑘𝑘 is the Boltzmann constant and ħ = ℎ
2𝜋𝜋

 , where ℎ is the Planck’s constant. The value A is 

known as a constant known as Richardson coefficient equal to 1.20 × 106𝐴𝐴𝑚𝑚−2𝐾𝐾−2. The number 
of thermionic electrons escaped per unit area per unit time was estimated for molybdenum. Figure 
5.26 presents the number of thermionic electrons escaped from the surface of molybdenum as a 
function of electron temperature, 
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Figure 5.26: Estimated number of electron emitted per unit area per unit time from molybdenum with corresponding electron 
temperature  
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Thus, for the higher electronic temperature, the greater electron emission takes place from 
molybdenum. The peak electron temperature was estimated at different absorbed fluences for IR 
(1030 nm) and green (515 nm) wavelength. 

Figure 5.27 presents the peak electron temperature as a function of the laser fluence absorbed by 
molybdenum simulated from the TTM simulation (Section 3.7.2). The temperature of electronic 
subsystem increases with increasing laser fluence. Also, it was found that at a particular fluence, 
the peak temperature of electron increases with decreasing wavelength (from 1030 nm to 515 nm). 
Thus, at a constant same absorbed fluence, the number of emitted thermionic electrons is to be 
more at Green (515 nm) than IR (1030 nm) wavelength. 
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Figure 5.27: Numerical simulation predicts increase of absorbed fluence leads to increase of peak temperature of electron. At 
a particular fluence, 515 nm laser produced electron becomes hotter than electrons generated by 1030 nm laser pulse 

The band structure of molybdenum was understood by several groups using augmented plane wave 
- non self-consistent (APW-NSC) [244], Korringa-Kohn-Rostoker - self-consistent (KKR-SC) 
[245], non local pseudopotential - self-consistent (NPL-SC) [246], APW-SC [247], linear 
combination of Gaussian orbitals - self-consistence (LCGO-SC) method [248]. Figure 5.28 
presents the self-consistent band structure of energy bands of body centre cubic (BCC) 
molybdenum, obtained by a linear combination of Gaussian atomic orbitals using local density 
approximation (LDA) method [248]. 

The energy dispersion curve (E vs k) of the molybdenum lattice is obtained by the overlap and 
hybridization of an electron s-p band with d-band electrons. In the case of molybdenum, the Fermi 
energy (𝐸𝐸𝐹𝐹) exists in a range of energies in which the occupancy of the d-electron density of state 
is not large. 
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Figure 5.28: Electronic band structure of bcc molybdenum crystal, adapted from [248]. The insert shows the possibility of 
interband absorption during interaction of Green and UV laser photon with molybdenum sample, adapted from [248]. 

The number of electron states is maximised when the dispersion curve (E vs k curve) becomes 
flat. In this figure, the separation between 𝐻𝐻25′ − Γ1 is known as the s-d band width and found to 
be 10.35 eV. Similarly, the energy difference between 𝐻𝐻25′  and 𝐻𝐻12 (9.42 eV) measures the width 
of the d-band. The solid line indicates the Fermi energy (𝐸𝐸𝐹𝐹) of the molybdenum lattice. In general, 
the electrons are occupied below the Fermi energy (𝐸𝐸𝐹𝐹) and above this, electron occupancy is zero. 
It is found from the literature that the density of states above the Fermi energy (𝐸𝐸𝐹𝐹) come from the 
outermost electron (5s1) [248]. The peak of the density of states from the 5s1 is found to be 2.24 
eV [248]. 

At room temperature, the free electrons occupy the higher electronic energy levels. The energy 
differences between the occupied portion of the s-d band (𝐸𝐸𝐹𝐹 − 𝜀𝜀(Γ1)) and d band (𝐸𝐸𝐹𝐹 − 𝜀𝜀(H12)) 
are found to be 6.47 and 5.55 eV, respectively. Below 𝐸𝐸𝐹𝐹, there are three main curves observed 
(Figure 5.28) and found to be at -3.92, -3.02 and -1.64 eV, relative to 𝐸𝐸𝐹𝐹. Apart from these points, 
the electronic band structure indicates energy differences of -2.61 and -3.51 eV between the Fermi 
energy and the points P4 and N2 on the energy band  [248], respectively. These two energy 
differences suggest that absorption of energy by the free electrons from the P4 and N2 to the Fermi 
energy by green and UV photons is possible. The flat dispersion curve at these points also suggests 
a high probability of electron transition by absorbing green and UV photon to the Fermi energy. 
The interband optical conductivity of molybdenum [249, 250] at green and UV wavelength is 
therefore higher than the IR wavelength [248, 249]. The IR transition is expected to take place 
from Fermi level (𝐸𝐸𝐹𝐹) to upper empty states by the intraband transition. Thus, the molybdenum 
plasma is at green wavelength (Figure 5.13) becomes more intense and energetic than IR 
wavelength (Figure 5.14). 
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The remaining energy in the free electron after the photoelectric effect and the thermionic effect, 
couples to the lattice into the molybdenum lattice by electron-phonon scattering. The electron and 
lattice set in an equilibrium by electron-phonon coupling. The increase of the temperature of the 
lattice resulted in the structural and mechanical changes in the sample. The energy lost by the 
thermionic and photoelectric emission are higher for green wavelength than the IR wavelength. 
Thus, in case of IR laser wavelength, a higher fraction of energy couples to molybdenum lattice 
than green laser. This causes lower damage threshold of molybdenum by IR femtosecond laser 
pulse than green wavelength. 

When a laser of certain wavelength incident on a sample surface, free electrons of a particular 
energy band absorbs the laser energy and they excites to an upper energy state. Electrons at 
different energy state respond to the incident laser wavelength differently. We expect that upon 
the irradiation of UV wavelength, the electrons absorb the UV energy and the coupling of energy 
to the lattice take place very quickly. This results in a rapid increase of lattice energy which 
ultimately results in mechanical fracture in the thin film. The coupling of a higher amount of UV 
laser energy to the molybdenum lattice results in lowering of damage threshold of molybdenum. 

5.3. Conclusions of the chapter 
This chapter provides online characterisation of laser-produced plasma by analysing spectral and 
spatial images. 

(a) Spectral imaging: 

1. Existence of molybdenum was detected from the spectral imaging of molybdenum bulk 
and thin film by femtosecond laser at wavelength 1030 nm. The spectral response of the 
plasma plume originates from the atomic transitions in the excited molybdenum 
constituents. 

2. The increase of the intensity of molybdenum peaks suggests increase of molybdenum 
removal with increasing laser fluence.  Also, the background intensity at those peak 
increases which indicates increases of temperature of the ejected components of the plasma 
plume. 

3. The increase of laser fluence resulted in an increase in the electric field at the electron 
cloud of the ablated components. Stark broadening was observed with increasing laser 
fluence. Thus, with increasing applied laser fluence, broadening at the molybdenum peaks 
take place. 

(b) Spatial (plasma) imaging: 

1. Plasma imaging of at various delay was performed for molybdenum bulk and thin film by 
femtosecond laser. Initially, only one component of plasma plume was observed, and the 
splitting of the plume take place at ~10 ns. 

2. The intensity of the plasma plume increases with increasing laser fluence. 
3. Initially, the relative intensity of the faster component of the plasma plume is found to 

more intense than the slower component. At longer time, the relative intensity of slower 
component becomes more intense. 
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4. Different component of the plasma plume expands at the ambient and it was found that for 
femtosecond laser ablation of molybdenum bulk, the vertical expansion of plasma is more 
than the horizontal expansion. 

5. The stopping distance and the velocity increases with increasing laser fluence. Generally, 
the fast-moving component consists ions, electrons and lighter neutral particles. With 
increasing laser fluence, lighter and heavier particles eject from the sample which lead to 
an increase of plasma intensity. Also, it was found that the forwarding component of the 
plasma plume expands exponentially away from the surface of the molybdenum sample. 

6. In case of molybdenum thin film, two components of the plasma plume were observed 
during interaction of femtosecond laser beam. Although, the spectral calibration of the 
ICCD was not performed for plasma imaging, it was observed that the average velocity 
and the stopping distance of the 515 nm plasma plume is higher than 1030 nm plasma 
plume.  

7. The faster component of the plasma plume of molybdenum thin film expands exponentially 
at a direction vertically away from the surface. And the intensity of the component 
decreases with increasing delay. It was also observed that the intensity of this faster moving 
component decreases rapidly, and it disappears after almost 100-200 ns, although the decay 
depends upon the applied laser fluence. 

8. The expansion of the slower component was found almost linear and the intensity of this 
component does not decrease as rapidly like the faster component consisting ionised 
particles. 

9. In case of interaction of nanosecond laser with molybdenum film, a comparatively smaller 
and mushroom shaped plasma was observed. The splitting of the plasma take place at a 
longer delay. 

10.  It was found that the plasma stays close to the surface and the plasma expansion take place 
both vertically and horizontally. Compared with femtosecond case it was found that a less 
vertical expansion take place during nanosecond laser ablation. 

(c) Plasma shielding: 

In the case of multi-pulse laser processing, for example in the case of making channels, scanning 
speed is an important factor. For the cases of femtosecond and nanosecond laser ablation, the 
plasma plume was observed for at least 2 µs from the time when the laser pulse incident on the 
sample surface. It is expected that the laser induced plasma plume exists for 10 µs. Thus, in the 
case of laser ablative processing, plasma shielding is not expected for laser repetition rate below 
100 kHz.  
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Chapter 6: Interaction of laser pulses with molybdenum 
based heterostructure 

6. Chapter 6: Interaction of laser pulses with molybdenum based heterostructure 
In this chapter, the structuring of the molybdenum-based multi-layered heterostructure by the 
interaction with laser pulses will be presented. The multi-layered heterostructure is referred to 
MAM and consists of an aluminium layer sandwiched between two thin molybdenum layers 
(Chapter 3, section 3.2.2). This multilayered thin film is deposited on indium tin oxide (ITO)/soda 
lime glass (SLG). This chapter mainly focusses on 

1. Micro- and nano-structuring and surface modification of MAM samples by a femtosecond 
laser of wavelength of 1030 (IR), 515 (green) and 343 (UV) nm using a range of absorbed 
laser fluences. 

2. Micro-structuring of MAM samples a nanosecond laser of wavelength of 1064 (IR), 532 
(green) and 355 (UV) nm by different peak fluences. 

3. Morphological characterisation of femtosecond and nanosecond ablated craters by the 
scanning electron microscopy (SEM) and atomic force microscopy (AFM) techniques. 

4. The elemental analysis of the ablated craters by the energy dispersive X-ray (EDX) 
technique. 

5. Numerical simulations of ultrashort and short pulse laser ablation on the multi-layered 
MAM sample at low fluence to understand the material response. 

Laser processing of MAM was carried out by femtosecond and nanosecond lasers at 1030, 515 
and 343 nm wavelengths. When a laser pulse is incident on the MAM sample, a significant fraction 
of the laser energy reflects from the surface of the molybdenum layer. A small portion of the 
incident laser beam is transmitted from the molybdenum layer and absorbed by the aluminium 
layer underneath. Thus, to measure the amount of optical energy absorbed by the material, 
reflectivity and transmissivity measurement were undertaken place using an integrating sphere. 

6.1. Reflectivity measurement by integrating sphere 
The reflectivity and transmissivity of multi-layered MAM were performed using an integrating 
sphere (3.2.2). The laser fluence used in the reflectivity measurements was less than the value of 
0.02 Jcm-2. Table 6.1 presents the fraction of the laser beam reflected by the MAM surface in the 
presence of femtosecond and nanosecond laser at IR, green and UV wavelength. 

Table 6.1: Reflectivity (R) of multi-layered MAM under femtosecond and nanosecond laser pulse using an integrating sphere 

Wavelength 
Reflectivity (R) 

Femtosecond laser Nanosecond laser 

IR 0.68 ± 0.01 (1030 nm) 0.47 ± 0.01 (1064 nm) 

Green 0.51 ± 0.01 (515 nm) 0.54 ± 0.0 (532 nm) 

UV 0.50 ± 0.03 (343 nm) 0.38 ± 0.02 (355 nm) 
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The fraction of the incident light that is transmitted through the MAM sample was also measured 
using the integration sphere. A negligible amount (less than 0.01 %) of the incident laser intensity 
was detected after the beam transmits through the MAM sample. Thus, the transmitted amount 
was neglected in the further calculations. The factor (1-R) multiplied by the incident energy of the 
laser pulse provides the laser energy absorbed by the MAM sample. For simplicity, it was assumed 
that the reflectivity (R) does not depend on the intensity of the laser pulse. 

In the following section, the structuring of MAM by femtosecond and nanosecond laser pulses 
will be discussed. Prior to the processing of the MAM samples by different laser sources, the 
sample surface was cleaned by passing air through an air blower; this removed any specks of dust 
from the surface of MAM samples. 

6.2. Processing of MAM by femtosecond (FS) laser source 
Femtosecond laser beam of wavelengths of 1030, 515 and 343 nm was focussed by a beam 
delivery system using a galvanometer (chapter 3, section 3.3.1). The energy of the laser pulse was 
varied externally using a combination of a half-wave plate and a beam splitting cube. Figure 6.1 
presents the optical microscope images of the different craters produced on the MAM surface at 
different absorbed femtosecond laser fluence. All the fluences indicated in the Figure 6.1 are the 
peak value of absorbed fluence. 

 

Figure 6.1: Optical microscope images of different craters on MAM surface at different absorbed fluences using 1030, 515 
and 343 nm single pulse femtosecond laser. 

Different features on MAM surface are observed from the Figure 6.1. At low fluence, two 
diameters are observed from fluences of 0.29 (1030 nm), 0.41 (515 nm) and 0.37 (343 nm) Jcm-2. 
An increase of the fluence of the laser pulse results in the formation of a third crater inside the two 
outer craters (1030 nm: 0.77, 0.89 Jcm-2; 515 nm: 0.49, 0.64, 1.40 and 2.95 Jcm-2; 343 nm: 0.52, 
0.53 Jcm-2). It is observed that the outer diameter of the craters produced by 343 nm femtosecond 
laser is not perfectly circular. This is due to the imperfect spatial shape of the laser beam (343 nm: 
3.68 and 6.18 Jcm-2) at the time of the study. The diameter of the outermost feature is described 
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as D1; the inner diameters are followed by D2, D3 and D4. Figure 6.2 shows how the different 
diameters D1, D2, D3 and D4 are associated with features on the surface of MAM. At low fluence, 
a feature with two concentric features of diameters D1 and D2 are observed (Figure 6.2a). While 
features with four diameters are observed on the surface of the MAM at high fluence (Figure 6.2b) 

  
Figure 6.2: Nomenclature of different diameters created on multi-layered MAM surface at (a) low (0.29 Jcm-2) and (b) high 

(3.77 Jcm-2) fluence, wavelength 1030 nm, as observed by the optical microscope. 

Furthermore, after the interaction of 515 nm femtosecond laser pulse with the MAM sample using 
the galvanometer beam delivery setup, the features with diameter D4 was not obtained from the 
optical microscope images. The reason for this could be of the high damage threshold fluence of 
the feature associated with diameter D4 for 515 nm femtosecond laser pulse. A fixed lens beam 
delivery system, numerical aperture (NA) 0.13, (experimental setup described in section 3.2) was 
used to achieve higher laser intensity and thus the laser fluence to make D4 on MAM surface using 
this wavelength. Figure 6.3 presents an optical microscope image of a crater on MAM surface 
using 515 nm femtosecond laser at a fluence of 6.6 Jcm-2. The spot radius of the 515 nm 
femtosecond laser beam using fixed lens setup was determined by Liu’s method and calculated to 
be 8.2 ± 0.03 µm. 

  
Figure 6.3: Optical microscope image of crater on MAM surface after irradiation of 515 nm femtosecond laser of fluence 6.6 

Jcm-2, numerical aperture (NA) of the focusing lens: 0.13. 

6.2.1. Measurement of threshold fluence 
The relationship between the threshold fluence with different diameters on the MAM surface is 
presented in Figure 6.4. The Gaussian-shaped laser pulse is responsible for a Gaussian fluence 
distribution on the surface of MAM. The threshold fluence required to obtain the diameters D1, 
D2, D3 and D4 are denoted as FD1, FD2, FD3 and FD4. Thus, a Gaussian-shaped laser beam of a 
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particular fluence (F) results in different fluence regimes on the surface of the MAM sample. For 
example, if a laser beam of peak fluence of F, where F > FD4, incident on the surface of the multi-
layered MAM sample, five types of fluence regime were observed on the sample surface. By the 
increasing order, the fluence regimes are defined as on the multi-layered film surface, given by F 
< FD1, FD1 < F < FD2, FD2 < F < FD3, FD3 < F < FD4 and F > FD4. When the peak fluence is higher 
than FD1, but less than FD2, (FD1 < F < FD2) the observed diameter on the MAM surface is D1. 
Thus, two fluence regimes are observed given by F < FD1 and FD1 < F < FD2. Features with two 
diameters were noticed when the peak fluence is higher than FD2, but less than FD3 (FD2 < F < FD3). 
Similarly, additional diameters D3 and D4 were observed for the fluences FD3 < F < FD4 and F > 
FD4. 

 

Figure 6.4:  Understanding of different fluence regimes associated with the various diameters on MAM surface by a spatially 
Gaussian femtosecond laser source. 

Figure 6.5 presents the relationship between the squared diameter and the natural logarithm of 
absorbed fluence for diameters D1, D2 and D3 using wavelengths of 1030, 515 and 343 nm. The 
squared diameter of the craters increases with increasing the absorbed fluence. The dependence of 
the diameter of the focused laser beam and threshold fluence were calculated by linear fitting of 
the squared diameter, D2 (Y-axis), to the natural logarithm of the peak value of the absorbed 
fluence (X-axis). Different values of threshold fluences corresponding to each feature are tabulated 
in Figure 6.5.  
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Figure 6.5: The relationship between the squared diameter and logarithmic fluence to determine different threshold fluence 
associated with the square diameters D1, D2 and D3, for a femtosecond laser of a wavelength at 1030, 515 and 343 nm.  
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The amount of absorbed fluence to achieve D1, D2 and D3 on a MAM surface and termed as FD1, 
FD2 and FD3 by three different laser wavelengths are presented in Table 6.3. 

Table 6.2: The estimated threshold fluence required to produce the diameters D1, D2 and D3 by femtosecond laser ablation 
using 1030, 515 and 343 nm wavelength. 

Threshold fluence 
corresponding 

diameter 

Threshold Fluence (Jcm-2) 

1030 nm 515 nm 343 nm 

FD1 0.068 ± 0.005 0.026 ± 0.001 0.019 ± 0.006 

FD2 0.133 ± 0.001 0.162 ± 0.004 0.117 ± 0.009 

FD3 0.348 ± 0.003 0.422 ± 0.001 0.384 ± 0.008 

 

The upper molybdenum layer experiences no observable physical damage, detected by optical 
microscopy, below FD1. Also, for fluence regimes defined by FD1 < F < FD2, only visual changes 
in molybdenum take place without any significant damage, and the structural changes remain the 
same as the laser unaffected regime (F < FD1). The threshold fluence (FD1) decreases with 
decreasing wavelength of the incident laser pulse. The absorption coefficients of the incident laser 
pulse at wavelengths 1030, 515 and 343 nm are given by 5.17 × 105, 9.32 × 105 and 1.18 × 106 
cm-1, respectively [148]. Exponential decay of the incident laser intensity inside molybdenum 
suggests that the optical penetration depth of 19.5, 10.8 and 8.4 nm for the wavelengths 1030 (IR), 
515 (green) and 343 (UV) nm, respectively. Thus, the intensity of the laser beam is more confined 
at the surface of molybdenum at a lower wavelength. This results in a decrease of threshold fluence 
(FD1) with lower values of laser wavelength. 

However, comparatively higher threshold fluence values were observed to obtain the circular 
craters of diameters of D2 (FD2) and D3 (FD3) on the surface of MAM for 515 nm femtosecond 
laser when compared with 1030 and 343 nm wavelengths. This is probably lower optical 
penetration depth of the green and UV wavelengths in MAM sample when compared penetration 
by IR laser wavelength. 

A further increase of the laser fluence resulted in an additional feature of diameter D4. An 
estimation of FD4 was performed using the Liu’s method and the estimated damage threshold 
corresponding to FD4 for 1030, 515 and 343 nm laser are approximatively estimated to be 3.5 ± 
0.3, 6.3 ± 0.5 and 3.1 ± 0.2 Jcm-2, respectively. 

6.2.2. Characterisation by scanning electron microscope (SEM) technique 
Investigation of the different craters by femtosecond laser was carried out using a scanning 
electron microscope (Hitachi). Figure 6.6, Figure 6.7 and Figure 6.8 present the SEM images of 
the different craters on the surface of MAM, after interaction with the femtosecond laser using 
1030, 515 and 343 nm laser wavelength, respectively. The peak fluence values associated with 
each crater are indicated on the individual images. 
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Figure 6.6: Scanning electron microscope images of a 1030 nm laser created craters at different peak absorbed fluences, 
indicated with each image. The spot radius of the laser beam (peak intensity of laser beam drops to 1/e2 times) is 26.55 µm. 

Features with diameters, D1 and D2 are observed on the surface of MAM sample at the peak 
fluences of 0.21 and 0.32 Jcm-2. These two fluences represent the regime FD2 < F < FD3, where FD2 
and FD3 are the damage threshold (0.133 ± 0.001 Jcm-2) and the threshold when the upper 
molybdenum layer is penetrated (0.348 ± 0.003 Jcm-2). When the peak fluence increases above the 
penetration threshold, D3 starts forming. Fluences of 0.36, 0.81, 1.39, 1.98 and 2.91 Jcm-2 present 
the fluence regime FD3 < F < FD4. The increase of the laser fluence above FD4 (3.5 ± 0.3 Jcm-2), 
results in formation of D4 on the MAM surface. The threshold fluences were also determined from 
the SEM microscopy measurement of the ablated craters. The values of the threshold fluences to 
achieve D1, D2 and D3 are determined to be 0.065 ± 0.002, 0.135 ± 0.005 and 0.34 ± 0.03 Jcm-2, 
respectively. 
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Figure 6.7: Scanning electron microscope images of a 515 nm laser created craters at different peak absorbed fluences, 
indicated with each image. A fixed lens (NA: 0.13) was used to achieve smaller spot size and thus higher fluence to get D4 on 

the MAM surface. The spot radius of the galvanometer and fixed lens are 22.08 and 8.2 µm, respectively. 

Similarly, the scanning electron microscope measurement were performed for 515 nm laser 
ablated MAM samples. The diameters D1 and D2 were observed at fluences of 0.36 and 0.52 Jcm-

2. The diameter D3 was detected above the penetration threshold fluence FD3 (0.422 Jcm-2). A fixed 
lens setup with higher numerical aperture (NA: 0.13) was used to reduce the spot radius (8.2 ± 0.1 
µm) of the incident laser beam on the surface of the MAM. The reduction of the spot size results 
in an increases of the laser fluence. Peak fluences of 6.59, 6.83 and 7.27 Jcm-2 present the crater 
higher than the FD4 (6.3 Jcm-2). The threshold fluences were calculated using Liu’s method from 
the SEM measurements of the craters and determined to be 0.027 ± 0.001 (FD1), 0.163 ± 0.002 
(FD2) and 0.43 ± 0.01 (FD3) Jcm-2. 
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Figure 6.8: Scanning electron microscope images of 343 nm laser created craters at different peak absorbed fluences, 
indicated with each image. The spot radius of the laser beam (peak intensity of laser beam drops to 1/e2 times) is 16.96 µm. 

It is observed that the outer ring of the ablation crater is not regular (Figure 6.8) at high fluence in 
case of femtosecond laser interaction using 343 nm wavelength. This is because of the beam shape 
of the 343 nm femtosecond laser beam, which is not perfectly Gaussian. The radius of 343 nm 
femtosecond laser pulse on the MAM surface was determined to be 16.96 ± 0.006 µm. Peak 
fluences of 0.16, 0.22 and 0.30 Jcm-2 present the fluence regime in between the damage threshold 
(0.117 ± 0.009 Jcm-2) and the penetration threshold (0.384 ± 0.008 Jcm-2) of the MAM surface. 
The increase of the fluence above the penetration threshold results in the formation of the feature 
of diameter of D3. Fluences of 0.49, 1.23 and 1.64 Jcm-2 present the peak fluence regime FD3 < F 
< FD4. When the peak value of the fluence exceeds FD4, complete removal of the MAM is observed 
(2.73, 4.92 and 6.83 Jcm-2). The threshold fluences calculated from the SEM measurements are 
given by 0.019 ± 0.002 (FD1), 0.124 ± 0.001 (FD2) and 0.373 ± 0.005 (FD3) Jcm-2, respectively.  

It was observed from scanning electron microscope images that the diameter of the laser craters 
increases with increasing laser fluence. Several interesting phenomena were noticed on the craters 
after laser ablation; these are described below, 

(a) Figure 6.9 present craters produced on MAM surface after irradiation of femtosecond laser 
pulse of wavelength of 1030, 515 and 343 nm laser. The crater produced on the surface of MAM 
after the interaction of femtosecond laser pulse of peak fluence of 2.49, 0.93 and 1.23 Jcm-2 are 
presented in the Figure 6.9b, Figure 6.9d and Figure 6.9f, respectively. The expanded region of 
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the crater is defined by crater D1, D2 and D3 and presented in the Figure 6.9a, Figure 6.9c and 
Figure 6.9e. It was observed that the surface morphology changes at each feature which is defined 
by each diameter. 

 
Figure 6.9: Structural difference of fluence regimes among F < FD1, FD1 < F < FD2 and FD1 < F < FD2 for 1030 (a & b), 515 
(c & d) and 343 (e & f) nm laser wavelength, respectively. Corresponding peak fluence for b, d and f are 2.49, 0.93 and 1.23 

Jcm-2. 

(b) Figure 6.10 presents a crater of fluence 0.42 Jcm-2, and the magnified region accounts for a 
transition from the fluence regime F < FD1 to FD1 < F < FD2. The fluence regime F < FD1 is relatively 
dark than the regime FD1 < F < FD2. A minimal change in grain structure was observed between 
these two regimes. Thus, it was assumed that the structural modification does not take place in this 
fluence regime and thus only modification is observed. 
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Figure 6.10: Optical changes between the fluence regime F < FD1 and FD1 < F < FD2, where FD1 and FD2 present laser 
exposed, and unexposed laser treated the area, respectively. 

Several cracks at this region were observed in this region. Figure 6.11 indicate the centre part of 
the craters at peak fluence F > FD2. The values of the peak fluences are indicated with each image. 
At this regime, several nano structures produced on the surface of molybdenum film. 

 

Figure 6.11: Several nano-cracks was observed at the centre of the region defined by the peak fluence FD2 < F < FD3 for (a) 
1030, (b) 515 and (c) 343 nm laser wavelength at fluence value of 0.29, 0.56 and 0.22 Jcm-2, respectively. 

(c) A significant structural and optical modification in this region is observed at the fluence regime 
FD2 < F < FD3 (Figure 6.12). Visually, a brighter area and grains was found from the SEM 
microscope images. Figure 6.12 illustrates the magnified image of the craters at the fluence regime 
FD2 < F < FD3 and its transition from F < FD2 and F > FD3, using 1030 (Figure 6.12a), 515 (Figure 
6.12b) and 343 (Figure 6.12c) nm laser wavelengths. 
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Figure 6.12: Structural modification of MAM layer at a region defined by FD2 < F < FD3 from FD1 < F < FD2 by 1030 (a), 515 
and 343 nm femtosecond laser ablation at 1.98, 1.59 and 1.23 Jcm-2, respectively. 

When the peak fluence exceeds the value FD3, removal of the upper layer is observed. At the 
fluence F > FD3, delamination of a layer is observed.  FD2 < F < FD3. Figure 6.13 presents crater 
image at fluences F > FD3 indicating delamination. 

 

Figure 6.13: Delamination of molybdenum layer at the edge of the fluence regime defined by, FD3 < F during femtosecond 
laser ablation using 1030, 515 and 343 nm wavelength. 

A magnified view of crater confirming delamination of a thin film layer ablated using femtosecond 
laser of wavelength of 1030, 515 and 343 nm by fluence 0.58, 0.71 and 0.49 Jcm-2, respectively 
are presented in the Figure 6.1. 

(d) In between the peak fluences of FD3 and FD4, enlarged grains in the aluminium layer by SEM 
was observed. The large grain corresponds the aluminium layer (will be discussed later). From the 
SEM microscopy images, it was also noticed that the grain size increases with increasing peak 
fluence and the distribution of grains are minimum at the centre. Figure 6.14 shows SEM images 
of grains at different fluence at fluences 0.64 (a), 0.81 (b), 1.39 (c) and 1.96 (d) Jcm-2. 
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Figure 6.14: Increase in grain size of the layer at the peak fluence FD3 < F < FD4 with increasing laser (515 nm) fluence. The 

value of absorbed fluence associated with images a, b, c and d are 0.64, 0.81, 1.39 and 1.98 Jcm-2. 

The increase of grain size of this region resulted in fewer grain boundaries. This would lead to a 
decrease of the electron scattering that would take place during conduction of electron on the 
material.  

(e) Figure 6.15 presents the magnified view of the crater produced by a femtosecond laser pulse 
of the wavelength of 343 nm. The peak fluences applied to the MAM are F > FD4 at the wavelength 
343 nm. It was found that at fluence regime, some cracks initiates at the surface of MAM. Left 
and right SEM images correspond a peak fluence value of 2.73 (a) and 4.92 (b) Jcm-2. 
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Figure 6.15: Several nano-cracks at the centre of fluence regime F > FD4 for 343 nm femtosecond laser, with a delamination 
of another layer. 

Delamination of the third layer (Mo) and fourth layer (ITO) was also observed during laser 
ablation at high fluence. Delamination of the layer was also noted for the wavelengths 1030 and 
515 nm, of the femtosecond laser (Figure 6.6 and Figure 6.7). 

The atomic force microscopy (AFM) technique was used to perform depth profile of the craters at 
different fluence and to analysis the ablated layer. In the next section, the atomic microscope image 
of ablated craters with the surface profile will be presented. 

6.2.3. Characterisation by atomic force microscope (AFM) technique 
Crater analysis of the femtosecond laser processed multi-layered structure was performed using 
atomic force microscope operating in the contact mode. Figure 6.16, Figure 6.17 and Figure 6.18 
present atomic force microscope images of ablated craters using 1030, 515 and 343 nm 
femtosecond laser wavelengths at different fluences, respectively. 
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Figure 6.16: Atomic for microscope (AFM) images of 1030 nm femtosecond laser induced craters with a corresponding 
surface profile at different fluences, showing the maximum depth. Radius of the laser beam was set at 29.06 ± 0.002 µm. 
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Figure 6.17: Atomic for microscope (AFM) images of 515 nm femtosecond laser induced craters with a corresponding 
surface profile at different fluences, showing the maximum depth. The beam radius of the 515 nm laser spot at the surface of 

MAM is 22.08 ± 0.001 µm. 
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Figure 6.18: Atomic for microscope (AFM) images of 343 nm femtosecond laser induced craters with a corresponding 
surface profile at different fluences, showing the maximum depth. The beam radius of the 343 nm laser spot at the surface of 

MAM is 16.96 ± 0.005 µm. 
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The surface profile of the craters was extracted from AFM images, and these measurements 
provide information on the depth of the ablated layer. In the above profiles of each crater, the 
difference in height from the surface to centre of the crater was measured and provides maximum 
ablation depth. It was found that the ablation depth changes with increasing laser fluence. 

There is no significant difference of surface profile (height) was noticed on the craters between 
the fluence regime F < FD1 and FD1 < F < FD2 from the Figure 6.16, Figure 6.17 and Figure 6.18. 
The surface was found to raise when the fluence exceeds FD2. At the fluence of FD2 < F < FD3, a 
‘nano-bump’ is created on the top surface. The ‘nano-bump’ on the MAM craters are noticed for 
IR (Figure 6.16, F: 0.29 and 0.32 Jcm-2), Green (Figure 6.17, F: 0.33 Jcm-2) and UV wavelengths 
(Figure 6.18, F: 0.22 Jcm-2). Profile measurement by AFM provides the height of the ‘nano-bump’ 
(varies from 150 nm to 350 nm). The peak height of the ‘nano-bump’ was found to be 175 and 
225 nm for the peak fluence 0.29 and 0.32 Jcm-2, respectively using laser pulse of wavelength 
1030 nm. It was found that the peak height of the ‘nano-bump’ increases with increasing incident 
laser fluence. Similarly, the peak height of the ‘nano-bumps’ were measured for the crater 
produced by 515 and 343 nm laser pulse interaction with MAM samples and shown in the Figure 
6.17 (0.33 Jcm-2) and Figure 6.18 (0.22 Jcm-2). 

At a fluence higher than FD3, a well develop at the centre of the crater. The well at the crater is 
defined by the feature of diameter D3. The extracted profile of the craters in Figure 6.16 determines 
the diameter and the depth of the feature of diameter D3. The diameter, D3, and the depth of the 
craters were measured at different fluences for the femtosecond laser pulses at IR, green and UV 
wavelengths. The diameter and the maximum depth of the feature of diameter D3 increase with 
increasing laser fluence, as observed from the Figure 6.16, Figure 6.17 and Figure 6.18. Peak depth 
of the ablated craters indicates that the removal of material took place of the upper molybdenum 
(complete removal) and aluminium (partial removal) layer. The increase of the laser fluence 
resulted in an increase of peak depth from the top surface of the multi-layered film and indicates 
that the removal of an ablated material increases with increasing applied laser fluence. 

Laser fluence higher than FD4 resulted in another feature gives rise at the centre of D3. Figure 6.16f 
shows the AFM microscope image of the crater at a peak absorbed fluence of 5.88 Jcm-2 using a 
laser pulse of wavelength 1030 nm. Using AFM technique, the feature of diameter D4 was not 
detected on the crater produced by femtosecond laser of wavelength 515 nm. The feature of 
diameter D4 was measured on the craters on the surface, produced by the interaction of 343 nm 
femtosecond laser pulse (Figure 6.12, F: 3.28 and 4.10 Jcm-2), on the MAM samples. The average 
depth of D4 was found to be 528 nm for the peak fluence 5.88 Jcm-2 (1030 nm, Figure 6.16f) and 
450 and 470 nm for the peak fluence 3.28 and 4.10 Jcm-2 (343 nm, Figure 6.18e,f). The peak height 
of the D4 was found almost equal to the total depth of multi-layered structure (535 ± 75 nm) on 
the glass substrate. Thus, the ablation of the MAM samples at the peak fluence higher than FD4 
confirms complete removal of thin film assembly from the glass substrate. 

A further experiment was performed using EDX technique for detection of the remaining ablated 
layer after ablation at different peak fluences. During EDX analysis, the energy of the incident 
electron beam kept at 5 Kev to obtain minimum penetration depth. It was found that the spatial 
resolution (vertical direction) of the electron of energy 5 Kev is almost 100 nm [251]. Thus, in the 

162 
 



case of multi-layered film, if the thickness of the top layer is less than 100 nm, characteristic X-
ray detection from the second layer is possible to be observed. 

6.2.4. Energy dispersive X-ray analysis 
The elemental measurement was taken at different fluence regimes of the ablated craters. Figure 
6.19 present the electron microscope image of ablated craters at three different peak fluences by 
femtosecond laser pulse of wavelength 343 nm. Laser ablated crater at peak fluences 0.22 (FD2 < 
F < FD3), 0.51 (FD3 < F < FD4) and 2.73 (F < FD4) Jcm-2 are presented in Figure 6.199 (a), Figure 
6.19 (b) and Figure 6.12 (c), respectively. 

The representation of different points of interest on the surface of MAM craters are presented in 
the Figure 6.19 (d). For each peak fluence, a fluence regime outside the feature of diameter was 
described as R0, and the region inside at the fluence regime FD1 < F < FD2, FD2 < F < FD3, FD3 < F 
< FD4 and F > FD4 are termed as R1, R2, R3 and R4, respectively. 

 
Figure 6.19: Electron microscope image presents ablated craters at three peak fluences, and the elemental analysis was 

carried out at different fluence regimes 
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(a) Fluence 1: (Peak fluence FD2 < F < FD3) 

Fluence 1 presents the crater created on the MAM surface at a peak fluence of 0.22 Jcm-2 (Figure 
6.19a). At this peak fluence, the laser pulse results in two concentric features of diameters D1 and 
D2. EDX measurement was performed in three different regions, R0, R1 and R2. R0 represents a 
region outside D1, where the laser beam did not significantly interact with the top layer of the 
MAM sample. The elemental composition of the different regions on the MAM craters are 
presented in the Table 6.3. EDX measurement in the area R0 indicates the coexistence of 
molybdenum and aluminium (Table 6.3, region R0). This is due to the fact that the depth of the 
upper molybdenum (40 ± 10 nm) and parts of the aluminium layer exceeds 100 nm because of the 
large spatial resolution of the highly energised incident electrons used for the EDX measurement. 
R1 presents an area where fluence values are between those required to create the feature of 
diameter D1, but less than the threshold FD2. Some change in atomic compositional difference 
between R1 and R2 was observed which confirms non-removal of molybdenum and aluminium 
(Table 6.3, region R1). The region R2 is the centre of the ‘nano-bump’ of diameter D2 and presents 
an area where the fluence value exceeds FD2, but less than FD3. The atomic concentration of 
aluminium was found to increase in the region R2 compared with R0 and R1 (Table 6.3, region 
R2). 

(b) Fluence 2: (Peak fluence FD3 < F < FD4) 

The increase of the peak laser fluence beyond FD3 results in the formation of the feature of diameter 
D3. EDX measurement was taken place inside and outside of different features of the laser ablated 
MAM surface at an incident laser fluence of 0.51 Jcm-2 (Figure 6.19b). In Figure 6.19b, the 
different regions 𝑅𝑅𝑖𝑖 (𝑖𝑖 = 1 𝑡𝑡𝑡𝑡 3) indicates a region inside a feature of diameter 𝐷𝐷𝑖𝑖 (𝑖𝑖 = 1 𝑡𝑡𝑡𝑡 3) and 
at outside the laser exposed area (R0). Different atomic concentration at different regions are 
tabulated in Table 6.3. The atomic concentrations of elements do not change significantly at region 
R0 and R1 (Table 6.3, region R1 and R2); confirms that the region R1 is not much affected by 
laser pulse. Whereas, the increase of aluminium concentration at region R2 reveals structurally 
affected area by the laser pulse. The existence of molybdenum was not detected at the region R3 
(Table 6.3, region R3) inside a feature of diameter D3; here the peak absorbed fluence higher than 
FD3 but lower than FD4. This indicates complete removal of molybdenum at the area defined by 
FD3 < F < FD4 and confirms the partial removal of aluminium. 

(c) Fluence 3: (Peak fluence F > FD4) 

Laser fluence above fluence FD4 establishes one more feature inside the crater defined by the 
diameter D4. The Figure 6.19c presents scanning electron microscopy image of a crater on MAM 
at a fluence of 2.73 cm-2. Similar to the previous measurements, EDX measurement were 
performed at regions R0, R1, R2 R3 and R4 and tabulated in Table 6.3. The simultaneous existence 
of molybdenum and aluminium was observed at regions R0, R1 and with possible increasing 
atomic concentration of aluminium at R2. Only one element (aluminium) was seen at R3. This 
confirms complete removal of molybdenum from MAM surface with partial removal of 
aluminium. Elemental analysis measurement at R4 results in the presence of silicon and oxygen 
and indicate the existence of glass (SiO2). 
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Table 6.3: Atomic percentage of detected elements at different femtosecond fluence regimes using EDX technique. 

Peak 
Fluence 

Region of 
interest 

Molybdenum 

(% Mo) 
Aluminium 

(% Al) 
Indium 
(% In) 

Silicon 
(% Si) 

Oxygen 
(% O) 

Fluence 1 
(FD2<F<FD3) 

R0 64.46 35.54 0 0 0 

R1 70.22 29.78 0 0 0 

R2 38.83 61.17 0 0 0 

Fluence 2 
(FD3<F<FD4) 

R0 64.62 35.38 0 0 0 

R1 68.71 31.29 0 0 0 

R2 36.09 63.09 0 0 0 

R3 0 100 0 0 0 

Fluence 3 

(F>FD4) 

R0 65.56 34.42 0 0 0 

R1 68.43 31.57 0 0 0 

R2 28.74 71.26 0 0 0 

R3 0 100 0 0 0 

R4 0 0 0 73.73 26.27 

 

6.2.5. Numerical simulation of femtosecond laser ablation at low fluence 
A numerical simulation was developed based on two temperature model (TTM) to understand the 
evolution of temperature at different layers of the MAM sample. The beam diameter was 
normalised to 2 µm for the computational convenience (Chapter 3, section 3.7). Transient 
behaviour of electron and lattice temperature were examined at two threshold fluences (incident 
laser beam wavelength 1030 nm, pulse width 500 fs) given by, FD1 = 0.068 Jcm-2 and FD2 = 0.133 
Jcm-2. The geometry of the multi-layered structure used for the two temperature simulation is 
shown in the Figure 6.20. 
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Figure 6.20: Cartesian geometry used for the simulation of temperature evolution in MAM during femtosecond laser 
ablation. The incident laser beam diameter was set at 2 µm. 

The peak intensity of the incident laser pulse was set to be 0.5 picoseconds. The increase of 
electron temperature is almost instantaneous. The peak value of the electronic temperature was 
found to occur at 0.18 picosecond on the surface of molybdenum (X = 0, Y = 0, Z = 0) after the 
intensity of the laser pulse reaches to the maximum value. The temperature of the electron 
subsystem couples to the lattice via the electron-phonon coupling [67]. Figure 6.21 presents the 
transient electron (Te) and lattice (Tl) temperature at the peak absorbed fluence of FD1 (0.068 Jcm-

2) and FD2 (0.133 Jcm-2). 

 

Figure 6.21: Two temperature modelling of femtosecond laser interaction (FWHM 500 fs, wavelength 1030 nm) with MAM 
sample at the peak absorbed fluence of (a) 0.068 and (b) 0.133 Jcm-2. The black and blue line indicate the time dependent 

electronic and lattice temperature, respectively. The red line indicates normalised intensity of the laser beam. 

At the peak fluence FD1 (0.068 Jcm-2), the maximum temperature of the molybdenum lattice 
(thickness of layer 40 nm) takes place at the centre of the laser beam on the MAM surface (X = 0, 
Y = 0, Z = 0) at a time of 10.5 picoseconds (i.e.10 picoseconds after the intensity of the 
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femtosecond laser pulse reaches to its maximum value). The maximum temperature of the 40 nm 
thick molybdenum layer is determined to be 1305 K. Similarly, molybdenum reaches to its 
maximum temperature (2249 K) at 16.5 picosecond at the absorbed fluence of FD2 (0.133 Jcm-2). 
It is evident from the numerical simulation that the peak temperature of the molybdenum does not 
exceed its melting transformation temperature (2897 K).  

Figure 6.22 presents the temporal behaviour of the peak lattice temperature at the surface of top 
molybdenum layer (Z = 0 nm), at Z = -20 nm and at the interface between molybdenum and 
aluminium layer at the peak absorbed fluence of 0.068 Jcm-2. The simulation predicts that the peak 
temperature of aluminium takes place at the interface between molybdenum and aluminium (X = 
0, Y = 0, Z = -40 nm). As the aim of this simple numerical study was to understand the interaction 
of femtosecond laser pulse with MAM at low fluence and to understand the interplay between 
molybdenum (thickness 40 nm) and aluminium (thickness 430 nm) layers, the temperature profile 
of the other layers was not undertaken, as to do so it is required greater stability and development 
of the numerical model. The maximum temperature in aluminium reaches at 1085 and 1914 K for 
fluences of F = FD1 and F = FD2, respectively. Thus, at both the fluences, the peak lattice 
temperature of aluminium exceeds its melting temperature (933 K).  

 

Figure 6.22: Transient behaviour of the lattice temperature at different depths of the MAM sample indicate the temperature 
of the molybdenum does not exceed the melting temperature, while solid to liquid phase change take place at the aluminium 

layer after the interaction with femtosecond laser at the peak absorbed fluence of (a) 0.068 and (b) 0.133 Jcm-2. 

The temperature of the lattice subsystem cools down via heat conduction and radiation cooling to 
the ambient. The lattice temperature conducts laterally through the film and vertically down 
towards the glass substrate. It is estimated that the peak temperature of aluminium stays above the 
melting temperature for the time duration of 40 and 120 picoseconds. The molten aluminium 
underneath the solid molybdenum layer (40 nm thick) eventually cools down and re-solidifies. As 
a result of the heating of aluminium, some structural changes on the MAM surface are observed 
(SEM and AFM images). Although, it is found from the experimental observations (Figure 6.16, 
Figure 6.17 and Figure 6.18) that significant material removal does not take place at these fluence 
regimes. 

In summary, femtosecond laser processing with MAM samples indicates the following 
observations 
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1. Selective laser ablation of different layers at different peak fluences. 
2. The ablation depends upon the incident laser wavelength and the applied fluence. 
3. Evidence of recrystallisation of aluminium layer is observed. With increasing applied 

femtosecond laser fluence, average grain size of the aluminium layer increases.  

For the comparison of ablation mechanism by short and ultrashort laser pulses, interaction of 
nanosecond laser pulse with molybdenum-aluminium-molybdenum (MAM) heterostructure will 
be discussed in the next section.  

6.3. Processing of MAM by nanosecond (NS) laser sources 
Nanosecond laser beam of wavelength 1064, 532 and 355 nm were focussed using a galvanometer 
scanning system (chapter 3, section 3.3.2). The repetition rate (frequency) of the laser system was 
set at 40 kHz.  Similar to femtosecond case, the pulse energy of laser beams was varied using a 
combination of half-wave plate and a beam splitting cube. The Figure 6.23 presents the optical 
microscope images of the different craters produced on MAM surface at different pulse energy at 
these three different fluences. 

 
Figure 6.23: Optical microscope images of different craters on MAM surface at different absorbed fluences using 1064, 532 

and 355 nm single pulse nanosecond laser. 

The laser beam radius (𝜔𝜔0) on the surface of MAM was measured to be 19.61 ± 0.002 (1064 nm), 
16.49 ± 0.004 (532 nm) and 21.09 ± 0.001 (355 nm) µm from the relationship between the average 
pulse energy and the crater diameter. The focused beam diameter was used to determine absorbed 
fluence associated with crater created using a nanosecond laser pulse. 

Similar to the femtosecond case, different craters were observed on crater at MAM surface at 
different fluences. It was noted that the diameters of each feature increase with increasing absorbed 
laser fluence. As before, the diameters of these features are denoted as D1, D2, D3 and D4. Figure 
6.24 presents the optical microscope image of the ablated MAM crater at low (left) and high (right) 
fluence by nanosecond laser. 
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Figure 6.24: Nomenclatures of different diameters created on multi-layered MAM surface at (a) low (0.35 Jcm-2) and (b) high 

(1.46 Jcm-2) fluence, wavelength 1064 nm 

6.3.1. Measurement of threshold fluence 
The nanosecond threshold fluence of MAM for different diameters (D1 and D2) were calculated 
using Liu’s method. The Figure 6.25 presents the relationship between squared diameters of craters 
with logarithmic of absorbed laser fluence. Linear fitting of the data was performed to identify 
threshold fluence (FD1 and FD2) of the multi-layered film using 1064, 532 and 355 nm laser 
wavelength. 

The interaction of nanosecond laser with the MAM sample surface resulted in diameters D3 and 
D4 at high fluence (Figure 6.24). However, measurements were not performed to calculate the 
threshold fluences required to get the craters defined by the diameters D3 and D4 on MAM surface 
because the edge was too poorly defined at these fluence regimes. 
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Figure 6.25: Relationship between squared diameter and logarithmic fluence to determine different threshold fluence 
associated with the square diameters D1, D2 and D3, for a nanosecond laser of a wavelength at 1064, 532 and 355 nm. 

In the case of nanosecond laser material interaction, the absorption of light energy by the material 
depends on the optical penetration depth and the heat diffusion length. The penetration depth (laser 
intensity drops to 1/e times of its maximum value) of 1064, 532 and 355 nm laser pulse in 
molybdenum was estimated using Beer-Lambert’s law [252] and found to be 19.14 ± 0.005, 11.67 
± 0.005 and 8.81 ± 0.005 nm, respectively. A simple mathematical calculation indicates that the 
peak laser intensity drops to 12.37, 3.12 and 1.07 % after it travels 40 nm through molybdenum 
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layer and is incident on the aluminium layer. Thus, higher optical penetration depth at 1064 nm 
wavelength leads to a higher temperature of the second layer (aluminium) due to direct optical 
absorption by aluminium. As a result, thermal expansion of the aluminium is more for 1064 nm 
laser than 532 nm laser. The heat diffusion is proportional to the pulse width of the laser beam. In 
our nanosecond laser system, the pulse width of 355 nm laser (~20 ns) is almost double than the 
IR and green (~9 ns) wavelength (chapter 3, section 3.3.2) used in this study. Thus, the interplay 
between the optical penetration and heat diffusion play a vital role during the ablation process. 
The variation of the pulse duration may have an impact on the ablation process. 

As before, the different values of threshold fluences corresponding to each diameter are termed as 
FD1, FD2, FD3 and FD4. The calculated values of the threshold fluences FD1 and FD2 are tabulated in 
the table below in the units of Jcm-2. 

Table 6.4: Estimated threshold fluence require to get the diameters D1and D2 by nanosecond laser ablation using 1064, 532 
and 355 nm wavelength 

Threshold fluence 
corresponding 

diameter 

Threshold Fluence (Jcm-2) 

1064 nm 532 nm 355 nm 

FD1 0.155 ± 0.009 0.221 ± 0.001 0.101 ± 0.001 

FD2 0.309 ± 0.009 0.392 ± 0.005 0.366 ± 0.004 

 

An electron microscopy study was undertaken to understand the different ablation regime during 
the interaction of MAM with nanosecond laser pulse. 

6.3.2. Characterisation by scanning electron microscope (SEM) technique 
It was found that at low fluence, the laser pulse resulted in the flower/petal-like structure on the 
surface of MAM. The increase of laser fluence resulted in a change in crater morphology, and the 
Figure 6.26, Figure 6.27 and Figure 6.28 exhibits femtosecond processed MAM image under 
scanning electron microscope system at different fluences using 1064, 532 and 355 laser 
wavelengths, respectively. 
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Figure 6.26: Scanning electron microscope images of a 1064 nm nanosecond laser created craters at different absorbed peak 
fluences, indicated with each image. The spot radius of the laser beam is 19.96 ± 0.002 µm. 

 

Figure 6.27: Scanning electron microscope images of a 532 nm nanosecond laser created craters at different absorbed peak 
fluences, indicated with each image. The spot radius of the laser beam is 16.49 ± 0.004 µm. 
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Figure 6.28: Scanning electron microscope images of a 355 nm nanosecond laser created craters at different absorbed peak 
fluences, indicated with each image. The spot radius of the laser beam is 21.01 ± 0.001 µm. 

For a better view of the craters on MAM surface, scanning electron micrograph took place at an 
angle 20o..  The scanning electron microscope image of the ablated craters by nanosecond laser of 
wavelength of 1064, 532 and 355 nm are presented in the Figure 6.26, Figure 6.27 and Figure 
6.28, respectively. Different peak fluence used for the scanning electron microscopy study are 
mentioned with each crater. The Diameters of different features increases with increases peak laser 
fluence. At low fluence (1064 nm: peak fluence 0.29 Jcm-2, 532 nm: 0.34 Jcm-2 and 355 nm: 0.30 
Jcm-2), only one feature of diameter D1 is observed. Increase of the peak laser fluence resulted in 
formation of the feature of diameter D2 (1064 nm: peak fluence 0.34, 0.36 Jcm-2, 532 nm: 0.37, 
0.40 Jcm-2 and 355 nm: 0.32, 0.36 Jcm-2), surrounded by the diameter D1. The diameter D2 is 
found to increase with increasing peak laser fluence. Strained surface at the periphery of the feature 
of diameter D2 was also observed (0.36 Jcm-2: 1064 nm, 0.40 Jcm-2: 532 nm and 0.36 Jcm-2: 355 
nm). Increase of peak laser fluence results in results in fracture of the feature of diameter D2. 
These are observed from Figure 6.26, Figure 6.27 and Figure 6.28 using the peak fluences of 0.42 
Jcm-2 (1064 nm), 0.45 Jcm-2 (532 nm) and 0.57 Jcm-2 (355 nm), respectively. 

Further increase of peak laser fluence results in the formation of diameter D3 and D4 on the surface 
of MAM. Further investigation on the ablated surface was carried out using atomic microscope 
technique. 

6.3.3. Characterisation by atomic force microscope (AFM) technique 
Crater analysis of the femtosecond laser processed multi-layered structure was performed using 
atomic force microscope operating in the contact mode. Figure 6.29, Figure 6.30 and Figure 6.31 
present atomic force microscope images of ablated craters using 1064, 532 and 355 nm 
nanosecond laser wavelengths at different peak fluences, respectively. 
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Figure 6.29: Atomic for microscope (AFM) images of 1064 nm nanosecond laser induced craters with a corresponding 

surface profile at different peak fluences, showing the maximum depth. The spot radius of the 1064 laser beam at the sample 
surface was set at 19.27 µm. 
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It  

Figure 6.30: Atomic for microscope (AFM) images of 532 nm nanosecond laser induced craters with a corresponding surface 
profile at different peak fluences, showing the maximum depth. The spot radius of the 532 laser beam at the sample surface 

was set at 20.22 µm 
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Figure 6.31: Atomic for microscope (AFM) images of 355 nm nanosecond laser induced craters with a corresponding surface 
profile at different peak fluences, showing the maximum depth. The spot radius of the 355 laser beam at the sample surface 

was set at 21.10 µm. 
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The AFM scanning was taken place at the fluence regimes FD1 < F < FD2, FD2 < F < FD3, FD3 < F 
< FD4 and FD4 < F, respectively. The surface profile, indicated with each AFM images of ablated 
crater, is used to determine crater depth produced on multi-layered MAM. The first fluence regime 
(FD1 < F < FD2) reveal the formation of a ‘sub-micro-hole’ at the centre of the laser spot and spot 
gets distorted and forms a ‘flower-like’ surface. Second fluence regime (FD1 < F < FD2) suggests 
the formation of the ‘micro-bump’ on the MAM surface. The increase of the applied laser fluence 
results in a development of a well in MAM at ablated craters. When the value of the peak fluence 
increases to higher than the FD4, almost total removal of MAM was observed with a significant 
damage on MAM craters. 

Similar to femtosecond ablation of MAM, some interesting phenomena was observed by SEM 
technique, and several facts were found by SEM and AFM techniques. 

Figure 6.32 presents SEM and AFM image of the surface of MAM without any interaction with 
nanosecond laser beam. The average grain size was calculated using AFM technique [37]. The 
mean grain size of an unprocessed MAM surface is 0.130 µm2. 

 
Figure 6.32: Surface of MAM without any interaction with the laser beam, showing grain structure on MAM surface using 

(a) SEM and (b) AFM techniques 

(a) It was found that the surface morphology changes with increasing laser fluence. Figure 6.33 
present the SEM images of ablated craters at fluences (a) 0.317, (b) 0.337 and (c) 0.357 Jcm-2. 
Initially, at low fluence using 355 nm nanosecond laser. The grain structure almost unaltered at 
the region FD2. The increase of laser fluence resulted in a change in surface morphology between 
two fluence regimes. Also, at the periphery of the feature of diameter D2, a strained surface was 
observed. 
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Figure 6.33: Change in surface morphology at the ‘micro-bump’ with increasing laser fluence. Figure (a), (b) and (c) 

represent crater with peak absorbed fluences of (a) 0.317, (b) 0.337 and (c) 0.357 Jcm-2, respectively. 

(b) Figure 6.34 presents the scanning electron image of a crater using fluence 0.451 Jcm-2 after 
interaction of MAM surface with 532 nm nanosecond laser. A change in surface morphology is 
observed between two fluence regimes. Also, there is no difference in grain structure was found 
between the laser unexposed area and the fluence regime defined by the peak fluence FD1 < F < 
FD2. 

 

Figure 6.34: Formation of micro bumps on the surface of MAM surface and the difference in surface morphology between 
two fluence regimes, FD1 < F < FD2 and FD2 < F < FD3, wavelength 355 nm. 

(c) At a peak fluence just above FD2, the fracture of the micro-bumps starts from the centre. Melting 
of layers was also identified at this fluence regime (Figure 6.35b). Further increase of the laser 
fluence resulted in sub-micro well inside the craters. 

 
Figure 6.35: Permanent deformation of the surface of MAM with the initiation of fracture from the centre of the crater. The 

craters correspond to the peak absorbed fluences of 0.482, 0.505 and 0.536 Jcm-2. 

A flower-like structure is observed in the fluence regime defined by FD1 < F < FD2. It was noted 
that at certain fluence, ‘micro-bump’ is established on the multi-layered film surface and the 
increase of fluence resulted in an increase of the peak height of these bumps. Further increase of 
the fluence led to a sub-micron hole (Figure 6.35b) at the centre of the ablated craters. 

(d) Figure 6.36a, Figure 6.36b and Figure 6.36c present AFM images of the craters produced by 
the nanosecond laser ablation at fluence 0.53, 0.59 and 0.63 Jcm-2. At low fluence, the surface 
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profile indicates a sharp jet at the centre of the ablated craters (Figure 6.36a). An increase of the 
laser fluence results in the emergence of a flatter micro bumps, as observed in Figure 6.36b. 
Further increases of applied laser fluence resulted in the sub-micro cavity, and the thickness of 
these micro wells are nearly comparable to the total thickness of molybdenum and aluminium (470 
± 70 nm). 

 
Figure 6.36: Different surface structures on MAM surface after irradiation of a nanosecond laser pulse indicating different 

ablation phenomena and the surface profile across these craters present a change in height between sample surfaces. 

(e) At high fluence, significant damage is observed at the centre of MAM. Figure 6.37a presents 
the scanning electron micrographs of ablated crater at a fluence 0.63 Jcm-2. Figure 6.37b presents 
the magnified image of the central region of the crater. The surface profile at the centre of the 
damage region presents height variations of up to 273 nm and this is indicative of indicates high 
damage at the centred peak of the laser spot. 

179 
 



 
Figure 6.37: Atomic force micrograph of ablated crater at peak fluence of 0.63 Jcm-2(a), the close-up inspection (b) shows 

significant substrate damage at the core of the crater, wavelength 532 nm 

6.3.4. Energy dispersive X-ray analysis 
Figure 6.38 presents energy dispersive X-ray analysis of single pulse nanosecond laser at four 
different peak fluences defined by (a) FD1 < F < FD2, (b) FD2 < F < FD3, (c) FD3 < F < FD4 and (d) 
F > FD4. Similar to femtosecond case, the different regions on the craters were selected for the 
elemental analysis. 

  

Figure 6.38: Electron microscope image presents ablated craters at four peak fluences, and the elemental analysis were 
carried out at different fluence regimes, wavelength 532 nm 

(a) Fluence 1: (Peak fluence: FD1 < F < FD2) 

Figure 6.38a accounts for a crater on MAM surface after irradiation a nanosecond laser pulse of 
the fluence of 0.28 Jcm-2. At this fluence, only one crater (diameter D1) is observed at the MAM 
surface, and the peak fluence of the laser pulse is higher than FD1 but lower than FD2. At this fluence 
(below FD2) the laser pulse resulted in a flowerlike structure on MAM surface. Elemental analysis 
was performed at the regions outside and inside the feature of a diameter of D1 on MAM and are 
termed as R0 and R1. Despite some structural changes in the MAM surface a small difference 
between the elemental composition between molybdenum and aluminium is observed. 
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(b) Fluence 2: (Peak fluence FD2 < F < FD3) 

At a fluence higher than slightly greater than FD2, ‘micro-bump’ is started forming, and the Figure 
6.38b presents SEM image of a crater after the incidence of nanosecond laser with fluence 0.41 
Jcm-2. Thus, the EDX measurement was taken place at three different fluence regimes at the crater, 
F < FD1, FD1 < F < FD2 and at FD2 < F < FD3. The existence of molybdenum and aluminium were 
found at these three different regions, R0, R1 and R2 and the elemental compositions are tabulated 
in Table 6.5. 

(c) Fluence 3: (Peak fluence FD3 < F < FD4) 

It was found that when the increases further, the ‘micro-bump’ does not exist at the centre of the 
feature with diameter D2, instead, a ‘sub-micro-well, develops (Figure 6.38c). The absorbed 
fluence at the crater was 0.45 Jcm-2. The elemental compositions of are given in Table 6.5 and the 
existence of aluminium, molybdenum, indium, silicon and oxygen was observed in the region R3. 

(d) Fluence 4: (Peak fluence: F > FD4) 

At higher peak fluence (F > FD4), four diameters are observed on the MAM surface. The Figure 
6.38d presents a crater on MAM surface by a nanosecond laser with 532 nm wavelength at a 
fluence of 1.13 Jcm-2. EDX measurement was performed at four different areas at four different 
fluence regimes. Table 6.5 indicates different elemental compositions at four different fluence 
regimes. 

Table 6.5: Atomic percentage of detected elements at different nanosecond fluence regimes using EDX technique 

Peak 
Fluence 

Region 
of 

interest 

Molybdenum 

(% Mo) 
Aluminium 

(% Al) 
Indium 
(% In) 

Silicon 
(% Si) 

Oxygen 
(% O) 

Fluence 1 

(FD1<F<FD2) 

R0 64.74 35.26 0 0 0 

R1 51.54 48.46 0 0 0 

Fluence 2 

(FD2<F<FD3) 

R0 64.74 35.26 0 0 0 

R1 52.46 47.54 0 0 0 

R2 39.60 60.40 0 0 0 

Fluence 3 

(FD3<F<FD4) 

R0 64.47 35.53 0 0 0 

R1 53.69 46.71 0 0 0 

R2 0 10.52 23.13 14.68 51.67 

Fluence 4 

(F>FD4) 

R0 64.66 35.64 0 0 0 

R1 50.96 49.04 0 0 0 

R2 0 100 0 0 0 
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R3 0 0 16.59 17.30 66.10 

R4 0 4.90 0 26.41 68.69 

 

6.3.5. Numerical simulation of nanosecond laser ablation at low fluence 
Numerical simulation of the interaction of a nanosecond laser pulse (wavelength 1064 nm) with 
MAM sample was carried out using single temperature heat diffusion model (chapter 3, section 
3.7.1) at two absorbed threshold fluence, given by, FD1 (0.155 Jcm-2) and FD2 (0.309 Jcm-2). The 
evolution of the temperature at different layers of MAM sample was determined for these two 
fluences. Plasma shield effect was not considered in the simulation which is appropriate for this 
timescale and these fluences. 

The laser pulse of duration (τ) 9 ns has a maximum intensity at t = 20 ns. The temperature MAM 
sample increases once it interacts with the laser pulse. 

Figure 6.39 presents the peak temperature at Z = 0, at the surface and Z = -40 nm, at the interface 
after the interaction of nanosecond laser pulse with the MAM sample. 

 

Figure 6.39: The transient peak lattice temperature on the surface Z = 0 and Z = -40 nm, resulted from the interaction of 
nanosecond laser (wavelength 1064 nm, pulse width 9 ns) of the fluences of (a) 0.155 and (b) 0.309 Jcm-2. At the fluence 

0.155 Jcm-2, the peak temperature of aluminium layer just exceeds the melting temperature 

The maximum peak temperatures of molybdenum layer take place at 24 ns (i.e. 4 ns after the peak 
laser intensity) and are found to be 973 and 1763 K for the peak value of absorbed fluence 0.155 
and 0.309 Jcm-2. It is obtained from the simulation that the peak temperature of the molybdenum 
stays below the melting temperature. The temperature of the molybdenum diffuses to lower surface 
via conduction. Figure 6.40 shows the time dependent peak temperature distribution across 
different depths inside the MAM sample at the absorbed fluences of 0.155 (Figure 6.40a) and 
0.309 Jcm-2 (Figure 6.40b). 

182 
 



 

Figure 6.40: Peak temperature at different time delays as a function of the depth of the multi-layered MAM film at the peak 
fluences of (a) 0.155 and (b) 0.309 Jcm-2. Nanosecond laser pulse of wavelength of 1064 nm and pulse width of 9 ns was used 

as a source. 

Initially (0 to 25 ns), a sharp temperature gradient is found across the depth of the MAM sample. 
The decay rate of the lattice temperature increases in glass substrate because of its low thermal 
conductivity. At higher depth (>1 µm), where the depth increases the heat diffusion length, the 
peak temperature of the glass does not increase significantly and remains at the room temperature 
(300 K). Higher heat diffusion lengths of molybdenum (√𝐷𝐷𝜏𝜏 ~ 693 𝑛𝑛𝑚𝑚) and aluminium 
(√𝐷𝐷𝜏𝜏 ~ 669 𝑛𝑛𝑚𝑚) lead to almost a uniform temperature distribution across the depth of the 
molybdenum and aluminium. It is observed that at the fluence FD1 = 0.155 Jcm-2, the temperature 
of the aluminium just exceeds the melting temperature. The increase of the temperature leads to 
thermal expansion of different layers. The thermal expansion induces strain at different layers. 
Figure 6.41 presents a 2D representative image the vertically directed tensile strain at (𝜀𝜀𝑍𝑍𝑍𝑍) 
throughout an un-deformed layer of the MAM sample. The scale bars are displayed along with 
each image. 

The maximum peak strain was observed at the interface between molybdenum and aluminium 
(layer 1 and layer 2). Almost 3% and 6% peak strain (𝜀𝜀𝑍𝑍𝑍𝑍) were observed at the interface (𝑍𝑍 =
−40 𝑛𝑛𝑚𝑚), caused by the higher thermal expansion coefficient of aluminium (23×106 K-1) [199] 
than molybdenum (4.8×106 K-1) [45]. 
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Figure 6.41: Thermally induced strain (𝜺𝜺𝒁𝒁𝒁𝒁) at different layers of the MAM sample at the peak fluence of (a) 0.155 and (b) 
0.309 Jcm-2. First (40 nm), second (430 nm), third (30 nm) and fourth (34 nm) layers correspond molybdenum, aluminium, 

molybdenum and ITO film, respectively and presented in the Figure 6.20. 

The increase of the vertical strain leads to an increase of the pressure, directed normal to the 
molybdenum at the molybdenum/aluminium interface. Figure 6.42 presents the origin of the 
vertically directed pressure exerted on the molybdenum layer. 

 

Figure 6.42: Cross-section of the MAM sample indicate the source of the induced pressure due to the thermal expansion of 
different layers at the peak fluence of (a) 0.155 and (b) 0.309 Jcm-2. 

The peak pressure acts on the molybdenum layer (X = 0, Y = 0, Z = -40 nm) is found to be 7.87×108 
(F = FD1 = 0.155 Jcm-2) Nm-2 and 1.66×109 (F = FD1 = 0.309 Jcm-2) at the time t = 24 ns at the 
surface Z = -40 nm. 

6.4. Discussion 
Both laser systems (femtosecond and nanosecond) generate Gaussian (spatial and temporal) 
pulses. The incident laser pulse induces a Gaussian fluence distribution on the surface of MAM 
sample when focussed on the sample surface. The fluence absorbed by the MAM sample was 
varied by adjusting the energy of the incident laser pulse. Several interesting features were 
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identified on the surface of MAM craters from the optical microscopy images for femtosecond 
(Figure 6.1) and nanosecond (Figure 6.23) laser experiments. 

6.4.1. Femtosecond laser ablation 
The femtosecond laser ablation at three wavelengths with the MAM samples for a range of fluence 
regimes are identified in the Figure 6.16, 6.17 and 6.18. Three fluence regimes will be discussed 
in this section defined by FD2 < F < FD3, FD3 < F < FD4 and F > FD4. 

1. Peak fluence (FD2 < F < FD3): The peak fluence in between FD2 and FD3 are presented in the 
Figure 6.16a, b (1030 nm), 6.17a (515 nm) and 6.18a (343 nm). Formation of a ‘nano-bump’ is 
observed at this fluence range. As the fluence exceeds FD2, a significant difference in the surface 
morphology is observed by the scanning electron microscopy (Figure 6.9). 

We attribute the ‘nano-bump’ formation to the following process. Absorption of the laser pulse 
resulted in a ‘sudden’ (< 1012 s) increase of electronic temperature molybdenum film. This 
electronic energy couples to the molybdenum lattice. Similar to the ultrashort laser ablation of 
molybdenum thin film on glass (Chapter 3), the localised heating in the solid molybdenum film 
and its low thermal conductivity results in a spatial confinement of the stress for a time interval of 
~ 10-11 s [175]. During the build-up of the compressive stress, the stress relaxes via vertical 
expansion of the molybdenum film, as it is free to expand in that direction [167, 173]. On a 
nanometre scale, a pressure wave reflects back from the molybdenum/aluminium interface and 
causes nanostructures to form on the upper surface of the molybdenum film; this is expected to 
occur in less than nanoseconds. On a micro scale, due to the mismatch of the thermal expansion 
between molybdenum and aluminium [191, 199], the aluminium layer expands more rapidly than 
the molybdenum layer and thereby exerting an upward stress at molybdenum/aluminium interface. 
We expect this bump formation occurs at longer time frame than nanoscale process. The 
combination of the relaxation of the compressive stress, reflected pressure wave and the pressure 
of the highly expanding aluminium layer causes the separation of loosely adhered molybdenum 
layer from aluminium and thereby creates the condition required for ‘nano-bump’ formation. 
When the vertical expansion of molybdenum reaches beyond the plastic limit of the material (~500 
MPa), a permanent nanobump is established at the MAM surface. The compressive stress on 
molybdenum and the upward pressure by aluminium initiates several cracks on the molybdenum 
layer (Figure 6.11a,b,c). The numerical simulation suggests that as the peak fluence of the laser 
pulse exceeds FD2, the temperature of the aluminium layer exceeds its melting temperature, and it 
is possible for the molten aluminium to come out through these cracks driven by the hydrostatic 
pressure thermally induced by the thermal energy in the aluminium layer. As the molten 
aluminium cools down and solidifies, the aluminium would most likely be retained in these cracks. 
As there is no evidence to confirm this process, we conclude that model overestimates the 
temperature of aluminium or the aluminium-molybdenum surfaces do not allow such fluid flow. 

2. Peak fluence (FD3 < F < FD4): The peak fluence in between FD3 and FD4 are presented in the 
Figure 6.16c,d,e (1030 nm), 6.17b,c,d,e,f (515 nm) and 6.18b,c,d (343 nm). The increase of the 
peak fluence above the penetration threshold (FD3); the penetration threshold is the fluence 
required to penetrate a hole in the molybdenum film. It results in a clear delamination of the upper 
molybdenum layer for all three wavelengths (Figure 6.13). 
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We expect mechanical fracture in the molybdenum layer takes place at the fluence above this 
penetration threshold (FD3), again due to the stress confinement [175]. The relaxation of the highly 
compressive stress takes place by the expansion of the molybdenum film away from the surface. 
A pressure is also generated in the molybdenum because of rapid heating of this layer by the 
incident laser pulse. At fluences higher than FD3, the sudden stress on the molybdenum film is 
likely reach to its ultimate fracture strength. Again, the compressive stress, pressure wave and the 
thermal expansion result in delamination of the molybdenum layer with a bump-like feature on its 
surface. 

It is interesting that a well of a depth greater than the thickness of molybdenum film is formed 
inside the craters. This effect is observed for all wavelengths. The typical depths are listed in the 
Figure 6.16 (1030 nm), Figure 6.17 (515 nm) and Figure 6.18 (343 nm). It suggests that removal 
of some melted aluminium also takes place along with the delamination of the top molybdenum 
layer (Figure 6.16c,d,e, 6.17b,c,d,e,f and 6.18b,c,d). Numerical simulation suggests that at this 
fluence (higher than FD3, but lower than FD4), the laser fluence is not sufficient to increase the 
temperature of the entire aluminium layer (430 ± 50 nm) beyond its melting temperature. The 
depths of the craters are found to be less than the entire thickness of the aluminium layer. The 
formation of crater shape in aluminium below the molybdenum surface is intriguing. We propose 
two mechanisms for the ablation of MAM samples at difference peak fluences. It is interesting 
that the lower surface profile of these craters is flat for lower fluences and does not indicate a 
molten phase has formed. While at higher fluences the profile is bowed indicating redistribution 
of molten fluid flow. 

(a) Lower fluence: Figure 6.16c,d (1030 nm), Figure 6.17b,c (515 nm) and Figure 6.18b,c (343 
nm) shows the crater having a flat aluminium crater floor and suggests a non-thermal ablation 
mechanism. The numerical simulation suggests at this fluence (FD3), the temperature of aluminium 
reaches its melting temperature (Figure 6.22). The evidence from the experiments and the 
numerical simulations are considered further: 

It was considered in the numerical simulation that molybdenum and aluminium both stay in 
contact. The temperature of aluminium increases via heat conduction from molybdenum to 
aluminium layer and aluminium reaches its melting temperature at ~2 picoseconds after the peak 
laser pulse intensity. Perhaps this contact is the reason for over estimation of the temperature of 
aluminium compared with experimental findings. Three cases need to be considered. 

• We first consider the case where the removal of the molybdenum may take place on shorter 
time scale compared to the time over which the temperature of aluminium approaches its 
melt temperature. In such scenario, the removal of molybdenum occurs from the solid 
aluminium surface. Because of the early removal of the molybdenum layer, less heat flux 
is conducted from molybdenum to aluminium. Thereby, the temperature of aluminium 
does not reach its melting temperature. In this case, the removal of molybdenum would 
take place at a time less than 2 picoseconds from the peak intensity of the incident laser 
pulse. However, it is estimated that the removal time is less than the time required to reflect 
a pressure wave from the molybdenum/aluminium interface to create nanostructures on the 
nanobump. This time scale is estimated to be ~6.4 picoseconds. Hence, in this case, the 
removal of aluminium in this crater is not understood clearly for this timescale. Perhaps 

186 
 



the temperature increase induced in the aluminium may somehow cause mechanical 
fracture within the upper surface of solid aluminium layer. The schematic interpretation is 
presented in Figure 6.43. 

 

Figure 6.43: Predicted early removal mechanism of molybdenum thin film from aluminium layer 

• In the second case, we consider the case where molybdenum is removed over longer time 
scale. In this case it is expected that the delamination of molybdenum thin film causes a 
separation between it and aluminium layer. At the delaminated area of the molybdenum 
thin film, the vertical conduction of heat from the bottom surface of molybdenum to the 
aluminium does not take place. Most of the thermal energy of the molybdenum layer 
conducts along the radial directions and some energy can be radiated from the surfaces. 
The thermal energy induced in the molybdenum layer can conduct to the aluminium layer 
only at the non-delaminated periphery. The temperature of the aluminium layer can be 
increased further via the radiation of thermal energy from the molybdenum surface. The 
radiation of thermal energy from the separated molybdenum results in a reduced 
temperature of layer resulting in a slower heating rate in the centre of the crater of the 
aluminium surface. Also as the molybdenum and aluminium are no longer in contact inside 
the feature of diameter D2 (Figure 6.2b), a slower cooling rate of remaining aluminium 
takes place. We anticipate these slow heating and cooling rates can cause a redistribution 
of solid aluminium grains via diffusion. This consolidating densifies of the material 
structure and reducing its profile. The evidence for crystal growth is presented in Figure 
6.14(a) and (b). There is no aluminium droplet was found on the surface of aluminium 
crater. The schematic interpretation is shown in Figure 6.44. 

 

Figure 6.44: Delamination mechanism of molybdenum from the aluminium layer. The separation between molybdenum and 
aluminium results is less conduction of thermal energy from molybdenum to aluminium 

• In the third case, we consider a separate mechanism. The absorption of laser pulse by the 
molybdenum thin film causes the increase of electron temperature (Te) of molybdenum. 
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Peak electronic temperature at the molybdenum was estimated using the numerical 
simulation and estimated to be ~18000 K. Highly energised electrons (energy kTe ~ 1.55 
eV) diffuse and scatter via electron-electron scattering processes to establish this electron 
temperature. At this temperature, it is considered that some electrons can be emitted from 
the molybdenum surface via the thermionic effect. The emitted electrons from the lower 
surface can further energise aluminium lattice forming a dense electron cloud in the 
aluminium. The additional electrons occupy higher energy states which may reduce the 
strength of the material. Due to this, the fragmentation of aluminium layer may take place 
more or less uniformly across a region defined by the beam shape. 

 (b) Higher fluence: The craters obtained at higher fluence are presented in the Figure 6.16e (1030 
nm) Figure 6.17d,e,f and 6.18d (343 nm). At high fluences, the relatively smooth profile of 
aluminium suggests significant melting and redistribution of aluminium melt flow across the 
crater. 

An increase of laser fluence induces a greater temperature increase in material. With increasing 
peak fluence, more removal of aluminium takes place and the maximum depth obtained for craters 
increases. As the laser fluence is highest at the centre of the beam, the maximum depth of the 
aluminium crater is observed at the centre of the crater. 

Of particular importance, the interaction of MAM sample with femtosecond laser pulse shows a 
remarkable effect in Figure 6.14. The significant increase of the grain structure of aluminium with 
increasing applied laser fluence is shown in the Figure 6.14. 

Laser annealing is a popular method for improving the crystallinity of materials [253, 254]. At 
minimum, short pulse laser source is long enough to sustain atomic diffusion that provides the 
solid-state crystallisation [255-257]. At higher fluences a molten phase is established and crystal 
may form when cooling proceeds at a reasonably slow rate. We propose that the metal 
molybdenum layer serves to 

a. Increase the duration of time the aluminium stays at a high temperature 
b. Increases the cooling rate of aluminium 
c. Allows high pressure re-crystallisation 
d. Facilities surface diffusion 

It is predicted that as the time required to cool the molten aluminium below the melting 
temperature increases with increasing fluence, the probability of surface diffusion of aluminium 
on the molybdenum layer increases at the aluminium/molybdenum interface. The surface diffusion 
(D) (in m2s-1) of aluminium was estimated from Arrhenius behaviour with respect to the lattice 
temperature (T) given by, 𝐷𝐷 = 𝐷𝐷0𝑒𝑒−𝐸𝐸𝑎𝑎𝑣𝑣 𝑘𝑘𝑇𝑇⁄  [258-260]. Where, 𝐷𝐷0 is the temperature independent 
pre-exponential factor (m2s-1), 𝐸𝐸𝑎𝑎𝑣𝑣 is the activation energy (Joule) for the diffusion and 𝑘𝑘 is the 
Boltzmann’s constant. Thus, it is expected from this equation that diffusion increases with 
increasing the lattice temperature. The mean surface diffusion length, 𝑙𝑙  ̅, (in meter) is then 
estimated from 𝑙𝑙� = 2√𝐷𝐷𝑡𝑡0 [261], where 𝑡𝑡𝑜𝑜 (in sec) is the time required to cool the lattice 
temperature to a particular value. It was estimated from the numerical simulation that the cooling 
time of the aluminium lattice from the peak value to a value (2/3 of the melting temperature) are 
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200 picoseconds and 5 ns for the fluences of FD1 and FD2, respectively. The surface diffusion length 
of the aluminium lattice to molybdenum in the aluminium and molybdenum materials lattice are 
calculated to be 13.8 Å and 256 Å, for the peak absorbed fluence of 0.068 and 0.133 Jcm-2, 
respectively. Thus, as the time to cool down the aluminium increases with increasing laser fluence, 
the probability of reconstruction of aluminium grain (lattice constant of aluminium: 4.05 Å [262]) 
increases. 

Detail analysis of the relationship between the fluence and grain size was stimulated by this work 
and has been undertaken for polysilicon and this is subject to a separate study. 

3. Peak fluence (F > FD4): 

The crater on the MAM samples at peak fluence above FD4 are presented in the Figure 6.16f (1030 
nm) and 6.18e,f (343 nm). The increase of the peak fluence above the FD4 results in a complete 
delamination of MAM sample from the glass. This is also supported by the EDX measurements 
of the craters (Table 6.3). This is not observed at green wavelength (515 nm). The reason for this 
is not understood clearly. 

Although the numerical simulation was not conducted at this fluence region, it is proposed that at 
this high fluence the laser pulse induces a very high temperature in MAM samples. It is predicted 
that above FD4, the peak temperature of molybdenum, aluminium and ITO layers exceed their 
vaporisation temperature. 

6.4.2. Nanosecond laser ablation 
The nanosecond laser ablation at three wavelengths (1064, 532 and 355 nm) with the MAM 
samples at a range of fluences are presented in Figure 6.29, 6.30 and 6.31. Four fluence regimes 
will be discussed in this section defined by, FD1 < F < FD2, FD2 < F < FD3, FD3 < F < FD4 and F > 
FD4. 

1. Peak fluence (FD1 < F < FD2): First we consider the situation when the peak fluence exceeds FD1 
but stays less than FD2, a flower-like structure with a sharp dip at the centre is produced on the 
surface of MAM sample (Figure 6.29a, Figure 6.30a and Figure 6.31a). AFM profiles suggest the 
centre of these features consists of nano hole that extends to the depth of aluminium layer. This 
conclusion is supported by the presence of particles on the surface of craters at each wavelength. 
The presence of such deep holes is not observed on the SEM images presented in Figure 6.26(a), 
Figure 6.27(a) and Figure 6.28(a). It is not absolutely clear whether this is real or an artefact of the 
AFM. 

The case for thinking these deep holes is as follows. The interaction of a nanosecond pulse with 
MAM sample results in an increase of lattice temperature of the molybdenum and aluminium 
layers. Like the interaction of short pulse laser interaction with molybdenum thin film, it is 
observed that the nanosecond laser pulse induces a significant thermal effect on the layer 
underneath molybdenum as seen from Figure 6.26 (1064 nm), Figure 6.27 (532 nm) and Figure 
6.28 (355 nm). Numerical simulation suggests that the high thermal diffusion length of the thin 
film layers during the interaction of MAM with nanosecond laser pulse (molybdenum ~ 693 nm, 
aluminium ~ 669 mm, 9 ns laser pulse) causes almost a uniform temperature distribution 
throughout the molybdenum layer (Figure 6.40(b)). The increase of temperature in the MAM 
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sample causes thermal expansion of molybdenum and aluminium layer. In the case of the 
molybdenum layer, the maximum expansion takes place at its top surface at the centre of the 
incident laser pulse i.e. at X=0, Y=0, Z=0. Also, the numerical simulation (Figure 6.40 (a)) 
suggests that at the fluence higher than FD1, the molybdenum stays below its melt temperature 
(2897 K) while the peak temperature of aluminium just reaches its melting point (933 K). We 
believe that at this fluence, due to the thermal expansion, the molybdenum layer extends beyond 
its plastic limit (~500 MPa). This results in a permanent deformation of molybdenum layer. Also, 
the molten aluminium is forced to travel radially away from the centre. As a result, it is expected 
that the molybdenum film separates from the melted aluminium at the Mo/Al interface. The 
deformation in the molybdenum film is constrained and forces the expanding aluminium to push 
through the regions underneath the molybdenum layer. In this scenario, the maximum stress 
appears at the centre, created by the radial expansion of the petal-like features. The dip in the 
profile at the centre of the crater is likely to lead to a ductile deformation of the molybdenum layer. 
In such case, this may lead to the formation of a nano-hole through which aluminium can vent and 
be resolidified as particles. Within the vertical range of the AFM images (Figure 6.26a, Figure 
6.26b and Figure 6.26c), the solidified particles are observed on the surface.  

2. Peak fluence (FD2 < F < FD3): At the peak fluence higher than FD2, a laser pulse induced ‘micro-
bump’ is observed centred at the point X = 0, Y = 0 (Figure 6.29b, c, Figure 6.30b, c and Figure 
6.31b, c). The height of the ‘micro-bump’ increases with increasing peak value of laser fluence 
(Figure 6.36). 

The numerical simulation predicts, at the fluence FD2, the peak temperature of the entire aluminium 
layer (throughout the depth) in the enclosed system exceeds the melting temperature (Figure 
6.40(b)) due to the high thermal diffusion length. While, the peak temperature of molybdenum 
stays below its melting temperature. The aluminium expands more than the molybdenum because 
of the higher thermal expansion coefficient. The high-volume expansion of aluminium, confined 
by the edge of the crater, at the interface causes the molybdenum layer to push upward normal to 
the surface. The stress induced by the aluminium leads to a ductile deformation of solid 
molybdenum layer (Figure 6.33a). This figure shows an intact of molybdenum layer raised in the 
form of a ‘micro-bump’. When this stress in the molybdenum layer is just less than a fracture limit, 
the strained molybdenum layer is further deformed (Figure 6.33b). A further increase of fluence 
leads to a disruption of the molybdenum layer (Figure 6.33c). In each case, when the temperature 
cools down, the molybdenum surface remains strained and does not return to its initial position. 
Unlike the generation of ‘nano-bump’ during femtosecond laser interaction, the temperature of the 
entire aluminium layer exceeds its melting temperature when the fluence exceeds FD2. The peak 
height of the ‘micro-bump’ are found to be ~1 µm for all wavelengths. 

It is expected that the increase of applied laser fluence leads to an increase of the temperature of 
the aluminium. At higher fluence, the aluminium exerts a stronger upward pressure on the Mo/Al 
interface (Figure 6.33b). As a result, the peak height of the ‘micro-bump’ increases with laser 
fluence (Figure 6.36). Also, with increasing applied laser fluence, the ratio between the peak height 
and the peak width of the ‘micro-bump’ are found to decrease from 0.15 ± 0.01 to 0.09 ± 0.01, 
0.17 ± 0.01 to 0.12 ± 0.01 and 0.11 ± 0.01 to 0.09 ± 0.01 using the incident laser wavelengths of 
1064, 532 and 355 nm, respectively. This indicates that the radial expansion of the ‘micro-bump’ 
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also takes place. This radial expansion of the ‘micro-bump’ is also supported from the SEM 
microscopy measurements shown in Figure 6.33. We expect that, first, a ‘micro-bump’ of 
molybdenum of ‘sharp tip’ is produced on the MAM surface (Figure 6.33a). The sharp tip of the 
microbump is observed from the AFM microscopy image of the crater (Figure 6.36a). An increase 
of fluence results in radial expansion of the microbump (Figure 6.33b). This radial expansion 
results in a ‘micro-bump’ of comparatively flatter tip. We anticipate that this radial expansion 
arises from the molten aluminium inside the ‘micro-bump’.  The radial expansion of aluminium 
pushes the wall of the molybdenum film from inside at the direction away from the centre. This 
results in micro-bump with relatively flatter top of molybdenum. A further increase in fluence 
results in fracture of molybdenum exposing the likely presence of aluminium inside a molybdenum 
shell (Figure 6.33c). 

3. Peak fluence (FD3 < F < FD4): The upward stress increases with increasing peak laser fluence 
(Figure 6.42). When the upward stress exceeds the limit of fracture of a thin molybdenum film, 
the deformed molybdenum breaks and the sub-surface molten aluminium emerges as a jet-like 
feature in the centre of the crater. When this molten aluminium jet cools down, it can form a droplet 
on the remaining surface (Figure 6.29d, e and Figure 6.30d). This jet-like structure is surrounded 
with a ring-like feature. This ring-line feature observed in the nanosecond interaction is different 
to the fracture features obtained in the femtosecond case. Although the simulations are ever more 
inaccurate as fluence increases, it is expected that at this high fluence, the laser pulse induces high-
temperature distribution across the MAM sample and the peak temperature of molybdenum, 
aluminium and ITO approaches their melting temperature. The molten layers cause the formation 
of a ridge-like boundary at the edge of the crater.  Most of these materials ejected from the crater 
and rest of the melted ITO and aluminium redistribute on the craters. Detected of aluminium and 
indium is due to the redistribution of dissolved aluminium and ITO (Table 6.5). 

It is expected that increase of fluence above FD3, results in complete removal of aluminium and 
2nd molybdenum layer (thickness 30 nm) of MAM samples. The ITO layer undergoes melting and 
redistributes on the centre of the crater. 

4. Peak fluence (F > FD4): When the laser fluence above FD4, the laser ablation leads to the 
formation of a feature on the crater of diameter D4. Above this fluence, significant damage occurs 
on the glass surface (Figure 6.37). In-depth analysis of craters at these fluence regimes will be 
done in the future. 

6.4.3. Optimisation of molybdenum-aluminium-molybdenum sample processing by femtosecond 
and nanosecond laser sources 
In summary, the optimization of MAM processing by femtosecond and nanosecond laser sources 
is indicated in the Table 6.6, 

Table 6.6: Preferred parameters to process molybdenum-aluminium-molybdenum sample by femtosecond and nanosecond 
laser sources 

Name Preferred laser parameter 
Selective ablation of different layers Femtosecond laser (1030 and 343 nm) 

Less melting of different layers Femtosecond laser 
Clean ablation Femtosecond laser 
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Solid state crystallisation of aluminium Femtosecond laser 
Lower fluence for complete removal Nanosecond laser (355 nm) 

Complete removal of first layer (Mo: 40 nm) Nanosecond laser (1064 nm) 
Nanostructure formation of molybdenum Femtosecond laser (343 nm) 

Molybdenum bump formation Femtosecond laser 
Higher processing speed Nanosecond laser 

 

The thesis has described technical and scientific merits of the laser material interaction. In this 
section we attempt to elaborate the potential economical benefit of the interaction. We do this for 
the most enabling process documented in the thesis, the laser induced crystallinity process. We 
present a simple cost benefit analysis using this approach compared with an alternative laser 
induced crystallinity process demonstrated by an excimer laser. 

The assumption used in generating this economic assessment are as follows: 

1. A generation 10 (G10) sized sheet of a molybdenum heterostructure is processed to 
generate a laser induced crystalline layer. Each G10 sheet consist of 6 individual 70-inch 
screens; the object is to crystallise the gate electrode for each pixel in each screen. 

2. The aspect ratio of each molybdenum sheet is 16:9. Number of pixels in a single screen 
along the horizontal and vertical directions are 7680 and 4320, respectively; 33177600 
pixels are equivalent to a TV screen of 8K resolution. 

3. The size of each pixel (processing area) is estimated to be 0.020178 x 0.020178 cm2. 
4. The depreciation time of the laser is 5 years.  

Table 6.7 presents analysis of cost of a molybdenum G10 sheet processed by a femtosecond and 
an excimer (nanosecond) laser. 

Table 6.7: Comparison of cost of a G10 sheet processed by femtosecond and nanosecond laser pulses 

Femtosecond laser Excimer laser 
• Total cost of process setup: 1160 k€ 

Approximate cost of the laser: 140 k€ 
Cost of the scanner: 15 k€ 
Cost of optics: 5 k€ 
Cost of stages: 1000 k€ 

• Depreciation rate per hour: 0.026 k€/hour 
• Maximum repetition rate of laser pulse: 

100 kHz 
• Spot size of a focussed femtosecond laser 

beam: 30 µm. 
• Maximum speed of the stage: 10 ms-1. 
• Total transit time to cover a full G10 

sheet: 1.67 hours 
• Total cost of processing of a G10 sheet: 

43.33 € 

• Total cost of process setup: 3600 k€ 
Approximate cost of the laser: 2000 k€ 
Cost of the beam homogeniser: 500 k€ 
Cost of optics: 100 k€ 
Cost of stages: 1000 k€ 

• Depreciation rate per hour: 0.082 k€/hour 
• Maximum repetition rate of laser pulse: 

600 Hz 
• Spot size of excimer laser beam along x 

and y direction: 0.75 m and 30 µm. 
• No of shots required to achieve the laser 

induced crystallinity: 20. 
• Total transit time to cover a full G10 

sheet: 3.71 hours 
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• Total cost of processing of a G10 sheet:  
304.93 € 

This simple cost estimation per device shows an advantage of achieving crystallinity by a 
femtosecond over an excimer laser (nanosecond). These values are an approximation and need 
further review, but they give a sense of processing cost on the molybdenum sample. 

6.5. Chapter conclusion 
This chapter investigated the interaction of molybdenum–aluminium-molybdenum multi-layered 
thin film (MAM) with ultra-short and short pulsed laser sources. The interplay between 
molybdenum and aluminium was studied using different off-line characterisation techniques. 

Femtosecond laser ablation on MAM: 

1. Femtosecond laser interaction of MAM at 1030, 515 and 343 nm wavelength leads to the 
selective structuring of different layers. 

2. Multiple features with different diameters indicate different fluence regimes on the craters. 
3. It was found that the damage threshold required for the outermost ring decreases with 

reducing the wavelength of the incident laser. The threshold limit of other diameters is 
higher for 515 nm than 1030 and 343 nm laser wavelength. Thus, 515 nm femtosecond 
laser is not suitable for complete elimination of multi-layered film assembly from the glass 
substrate with respect to 1030 and 343 nm laser. 

4. Single pulsed UV femtosecond laser resulted in several nano-cracks on glass (fluence 
regime FD4 < F). We did not observe any cracks by 1030 nm laser wavelength. We are 
unable to clarify this beyond reasonable doubt. It is known that the cracking of glass is 
observed when the glass undergoes a tensile stress. It is expected approximately 0.1% of 
the incident laser energy is directly absorbed by the glass substrate. Higher absorption of 
UV laser energy is expected to take place when compared with IR and green wavelengths. 
The absorption of optical energy in glass leads to an increase of temperature. The higher 
temperature, the greater the initial compressive stress. A tensile stress follows this 
compression on cooling. The greatest expansion occurs at the hottest part of the glass where 
the surface tension is lowest. Cracking of the glass is observed on cooling for appreciable 
fluences (higher than FD4). The crack density and directionality presented in the Figure 
6.15 are insufficient to indicate the origin of the cracks during selective ablation. 

5. Delamination of the top layer by femtosecond laser indicates the removal of molybdenum 
layer mainly takes place by the generation of highly compressive stress by a 
photomechanical mechanism combined with the pressure originated from the highly 
expandable aluminium gives rise to mechanical fracture of molybdenum layer. The 
interaction of laser with MAM indicates a thermoelastic ablation and the thermal effect 
increases with increasing absorbed fluence.  

6. Re-crystallisation of the aluminium layer is achieved by a single femtosecond pulse. This 
result in an increase of grain size of aluminium layer with increasing incident laser fluence. 
The increase in grain size may lead to an increase in conductivity of the aluminium layer. 

7. Several particles are observed at the surrounding of ablated crater. Thus, cleaning of the 
sample surface is required after surface structuring using femtosecond laser pulse. 
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Nanosecond laser ablation of MAM: 

1. Several novel sub-micro and microstructure are formed at different fluence on the surface 
multi-layered thin film assembly. 

2. Similar to femtosecond case, the interaction of nanosecond laser pulse indicates different 
fluence regimes. At low fluence (below FD2), a flower like structure resulted from the 
thermal expansion of molybdenum and aluminium layer.  

3. Hollow ‘micro-bumps’ of molybdenum are formed on the multi-layered film induced by 
nanosecond laser ablation by impinging the molybdenum layer. The formation of the 
microprotrusion is most likely due to a photo-thermal subsurface expansion of aluminium 
layer. 

4. If upward pressure created by melted aluminium increases beyond the fracture limit of 
molybdenum, the removal of molten aluminium come out from the molybdenum like a 
volcano and results in a sub micro-cavity. 

5. The thermal effect increases with increasing laser fluence, as observed by the scanning 
electron and microscope. Thus, at high fluence, the interaction of MAM indicates a thermal 
ablation. 

6. Optical microscope (OM) images suggest that the careful structuring at high fluence is 
tough to achieve by 1064 nm nanosecond laser. Although, OM images indicate an increase 
in selective ablation during the interaction of MAM with 532 and 355 nm laser. 
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Chapter 7: Conclusions and future work 

7. Chapter 7: Conclusions and future work 
The key findings of the experimental works are presented at the end of each result chapters. The 
purpose of this section of the thesis is to summarise the key results in the context of the state of 
the art in the literature and to identify their potential impact. 

This work primarily investigates the interaction of ultra-short and short laser pulses with the 
molybdenum bulk and 50 nm thin film samples. The interaction processes were understood by 
investigating the ablation mechanism of molybdenum samples using a femtosecond and a 
nanosecond laser pulse operating in IR, Green and UV wavelengths. To do so, firstly, the amount 
of laser energy absorbed by the samples were determined from the reflectivity and transmissivity 
measurement by an integrating sphere. The ablation threshold fluence of the molybdenum samples 
was determined using Liu’s method. The surface morphology of the ablated craters was identified 
using SEM measurements. In-depth analysis of the surface topography and the profile of the 
ablated craters were performed using AFM operating in contact mode. Real-time characterisations 
of laser-molybdenum interaction (laser induced breakdown spectroscopy and plasma imaging) 
were also studied using time-resolved experiments. The wavelength dependence of the ablation 
mechanism by short and ultra-short pulsed laser with molybdenum samples was identified. 
Numerical simulations based on finite element method (FEM) were performed to understand the 
interaction of short and ultra-short laser pulses with molybdenum specimens. The parameters such 
as peak temperature, stress, strain were examined using the numerical simulation. 

Finally, the interaction of the laser pulses with a molybdenum based heterostructure structure was 
studied. Ablation of the multilayered structure was taken place by femtosecond and nanosecond 
laser pulses using a range of fluences. An in-depth examination of the different molybdenum 
craters was conducted by the AFM and SEM measurements. The elemental composition of the 
ablated crater on the multilayered thin film surface was taken place using the energy dispersive X-
ray analysis (EDX) technique. The interaction mechanisms were understood by numerical 
simulation using COMSOL Multiphysics software. 

a) The first step of understanding the laser-molybdenum interaction was to investigate the 
ablation mechanism of molybdenum bulk samples using an ultrashort laser pulse. At low 
fluence, the rapid thermalisation of the electronic subsystem into the lattice results in a 
high compressive stress. The relaxation of the high compressive stress leads to fracture and 
spallation of molybdenum. It is also predicted that at higher fluences the ablation takes 
place predominately by the melting and vaporisation of molybdenum lattice. The electronic 
subsystem in molybdenum absorbs less IR laser energy by the via intraband absorption. 
While the electrons absorb more laser energy of a wavelength of Green and UV via 
interband absorption. As a result, more thermionic electron emission by Green and UV 
laser sources than IR. This confirms relatively more optical emission takes place at laser 
wavelength Green compared with IR. 

b) Comparatively lower ablation fluence is observed for molybdenum thin film than the bulk 
samples. Interaction of molybdenum thin film with ultra-short laser pulse resulted in an 
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apparent delamination mechanism without melting of molybdenum. AFM and SEM 
measurements of the ablated craters indicate complete removal of molybdenum film from 
BK7 substrate with minimal damage. 
The heat developed at the molybdenum thin film during the interaction of femtosecond 
laser pulse with molybdenum conducts laterally and vertically towards the substrate. Due 
to the temperature confinement in the lattice, a high compressive stress develops on the 
molybdenum thin film. The stress exerts an expansion force that acts both laterally and 
vertically in directions parallel and perpendicular to the thin film-substrate interface. Also, 
a displacement of the molybdenum thin film takes place along the vertical direction. This 
expansion of the material leads to a tensile stress at the thin film substrate interface in the 
upward direction. The combination of the tensile stress and the relaxation of this highly 
compressive stress in molybdenum film results in the deformation and the removal of the 
molybdenum thin film from the glass substrate. 

c) During short pulse laser interaction, the removal of molybdenum film takes place via 
fragmentation process with significant substrate damage. During the interaction of 
nanosecond laser pulse with molybdenum thin film, almost a uniform temperature 
distribution establishes from the top surface of molybdenum to the molybdenum/glass 
interface of the molybdenum thin film. At low fluences (0.05 and 0.1 Jcm-2), the peak 
temperature of the molybdenum stays under the melting point of molybdenum. While the 
peak temperature of the substrate exceeds the melting temperature of the glass substrate. 
The numerical simulation predicts that a high compressive stress is established at the laser 
irradiated area of the thin film. This high compressive stress results in fragmentation in the 
molybdenum thin film. Higher thermal expansion of glass than molybdenum leads to a 
vertical strain in the glass. This vertical strain result is a tensile stress formed in the thin 
film-glass interface. The tensile deformation on the molybdenum thin film from the 
molybdenum/glass interface results in the removal of molybdenum film from the glass 
substrate. 

d) The interaction of femtosecond laser with MAM samples leads to the selective structuring 
of different layers. With a variation of laser fluence, four different fluence regimes of 
features with different diameters produced on the multilayered surface. Threshold fluences 
corresponding each diameter were measured. The choice of incident laser wavelength for 
laser interaction was found to have an impact on the film ablation process.  The interplay 
between different layers has several valuable effects on the laser ablation that depends on 
the applied laser fluence. 
At low fluence (Higher than FD1 but lower than FD2) minimal structural modification takes 
place on the 1st layer (molybdenum) surface. At this fluence, the peak temperature of 
molybdenum layer stays above its melting temperature. The conduction of temperature 
towards the molybdenum/aluminium interface leads to increase of peak temperature of 
aluminium and the aluminium layer exceeds the melting temperature. Gradually both the 
films cool down the room temperature. 
At the fluence FD2 < F < FD3 the high compressive stress due to the confined heating of 
molybdenum takes place. Delamination of molybdenum is observed at this fluence regime. 
This delamination is occurred due to the vertical relaxation of the highly compressive stress 
by a photomechanical mechanism combined with the pressure originated from the highly 
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expandable aluminium gives rise to mechanical fracture of molybdenum layer. When the 
expansion exceeds the plastic limit of molybdenum, a permanent deformation of 
molybdenum layer occurs. As a result, nano-bump of molybdenum layer is produced on 
the top surface. It is likely that the nanostructures at this fluence regime are developed 
when a pressure wave reflects from the interface. 
At comparatively higher fluence (greater than FD3), the stress exceeds the fracture limit of 
molybdenum and removal of the top layer molybdenum layer takes place.  
At high fluence (FD4), the UV femtosecond laser interaction with MAM samples resulted 
in several nano-cracks on the glass. 
An increase of grain size partially removed aluminium layer is observed with increasing 
incident laser fluence. The increase in grain size may lead to an increase in conductivity of 
the aluminium layer. 

e) Like the femtosecond case, different features were identified on the craters at different 
nanosecond applied fluences. The threshold fluences corresponding these features were 
determined. Wavelength dependence of the threshold fluences is due to the interplay 
between the optical penetration depth and heat penetration depth of MAM layers. 
At low fluence (FD1 < F < FD2), a flower-like structure with a dip at the centre of the crater 
of depth nearly 100 nm is produced on the surface of MAM sample. The interaction of a 
nanosecond pulse with MAM causes a uniform temperature distribution throughout the 
molybdenum layer and thus at the Mo/Al interface due to the high thermal diffusion length 
and the lattice temperature remains almost constant. At the fluence higher than FD1, the 
sandwiched aluminium becomes molten in phase underneath the solid molybdenum layer. 
The temperature increase in MAM causes thermal expansion at molybdenum and 
aluminium layer. In the case of the molybdenum layer, the maximum expansion takes place 
at the centre of the spot. The molten aluminium forced to travel radially away from the 
centre. As a result, the molybdenum film separates from the melted aluminium at the 
Mo/Al. The maximum stress created by the radial expansion of the petal-like structures 
takes place at the centre of the crater. It is expected that the dip in the centre of the crater 
is due to the ductile deformation of molybdenum layer. 
At the peak fluence between FD2 and FD3, a ‘micro-bump’ is produced on the top 
molybdenum layer. The thermal expansion of the aluminium layer causes an upwards 
pressure pushes the molybdenum layer upward normal to the surface. This results in a 
permanent deformation on the molybdenum layer and a ‘micro-bump’ creates. As the 
fluence increases, the upward pressure due to the thermal expansion of aluminium 
increases and the peak height of the ‘micro-bump’ increases. 
The upwards stress increases with increasing peak laser fluence. When the upward stress 
exceeds the limit of fracture of a thin molybdenum film, the deformed molybdenum breaks 
and the underneath molten aluminium forms comes out like a jet. Eventually, the molten 
aluminium cools down and forms a droplet on the surface on MAM. As the fluence 
increases, the molten aluminium redistributes on the surface of the MAM. 
At the fluence higher than FD3, a sub-micro well creates at the centre of the ablated crater. 
During laser ablation, high-temperature on the MAM results in melting of aluminium and 
ITO. Most of these materials ejected from the crater and rest of the melted ITO and 
aluminium redistribute on the craters. 
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When the peak fluence exceeds FD4, significant damage is occured on the glass surface. 

The laser material interaction for the forms (bulk, thin film and heterostructure) of three 
molybdenum investigated in this study is summarised in Figure 7.1. 

In the case of molybdenum bulk interactions, femtosecond laser melting of molybdenum is 
observed. The lowest damage threshold was observed at laser wavelength of 343 nm. It is observed 
that this mechanism generally takes place at the laser spot radius between 10 to 50 µm and at peak 
absorbed fluence 0.12-0.45 Jcm-2. 

The interaction of a laser pulse with a loosely adhered molybdenum thin film shows a delamination 
effect. In the case of femtosecond laser – molybdenum thin film interactions, the relaxation of 
highly compressive stress in the molybdenum results in the removal of the molybdenum film. This 
phenomenon is observed at all wavelengths but dominates at the laser wavelength of 343 nm. On 
the other hand, in the case of interactions with nanosecond laser pulses show that the removal of 
the molybdenum film originates from an expansive stress generated in the substrate combined with 
the compressive stress in the film. The optimal laser wavelength for this process is found to be 532 
nm as the damage threshold is least for this wavelength.  

In the case of the molybdenum aluminium heterostructure, enhanced laser induced crystallinity in 
aluminium is observed in the case of femtosecond laser-molybdenum interactions. This 
phenomenon is well observed in the aluminium layer at the laser wavelength of 515 nm for peak 
fluence range of 0.42 to 5.5 Jcm-2. Nanosecond laser interaction with molybdenum heterostructure 
results in formation of a microbump in the molybdenum upper layer due to upward pressure caused 
by the thermally expanded aluminium layer. 
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Figure 7.1: A summary of laser molybdenum processing  

7.1. Opportunities for future work 
In this work, further insight into the thin film removal process depending upon other parameters 
and other characterisation techniques can be developed for further characterisation of the thin film 
removal mechanism. 

1. Improvement of the real-time imaging setup: 

The improvement of the real-time imaging setup is required to for the further understanding of 
the thin film removal mechanism. This includes the development of LIBS, Schlieren and 
shadowgraphy measurement. Chapter 5 describes the atomic spectra of the plasma plume at 
different fluences. The ions and electrons have different emission spectra. By identifying the 
different constituents of the plasma plume, the mechanism of laser ablation can be understood 
better. Again, the spatially resolved LIBS provides the spectral response of the plasma plume 
provides the spectral variation of different constituents. By detecting the emission of electrons 
and ions as a function of applied fluence, further information on the film removal process may 
be identified. 

Soon, a workstation for the Schlieren and shadowgraphy technique will be developed. This 
will allow us to the real-time study of material removal mechanism by laser ablation. As it is 
found that different process involves with ablation of bulk and thin molybdenum, it is expected 
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that material removal of molybdenum bulk and thin film take place at different time delays. 
Also, a variation of pulse duration and applied laser wavelength leads to different interaction 
process. Real-time investigation of material removal by Schlieren and shadowgraphy 
technique will enable an in-depth investigation of removal mechanism. 

2. Development of a Langmuir probe: 

A separate development of the set up called Langmuir probe is required to understand different 
features in plasma plume which includes electron and lattice current, the evolution of electron 
and ion density, current etc. These factors depend directly on the mechanism of interaction of 
laser pulse with the material. 

3. Variation of the local conductivity of multilayered structure: 

It is observed from the Figure 6.14 that the variation of incident laser fluence leads to a change 
of grain structure on the aluminium layer which is considered to be a material having excellent 
conductivity. Thus, it would be interesting to understand the variation of local conductivity 
with laser fluence. And it is important to understand if any other material exhibits this variation 
of grain structure and thus the electrical conductivity. 

4. Analysis of nanostructures produced on molybdenum surface: 

Femtosecond laser interaction of molybdenum heterostructure at fluence higher than the 
damage threshold leads to the formation of several nanostructures. An example of the 
nanostructure produced on the surface of molybdenum is shown below: 

  

Figure 7.2: Scanning electron microscopy image of a crater on the surface of MAM, produced by a 515 nm femtosecond laser 
pulse at a fluence of 0.56 Jcm-2. The right image shows the magnified view of the centre of the crater shows several 

nanostructures on the MAM surface 
The above figure shows the crater produced on the surface of the heterostructure after the 
interaction of femtosecond laser pulse (wavelength 515 nm) of the fluence of 0.56 Jcm-2. The right 
image of the crater is the magnified image of the centre portion of the crater which shows several 
nanostructures on the MAM surface. It will be interesting to understand the origin of these 
nanostructures. 
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Appendix 

A. Appendix 
Variation of peak LIBS line intensities from the molybdenum thin film plasma plume induced 
by femtosecond laser pulse of wavelength of 1030 nm: 
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Figure A.1: Dependence of peak femtosecond LIBS intensity of molybdenum thin film centred at 550.65, 553.31, 557.04, 
563.23, 568.81 and 575.14 nm by different fluences. 

Variation of peak LIBS line intensities from the molybdenum thin film plasma plume induced 
by femtosecond laser pulse of wavelength of 1030 nm: 
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Figure A.2: Dependence of peak nanosecond LIBS intensity of molybdenum thin film centred at 550.65, 553.31, 557.04, 
563.32 and 575.14 nm by different fluences 
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Vertical distance travelled by fast component of molybdenum bulk plasma plume induced by 
different 515 nm femtosecond laser peak fluences: 
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Figure A.3: Vertical distance travelled by 515 nm produced plasma plume front at 1, 1.5 and 2.0 Jcm-2 

Vertical distance travelled by fast component of molybdenum bulk plasma plume induced by 
different 343 nm femtosecond laser peak fluences: 
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Figure A.4: Vertical distance travelled by 343 nm, femtosecond laser produced plasma plume front at specific fluences 
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Position of faster moving component of 515 nm femtosecond laser produced plasma plume 
(Molybdenum thin film – FS laser interaction) 
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Figure A.5: Propagation of 515 nm femtosecond laser produced plasma front of molybdenum thin film at different fluence 
values 

Position of slower moving component of 515 nm femtosecond laser produced plasma plume 
(Molybdenum thin film – FS laser interaction) 
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Figure A.6: Propagation of delaminated film edge at different peak absorbed fluence (0.25, 0.5 and 1 Jcm-2) values using 515 
nm laser wavelength 
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Vertical distance covered by the faster moving part of the plasma plume produced by 
nanosecond laser of wavelength of 532 nm: 
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Figure A.7: Distance travelled by the faster moving part of the plasma plume using the interaction of nanosecond laser 
(wavelength: 532 nm) with molybdenum thin film samples at 0.5, 1, 1.5, and 2 Jcm-2 fluence values 

Vertical distance covered by the faster moving part of the plasma plume produced by 
nanosecond laser of wavelength of 355 nm 

0 20 40 60 80 100 120 140 160 180

0

20

40

60

80

100

120

140

R2: 0.983
R2: 0.963

 Fluence 2 Jcm-2

 Fluence 1.5 Jcm-2

 Fluence 1 Jcm-2

Ed
ge

 o
f t

he
 p

la
sm

a 
fr

on
t (
µm

)

Delay (ns)

R2: 0.989

 

Figure A.8: Distance travelled by the faster moving part of the plasma plume using the interaction of nanosecond laser 
(wavelength: 355 nm) with molybdenum thin film at 0.5, 1, 1.5, and 2 Jcm-2 fluence values 
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Spectral lines: Interaction of femtosecond laser pulse with molybdenum bulk 

Table A.1: Variation of the background intensity, FWHM, area and the height of the Lorentzian curve centred at a 
wavelength of 553.31 nm (interaction of molybdenum bulk with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background (𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

3.29 62.77 0.41 104.52 160.45 

6.59 349.57 0.48 986.92 1308.37 

9.89 794.66 0.49 2729.90 3555.80 

13.19 1204.22 0.47 3449.30 4709.11 

16.48 1632.77 0.46 6175.77 8625.51 

19.78 2451.89 0.47 8690.53 11710.29 

23.08 3083.81 0.48 10824.26 14322.37 

26.37 3348.63 0.48 13306.47 17602.14 

29.67 3814.57 0.47 16600.99 22415.89 

29.67 3814.57 0.47 16600.99 22415.89 

32.97 4497.24 0.47 20913.45 28335.15 

39.56 5088.24 0.48 22761.64 30372.74 

 

Table A.2: Variation of the background intensity, FWHM, area and the height of the Lorentzian curve centred at a 
wavelength of 557.04 nm (interaction of molybdenum bulk with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background (𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

3.29 49.42 0.48 106.95 142.26 

6.59 273.66 0.47 727.84 976.24 

9.89 658.89 0.45 1909.84 2682.90 

13.19 881.90 0.44 2686.27 3897.21 
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16.48 1254.96 0.44 4538.95 6606.00 

19.78 1723.18 0.45 6540.09 9257.27 

23.08 2216.71 0.45 8095.51 11353.16 

26.37 2342.11 0.45 9925.15 13938.79 

29.67 2762.14 0.43 12002.74 17712.19 

32.97 3098.77 0.45 15362.78 21913.46 

39.56 3603.65 0.45 16833.79 23725.93 

 

 

Table A.3: Variation of the background intensity, FWHM, area and the height of the Lorentzian curve centred at a 
wavelength of 563.23 nm (interaction of molybdenum bulk with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background (𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

3.29 NA NA NA NA 

6.59 269.97 0.54 209.81 246.42 

9.89 590.19 0.45 551.75 774.81 

13.19 811.07 0.45 762.32 1075.49 

16.48 1044.60 0.50 1373.86 1750.63 

19.78 1525.02 0.49 1885.73 2463.60 

23.08 1936.32 0.46 2160.77 2970.93 

26.37 2023.64 0.46 2785.13 3860.08 

29.67 2407.64 0.45 3344.98 4893.23 

32.97 2917.15 0.43 3986.46 5912.70 

39.56 3138.26 0.44 4658.93 6546.29 
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Table A.4: Variation of the background intensity, FWHM, area and the height of the Lorentzian curve centred at a 
wavelength of 568.91 nm (interaction of molybdenum bulk with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background (𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

3.29 NA NA NA NA 

6.59 288.45 0.46 275.70 385.05 

9.89 680.84 0.37 652.81 1118.30 

13.19 814.00 0.42 1019.41 1538.14 

16.48 1153.52 0.41 1826.26 2808.76 

19.78 1674.27 0.40 2411.64 3802.81 

23.08 2117.89 0.40 2870.82 4552.06 

26.37 2316.02 0.39 3558.22 5761.21 

29.67 2706.97 0.39 4462.47 7203.71 

32.97 3220.82 0.40 5564.96 8871.73 

39.56 3358.56 0.41 6466.43 10087.33 

 

Table A.5: Variation of the background intensity, FWHM, area and the height of the Lorentzian curve centred at a 
wavelength of 575.14 nm (interaction of molybdenum bulk with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background (𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

3.29 NA NA NA NA 

6.59 248.93 0.41 268.82 415.87 

9.89 597.26 0.43 665.50 976.79 

13.19 791.43 0.41 983.97 1546.25 

16.48 1135.56 0.42 1604.37 2434.91 

19.78 1585.31 0.39 2165.42 3522.73 
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23.08 1867.65 0.43 2910.14 4358.76 

26.37 2109.03 0.41 3470.78 5424.20 

29.67 2482.21 0.39 4179.55 6790.20 

32.97 2440.08 0.43 5919.60 8802.51 

39.56 3251.57 0.40 5757.11 9173.17 

 

Spectral lines: Interaction of femtosecond laser pulse with molybdenum thin film 

Table A.6: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
553.31 nm at different peak fluences (interaction of molybdenum thin film with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 
(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

12.69 1300.04 0.25 575.30 1476.45 

14.09 990.71 0.52 3692.89 4501.61 

15.51 1670.76 0.40 5748.74 9095.30 

16.92 1305.12 0.48 10731.42 14208.38 

18.33 1971.04 0.43 12049.58 17680.25 

19.74 1619.46 0.50 17393.88 22215.36 

21.15 2020.67 0.46 18603.28 25550.09 

22.53 2017.48 0.48 22472.01 29869.07 

23.96 2191.94 0.45 27835.73 39031.32 

25.38 2410.88 0.47 35382.97 48420.00 

26.78 3566.86 0.46 42104.60 58475.67 
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Table A.7: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
557.04 nm at different peak fluences (interaction of molybdenum thin film with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 
(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

12.69 711.40 0.46 1788.20 1322.84 

14.09 1127.43 0.46 2517.36 3475.09 

15.51 1531.05 0.37 3619.82 6256.01 

16.92 1406.91 0.42 6456.73 9695.71 

18.33 1627.62 0.40 8170.74 12875.62 

19.74 1487.98 0.42 9867.22 14836.60 

21.15 1484.66 0.40 12771.08 20121.90 

22.53 1048.20 0.44 16459.09 23972.42 

23.96 1983.47 0.40 17483.31 27951.67 

25.38 1733.61 0.42 23986.83 36130.60 

26.78 2316.18 0.41 28279.93 44273.19 

 

Table A.8: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
563.23 nm at different peak fluences (interaction of molybdenum thin film with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 
(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

12.69 1001.60 0.57 1419.64 1494.52 

14.09 1609.09 0.37 1313.61 2475.73 

15.51 1661.75 0.36 2915.12 2529.08 

16.92 2030.47 0.38 1196.27 3837.37 

18.33 2025.51 0.36 2691.35 5037.36 

19.74 2070.25 0.42 3572.42 5630.38 
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21.15 2065.13 0.44 4173.24 6406.08 

22.53 2130.36 0.42 6117.05 9240.97 

23.96 2679.42 0.40 6790.71 10719.00 

25.38 2417.38 0.46 7776.99 11876.36 

26.78 3373.02 0.38 7729.21 13298.17 

 

Table A.9: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
568.91 nm at different peak fluences (interaction of molybdenum thin film with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 
(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

12.69 1293.39 0.53 1258.56 1497.45 

14.09 1773.88 0.34 2064.93 3735.77 

15.51 1705.75 0.39 2441.19 5625.89 

16.92 2720.50 0.34 2491.28 6746.27 

18.33 1974.85 0.45 5448.17 8921.90 

19.74 2409.64 0.35 5266.27 11150.25 

21.15 2581.90 0.38 6887.06 12487.27 

22.53 2643.30 0.37 8033.57 15076.40 

23.96 3089.55 0.35 9645.63 18280.98 

25.38 3971.34 0.35 10331.33 21395.25 

26.78 3600.11 0.40 12902.71 22284.32 

 

Table A.10: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
575.14 nm at different peak fluences (interaction of molybdenum thin film with ultra-short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 
(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

12.69 1180.77 0.52 1201.59 1960.01 

210 
 



14.09 1484.41 0.38 1965.78 3144.03 

15.51 1639.59 0.36 2948.23 5256.99 

16.92 2082.52 0.36 2333.93 6094.81 

18.33 1843.64 0.38 4550.39 7447.00 

19.74 1795.20 0.40 6149.38 9847.96 

21.15 1826.60 0.41 7186.60 11424.76 

22.53 2200.45 0.38 8002.67 13551.81 

23.96 2339.53 0.37 9745.79 16823 

25.38 2709.86 0.36 10572.80 18613.95 

26.78 2202.37 0.44 13783.31 20074.89 

 

Spectral lines: Interaction of nanosecond laser pulse with molybdenum thin film 

Table A.11: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
553.31 nm at different peak fluences (interaction of molybdenum thin film with short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background  

(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the 
curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

6.50 697.56 0.34 1886.97 3573.62 

8.81 1134.19 0.29 2002.76 4369.74 

10.04 1605.20 0.18 1682.13 5953.60 

12.16 1771.22 0.28 2744.84 6221.44 

13.46 1030.62 0.32 3893.89 7821.71 

14.67 1347.01 0.31 4665.75 9695.94 

15.43 1644.80 0.26 5657.82 13747.69 
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Table A.12: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
557.04 nm at different peak fluences (interaction of molybdenum thin film with short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 

(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the 
curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

6.50 994.47 0.19 792.78 2648.73 

8.81 907.51 0.24 1324.14 3581.34 

10.04 809.26 0.29 1874.25 4166.99 

12.16 1375.05 0.21 1710.92 5180.91 

13.46 1235.40 0.30 2260.95 4855.87 

14.67 1306.20 0.21 2638.10 8076.91 

15.43 1658.22 0.25 3677.60 9453.19 

 

Table A.13: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
563.23 nm at different peak fluences (interaction of molybdenum thin film with short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 
(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the 
curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

6.50 906.24 0.27 1708.22 3997.39 

8.81 1175.80 0.29 1952.92 4342.42 

10.04 1243.68 0.32 698.06 1386.19 

12.16 1657.22 0.21 383.94 1191.57 

13.46 1604.63 0.25 818.19 2096.05 

14.67 1840.29 0.21 645.69 1976.62 

15.43 2133.42 0.21 916.50 2791.43 
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Table A.14: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
568.91 nm at different peak fluences (interaction of molybdenum thin film with short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 
(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the 
curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

6.50 1317.44 0.22 559.18 1607.44 

8.81 1186.55 0.27 521.22 1242.48 

10.04 1569.23 0.20 783.26 2466.34 

12.16 1810.05 0.21 860.87 2589.07 

13.46 1364.73 0.40 1556.34 2461.63 

14.67 1787.97 0.29 1650.54 3607.01 

15.43 1916.55 0.25 2003.66 5136.51 

 

Table A.15: Variation of the background intensity, height, FWHM and area under the fitted Lorentzian curve centred at 
575.14 nm at different peak fluences (interaction of molybdenum thin film with short pulsed laser) 

Peak 
fluence 
(Jcm-2) 

Background 

(𝑰𝑰𝟎𝟎) 

(A.U.) 

FWHM 

(𝜞𝜞) 

(nm) 

Area under the 
curve 

(A) 

(A.U.) 

Height 

(𝑯𝑯) 

(A.U.) 

0 NA NA NA NA 

6.50 906.24 0.27 1708.22 3997.39 

8.81 1175.80 0.29 1952.92 4342.42 

10.04 1302.08 0.23 800.85 2265.54 

12.16 1761.03 0.11 428.30 2571.16 

13.46 1705.47 0.30 918.13 1953.21 

14.67 1705.82 0.26 1060.18 2585.30 

15.43 2072.41 0.28 1628.18 3722.91 
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