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Abstract

Physics and potential applications of femtosecond laser pulses interacting with matter
have captured interest in various fields, such as nonlinear optics, laser micromachining,
integrated optics, and solar cell technologies. On the one hand, such ultrashort intense
pulses make them practical elegant tools to be utilized for direct structuring of materials
with high accuracy and numerous potential applications. On the other hand, studying
the fundamental aspects and nonlinear nature of such interactions opens new remarkable
venues for various unique investigations.

In recent years, the emerging topic of structured light (also known as twisted or optical
vortex light), i.e., a beam of light with a twisted wave-front that can carry orbital angular
momentum (OAM), has attracted the attention of many researchers working in the field of
light-matter interaction. Such beams offer various applications from classical and quantum
communication to imaging, micro/nano-manipulation, and modification of fundamental
processes involved in light-matter interactions, e.g., absorption and emission. Nevertheless,
the fabrication of complex structures, controlled modification, and achieving a high spatial
resolution in material processing still remain in the spotlight. Moreover, the fundamental
role of orbital angular momentum in the nonlinear absorption of materials, particularly
in solids, has yet remained a subject of debate. Addressing these points was the main
motive behind this dissertation. To accomplish this objective and investigate new aspects
of structured light-matter interaction, I conducted various experiments, the results of which
are presented in this work.

The general idea was to study the interaction of femtosecond laser radiation, having a
structured phase and polarization, with the matter in two aspects: (i) surface morphology
modification and (ii) nonlinear absorption of solids.

In this regard, I studied surface processing of crystalline silicon and CVD diamond
with femtosecond laser vortex pulses generated by a birefringent phase-plate, known as q-
plate, in single and multiple pulse irradiation regimes, respectively. The characterization of
the modified region was performed using optical microscopy, scanning electron microscopy
(SEM), and atomic force microscopy (AFM). I demonstrated that upon irradiation of a
single vortex pulse on silicon, a nano-cone structure is formed within the ablated crater,
whose height was independent of the helicity of the twisted light. However, for a linearly
polarized vortex pulse, the height of the nano-cone decreases at higher pulse energies. The
dynamics of nano-cone formation and the role of polarization were also investigated by
simulating the mass transport function in this process.

Moreover, using superimposed vortex beams, we fabricated complex patterns containing
several nano-cones, by single-shot irradiation on the silicon surface. My experimental
results offer an ability to actively control and manipulate material, in terms of the nano-
cones position, in two dimensions with an ultra-high resolution.

I further proceeded with our experiments in the multiple pulse regime on a diamond
target. By irradiation of a high number of superimposed vortex pulses, I was able to
imprint complex polarization states of structured light on the target surface in the form
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of periodic nano-ripples. This procedure enabled us to not only generate spatially varying
nano-gratings but also directly visualize and study very complex states of polarization.

Besides these surface structuring, I carried out experimental studies to investigate the
response of bulk material to an incident circularly polarized vortex beam that carries
orbital angular momentum. The experimental results reveal, for the first time, that such
an interaction can produce a differential absorption that gives rise to helical dichroism.
We demonstrate that this response is sensitive to the handedness and degree of the twist
in the incident vortex beam. Such a dichroism effect may be attributed to the excitation
of dipole-forbidden atomic transitions, e.g., electric quadrupole transitions. However, this
explanation is not absolute and remains open to further research and investigations.
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Chapter 1

Introduction

This chapter provides a brief overview of the importance of studying the interaction of
light endowing structured intensity, polarization, and phase with matter. A comprehen-
sive study of such interactions open new horizons in this field, from the fundamental
phenomena involved in the process to the application prospects such as novel laser struc-
turing techniques. Moreover, a short section enumerates the contents presented in the next
chapters of this thesis and experiments that I have carried out in the field of femtosecond
structured light-matter interaction.

1.1 Overview

There are generally two approaches to study the interaction between femtosecond pulses
and matter. The first approach is the characterization of light-matter interactions, where
we examine the femtosecond pulse as it interacts with materials. The outcomes of this
methodology highlight the physical mechanisms involved in these processes. In comparison,
the second approach is a post-interaction analysis in the form of studying the surface
morphology and material structuring in a controlled fashion.

Investigating the underlined physics of the interaction with intense fs pulses, particu-
larly when the interaction takes place inside a solid, is difficult and not yet fully understood.
The reason is that:

(a) Theoretical studies are challenging due to high intensities involved in this process,
perturbation theory is not valid. In addition, many-body quantum calculations are
required to account for a large number of atoms present in the interaction volume.
The interaction occurs on different time scale (fs-ms) and length scale (nm-mm).
Moreover, to have a proper interpretation, nonlinear optical and plasma effects and
several other physical processes describing the light propagation and ionization need
to be considered.

(b) From the experimental point of view, there is no direct access to the electrons and
ions created in the bulk by ionization, unlike on surfaces or in isolated atoms and
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molecules. In fact, most of the experimental tools developed for such studies, e. g.,
ion and electron imaging, high harmonic generation spectroscopy [1], and attosecond
extreme ultra-violet (XUV) streaking [2], are mostly used for the case of atoms and
molecules. Although nowadays they are applicable even in bulk materials, more bene-
ficial and practical approaches and techniques are still required in order to investigate
the interaction of solids with fs-laser radiation.

Post-interaction analysis and material structuring: the ultra-high intensity of ultra-
short pulses combined with their spatial intensity distribution and polarization states pro-
duce many novel effects and applications. Such studies promote science and technology in
nano-fabrication and material manipulation techniques in two and three dimensions. Due
to material modification/removal, several types of features, either on the surface or inside
the bulk, can be generated once the sample is irradiated by fs laser pulses. Such material
structuring was typically achieved using Gaussian beam by employing their properties such
as intensity profile, pulse duration, and polarization. As an example, one can find various
surface structures from a single microring [3] to randomly-formed nanocone forests [4–6],
and nanograting that was first observed by Birnbaum et al. [7]. Nevertheless, there is still
a demand to structuring materials in more complex shapes and a well-controlled manner
by altering beam parameters and physical properties of the specimen.

Nowadays, the interest is to discover whether the physics of the light-matter interac-
tion and its outcome is different if the intensity profile, polarization state, and phase are
altered. In 1992, Allen et al. [8] proposed that light carries orbital angular momentum
(OAM) as a consequence of its helical wavefront and on-axis phase singularity. Since then,
such modifications in the laser beam and their influences in the field of laser beam interac-
tion with matter has extensively expanded in two directions. First from the fundamental
perspective and second from the application aspect.

During the past decade, light possessing OAM (also known as structured light) has
intrigued many scientists to explore new fundamental concepts of light-matter interactions
that remains a subject of debate to this day. Investigations of structured light has led to
various applications including optical trapping and manipulation [9–11], optical telecom-
munications [12,13], quantum physics [14], and super-resolution microscopy with a spatial
resolution beyond the diffraction limit [15–17]. A multidisciplinary breakthrough showing
the influence of structured light has led to a Nobel prize in Chemistry in 2014 [18]. In this
research, super-resolution fluorescence microscopy was developed based on the stimulated
emission depletion (STED) effect that uses a superposition of Gaussian and OAM beams.

Explorations of structured light have increased during the past decades leading to
understanding new fundamental concepts of light-matter interactions and advancing laser
machining techniques.

The early studies in the field of structured light/optical vortices (OVs) mainly focused
on establishing fundamental theories and exploring basic physical phenomena. Indeed, they
opened doors into further investigations of the light-matter interaction, topological struc-
tures, and quantum nature of light. For instance, studies that focused on the characteristic
intensity structure of OAM beams demonstrated that such beams could confine atoms to
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regions of maximal or minimal light intensity [19]. Furthermore, studies that focused on
the physics of the interaction of OVs with particles discovered fundamental phenomena in
action. For example, a torque exertion (including a mechanical rotation) on the atomic
clouds, an OAM transfer to the internal state of an atom resulting in an improvement
in the selection rules, and an OAM beam differentiation by molecules (dichroism effect)
originated from its phase handedness [20–22].

Some research also showed how irradiation by OAM beam could mechanically twist a
variety of materials, from silicon to polymers [23–25]. Over time, due to the development
of OAM manipulation, new vortex and OAM applications rapidly emerged and were ex-
tended to various fields and are still enabling incredible novelties and many breakthroughs
in advanced optics [26–32]. These developments and technological advancements are inti-
mately connected with the progress in studying OAM phenomena in solid-state physics,
quantum electrodynamics, chemistry, and several other disciplines [33–35].

The primary objective of my research was to (1) open up new territories through the
application-based capacity of structured light interaction with matter and (2) investigate
whether OAM can drive a dichroism effect in a bulk material. Doing so, I tried to obtain
a firm understanding of the structured light-matter interaction.

Here I briefly discuss the primary outline of this dissertation.

1.1.1 Nanostructring with Structured Light

The major part of my thesis focuses on the nano/micro fabrication with femtosecond
structured light (also known as vortex beam). An optical vortex beam, e. g., the La-
guerreGaussian (LG) beam, is characterized by a phase factor, exp(i`ϕ), and can carry
OAM equivalent to `~ per photon (where ` is an integer number) [36]. To form nano- and
microstructures on the target’s surface, I have taken advantage of the unique properties
of vortex beams. For instance, their intensity profiles result from the phase singularities
and their complex polarization states that indicate the relative phase relations between
the polarization vectors’ components. The significant novel fabrication aspects presented
in this thesis are:

(a) formation of individual nanocones, for the first time, using a single femtosecond
laser vortex pulse on the surface of a silicon wafer. This was further improved by utilizing
unconventional beams, e.g., superpositions of vortex beams, to fabricate several nanocones
positioned in a single complex-patterned feature. The experiment was performed in the
single-pulse regime.

(b) demonstrating a method to spatially control the position of individual nanocones
with nanoscale precision. This was achieved by altering the relative phase between super-
imposed vortex beams.

(c) creation of periodic structures in the multiple-pulse regime on a diamond surface
by exploiting vortex beams possessing various polarization states. The resultant ripple
structures are precisely decorated parallel to the local electric field’s direction (laser polar-
ization).
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Notably, a peak laser fluence slightly above the ablation/modification threshold value
was used to obtain all these well-defined structures. As a result, only the maximum inten-
sity region of the beam could modify the materials.

The overall aim of this part of my work is to present a simple, rapid, and accurate
fabrication technique based on the direct laser writing method to form two- and three-
dimensional nano/micro-structures with many potential applications in photonics, for ex-
ample, fabrication of optical devices, optical data storage, and displays.

1.1.2 Dichroism Effect Introduced by OAM

I present, for the first time, a dichroism effect when laser pulses endowing OAM with
opposite helicities interact with bulk transparent materials. Understanding the processes
involved in such chiral interactions has been of interest for more than a decade and across
many areas of atomic and molecular physics, and quantum electrodynamics. Although the
actual underlying mechanism is not yet revealed and fully understood, there have been
several attempts, experimentally and theoretically, to obtain an intuition on how materials
respond to a beam of light carrying OAM.

Conventionally, a Gaussian beam with circular polarization (spin angular momentum
or SAM) is used to study the chiral interactions between light and chiral materials. The
resultant phenomenon is known as Circular Dichroism (CD), where a chiral molecule real-
izes the handedness of the circular polarization state (sign of spin angular momentum) of
a light beam. This phenomenon causes a chiral molecule to absorb the incident left and
right circularly polarized light at different rates. One may anticipate a similar chiroptical
effect when a beam of light with chirality in its phase interacts with matter.

In fact, one of the early ideas in the field of structured light-matter interaction was
to observe a chiral response of the material with respect to the handedness of the beams
wavefront. At first, scientists failed to observe such an effect [37] or to produce any feasible
applications because the experiments were conducted in linear absorption regime. However,
further studies investigated different mechanisms involved in OAM beam interaction with
atoms and molecules. They have predicted and discovered surprising effects, from selection
rules modification to the chiral response of molecules. Indeed, current studies on the
chiroptical response of molecules [20–22] have been developed by a renewed consideration
in selection rules based on quantum electrodynamics [38] and may be soon well-understood
and brought to applications.

Although, in recent years, atoms and molecules interacting with OAM beams have been
explored, there has been no research investigating the role of OAM in the response of bulk
material. The reason might be the difficulties and limitations in both theoretical and ex-
perimental studies of bulk material, mentioned in Sec.1.1. One of the most beneficial and
practical ways to cope with those difficulties and explore such interactions is to analyze the
light transmitted through bulk material [39]. Any internal changes and post-interaction
properties due to ionization, absorption, momentum exchange, and other optical processes
can be then investigated and analyzed utilizing other well-known techniques such as imag-
ing microscopy [40].
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Looking into all these novelties and tackling the open problems were a motivation to-
wards the second part of my research. The idea was to explore any possible influences
that the number of twists and the direction of the twists may have in the light-matter
interactions when an OAM beam passes through a bulk of transparent material. To exper-
imentally investigate such effects, a transmission measurement technique was applied that
allowed us to analyze the nonlinear response of transparent materials under irradiation
of OAM beams with different topological charges and opposite helicities. The analysis of
the transmitted vortex beam seems to be the only readily available tool to explore whether
the target can distinguish between OAM beams carrying phase vortices with opposite signs.
I proceeded with my research by focusing the OAM laser beam inside the target using an
aspheric lens with a sufficiently high numerical aperture. This way, all the surface effects
were eliminated, and the interaction was confined to a 3D. My experiment was carried
forward by collecting the transmitted radiation while several laser beam parameters, such
as pulse energy, duration of the pulse, polarization state, and the OAM value carried by
the beam, were precisely controlled. The outcome indeed shows that a dichroism-like effect
takes place when an OAM beam interacts with transparent bulk material. In other words,
the handedness of an optical vortex, i.e., the direction of the twisted phase front of the
beam, could produce chiroptical interactions. My experimental results indicate that using
an OAM beam with a higher topological charge, i.e., more twists in the phase front, could
enhance the chiroptical effect.

I hope these findings open new horizons in this field of research.

1.2 Organization of the Dissertation

Chapter 2: This chapter provides a brief review of the physical mechanisms behind the
interaction of ultrashort laser pulses with material, particularly relevant to the experi-
ments presented in this work. It highlights the benefits of ablation with femtosecond lasers
over the lasers with longer pulse duration. This chapter also introduces the details of
the femtosecond laser system used in the presented experiments, the experimental setup
consisting of machining systems, and the analytical techniques used to evaluate the exper-
imental data. Various crucial parameters that need to be controlled during experiments
are also discussed.

Chapter 3: This chapter briefly introduces vortex beams and presents an overview of
LaguerreGaussian (LG) beams having structured intensity, polarization, and phase, with
a doughnut-shaped intensity profile that carry orbital angular momentum (OAM). It also
discusses various methods to generate such beams are presented; the focus, however, is
mainly on one of the most applied devices in vortex generation, called q-plate.

Chapter 4 presents experimental investigations of the ablation of silicon surface and,
for the first time, the formation of individual nanocone features upon irradiation of single
femtosecond laser vortex pulse. Under irradiation, the intensity distribution of the struc-
tured light is mapped onto the silicon surface, causing localized melting. Subsequent fluid
dynamics lead to the formation of a nanocone at the null intensity region. Experimental
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results also reveal the evolution of the crater formation as a function of pulse energy and
the number of pulses on the surface. Moreover, the role of both spin and orbital angular
momenta on the height of the formed nanocones was explored.

Chapter 5 addresses how light can be used to actively manipulate material in two
dimensions with nanoscale precision. It demonstrates a technique to fabricate individual
nanocones in a complex-patterned structure on the surface of silicon and control their
position with nanometer resolution. This technique exploits the phase and polarization
singularities of the vortex beam that allow us to control the null intensity regions in the
beam profile. It is shown that varying the phase retardation of the two orthogonal po-
larization states of the incident structured light can control the position of the fabricated
nanocones.

Chapter 6 discusses the characterization of complex polarization states of light. The
standard approach to determine the light’s polarization state involves measuring Stokes
parameters. Extending this technique to characterize very complex polarization states re-
quires polarization tomography, where the output polarization state is reconstructed from
the measured spatially dependent intensity profiles of six different zero-order polarization
states. In comparison, our method lies in the direct visualization of complex polariza-
tion states by imprinting them onto a solid surface in the form of laser-induced periodic
nanogratings oriented parallel to the local structure of the electric field of light. In this
chapter, it is demonstrated that this technique can be extended to even more complex
polarization states produced by the coherent superposition of vortex beams.

Chapter 7 reviews some of the recent studies on the interactions of structured light
with atoms and molecules. This chapter will then continue by presenting my experimental
investigations on the role of OAM in producing helical dichroism in solids. Results reveal,
for the first time, that a bulk of transparent material irradiated by OAM beam shows
a chiroptical response. This significant chiroptical influence in light-matter interactions
seems to be associated with the OAM of the beam and depends on the direction in which
the vortex beam twists (considered as the OAM’s sign) and is enhanced by increasing the
magnitude of the OAM.

Chapter 8 summarizes the key results presented in this thesis and provides a broader
outlook by proposing future research to address several potential applications as well as
unanswered questions regarding the interaction of femtosecond vortex pulses with material.
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Chapter 2

Basics of Femtosecond Laser
Interaction with Matter

Femtosecond laser pulses with moderate energies can have an extremely high peak power,
and intensity that makes them effective candidates in material processing and precise laser
structuring [1–4]. Understanding the basic physics of the interaction of such ultrashort
laser pulses with matter enables one to develop new and more precise techniques to study
and manipulate material properties for various applications.

This chapter presents the importance of femtosecond laser pulses in the field of laser-
matter interaction as they overcome some limitations of a long-pulsed laser system for
micro/nanoscale fabrication. It also introduces different mechanisms for energy absorption
and deposition (resulting in a rapid build-up of free carriers and coupling with the lattice
subsystem) in laser-irradiated material. An overview of Ti:Sapphire laser system that was
used in our experiments along with my experimental setup used for micro/nano fabrication
by structured femtosecond laser pulses is provided. Moreover, a brief review of the key
experimental parameters in femtosecond laser structuring is presented.

2.1 Why Femtosecond Lasers?

Among all types of lasers used in laser material processing, femtosecond lasers have been
widely used for micro and/or nanoscale fabrication as they overcome some limitations of
long pulse laser systems.

Extremely high laser intensities (1013 − 1014 W/cm2) can be readily produced with
fs pulses at moderate pulse energies. For instance, a laser pulse with a duration of 100
fs and pulse energy of 0.33 mJ, when focused to a diameter of 20 µm, yields a peak
intensity of 1015W/cm2. While a 100 J pulse would be required to acquire the same
intensity from a 10 nanosecond laser pulse [5]. At high enough intensities, electrons absorb
the light through nonlinear ionization processes (avalanche and multiphoton absorption)
which leads to plasma formation. Then a considerable amount of laser energy is absorbed
in the ablated plasma plume. Such a nonlinearity along with the ultrashort duration of fs
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Figure 2.1: Long-pulse (ns) and ultrafast-pulse (fs) laser interaction with material [6] (the
graphic is used with permission from Clark-MXR, Inc). The absence of thermal effects in fs
ablation can lead to a less heat-affected zone, collateral damage, shockwaves, cracks, surface
debris and unwanted ripple formation. This makes fs laser ablation a precise machining
technique [7].

laser pulses lead to a localized interaction, i.e., confined in the focal volume of the laser
with submicron precision. For long laser pulses, in contrast, the pulse intensity is not
enough to substantially ionize the material. Therefore, the absorbed energy is used to
break the bonds during the pulse not to generate a high density plasma. This will result
in sputtering of the target surface, as shown in Fig. 2.1.

Moreover, the pulse duration of femtosecond lasers is shorter than the electron relax-
ation time (which is of the order of 1 ps) and also the duration of heat conduction (micro-
to nanoseconds). Therefore, the energy deposition in the light-matter interaction process
occurs within the pulse [8], i.e., faster than the speed at which atoms move in the air
or vibrate within molecules, and before initiating any relaxation or thermalization pro-
cesses [9]. It means any heat transfer from highly excited electrons to ions begins long
after the pulse has left the material, from several hundred femtoseconds to a few picosec-
onds, depending on the material. Due to these non-equilibrium conditions, the situation is
often described by a two-temperature model, where electron and lattice temperatures can
be treated independently [10,11].

In contrast, for long (pico- and nanosecond) pulses , the electron-lattice energy transfer
takes place in the pico- and nanosecond timescale. Therefore, the electron and ion will
be in thermal equilibrium and the lattice temperature increases during the pulse. This
eventually leads to a thermal expansion and the formation of a large heat-affected zone
(HAZ). This heat flow to regions outside the processing area leads to collateral damage,
a large amount of molten material, vaporization, and micro cracks creation that causes
permanent damage to the material. As material evaporates, plasma absorption may also
occur resulting in shockwaves and may produce unwanted surface ripples or even damage
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Figure 2.2: SEM images of a hole drilled in 100 µm thick steel foil at 780 nm with (left)
200 fs, 120 µJ, F=0.5 J/cm2 laser pulses, (middle) 80 ps, 900 pJ, F=3.7 J/cm2, and (right)
3.3 ns, 1 mJ, and F=4.2 J/cm2 laser pulses [12].

to the nearby structures and an improper structuring.

Another key advantage of material processing with fs pulses is that the energy deposi-
tion in the material is relatively small 1 and also temporally separated from the material
removal. Therefore, there is no interaction between the ejected material and the laser pulse.
As a result, an improvement in the localization of energy deposition, a reduced HAZ with
no shockwaves, and a precise ablation and/or modification is achieved. It is also notable
that material processing with fs laser pulses does not require defect electrons to initiate
the absorption process, i. e., it is considered a deterministic process.

All these unique features of femtosecond laser pulses enable minimal mechanical and
thermal collateral damages resulting in a clean and highly precise patterning, and ablation
process [1, 5]. As a result, the fabrication of geometrically complex structures in three
dimensions is possible. Figure 2.2 shows advantages of femtosecond laser pulses over nano-
and picosecond pulses for precise material processing [12]. It demonstrates that due to the
absence of thermal losses in the femtosecond regime, holes in metal targets can be drilled
with much lower laser fluences.

2.2 Physical Processes Involved in Femtosecond Laser-

Matter Interaction

As I briefly discussed earlier, femtosecond laser pulses have shown significant impact on
basic research, e. g., fundamental physical processes that occur in solids in ultrashort time
scales, as well as industrial applications through material modification/ablation in terms
of spatial precision. In general, the basic phenomena during these processes are excitations
that take place in femtosecond timescales (during the presence of the laser pulse), melting
in the picosecond regime, and material removal that takes up to several nanoseconds. Here
a brief review of the main mechanisms during the femtosecond light-matter interaction is

1This is because they require less energy to produce any optical breakdown in the material.
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presented. Figure 2.3 [13, 14] also shows detailed-processes that occur after irradiation of
the laser pulse on material.

The laser beam energy, irradiated on the surface of a solid, can be absorbed by free
carriers and/or electrons in the valance band, depending on the material. In metals, for
example, free carriers (i.e. electrons in the conduction band) absorb photons and acquire
energy while in semiconductors and dielectrics electrons are excited from the valence bands
to the conduction bands. This energy absorption occurs in the timescale of the laser pulse
duration. The energy absorption will be followed by energy transfer from electrons to
phonon. This is when lattice heating takes place. When the excitation is weak, the
energy distribution of the laser-excited electrons is nonthermal (it is explained below), and
the energy transfer from the electrons to the lattice is delayed [13]. In contrast, a strong
excitation causes a rapid thermalization, and consequently, melting and ablation will occur.

Figure 2.3: Typical timescales and intensity ranges of the processes involved in the fem-
tosecond pulses (about 100 fs) interaction with solid [13, 14]. Excitation takes place du-
ration of the laser pulse (in the range of femtoseconds). The timescale of melting in the
picosecond regime, however, it may vary for different processes. Material removal (abla-
tion) lasts up to the nanosecond regime.

Sufficiently high laser intensities (1014 W/cm2 or higher) can fully ionize the solid
material and produce a hot plasma. In this case, a direct transition from the solid to the
plasma state takes place. In the case of covalent semiconductors, excitation by femtosecond
pulses with intensities around 1012 W/cm2 leads to a rapid transition to the liquid state.
The excited electron-hole plasma makes the lattice unstable and disordered, on a time
scale faster than the lattice heating time(∼ 100 fs) [15]. In fact, irradiation of high-fluence
femtosecond laser pulses causes an extreme non-equilibrium state that lasts for a few
picoseconds and can be characterized by the existence of extremely hot electrons. Such

14



high temperature is a result of absorbing a large number of photons from the laser pulse and
thermalizing through electron-electron collisions. The lattice, on the other hand, remains
at the room temperature. This is because the time scale needed for laser excitation and
electron thermalization are considerably shorter than lattice heating via electron-phonon
interaction. However, due to rapid variations in the effective potential acting on the ions at
room temperature, they are still subjected to tremendous forces. As a result of such rapid
change in the potential, the ions begin to move. For high enough forces, material become
disordered or in other words molten in an ultrafast time scale. This process is often known
as nonthermal melting. In fact, nonthermal melting happens when atoms are still at room
temperature or considerably below the melting point. Ultrafast melting within less than
one picosecond was demonstrated by Shank et al. [16].

At low energy densities, the heating rate in ions is slow allowing a slow melting process.
which is limited by the speed of sound on a timescale in the range of ∼ 100 ps. In this
case, lattice temperature reaches the material’s melting point (Tm), and the heterogeneous
melting process begins. The process is initiated on defects on the material’s surface, liquid
nucleation sites, and grain boundaries [17], where the energy threshold for melting can be
overcome. A melt front during heterogeneous melting propagates from the surface into
the substance, with speed limited by the speed of sound. It indicates that irradiation of
large laser intensities with heating rates of several tens or hundreds of Kelvin per picosec-
ond leads to large superheating. However, upon irradiation of ultrashort pulse laser at
large laser fluences, extremely high heating rates (1014 K/s and higher) are achievable.
Such strong superheating (temperatures T > 1.5 Tm) is sufficient to initiate rapid homoge-
neous nucleation [18] of the liquid phase inside the superheated crystal. In this situation,
the melting threshold fluence exceeds, and the crystal stability and structure break in
the whole overheated region within a few picoseconds. This time scale is determined by
the time required for electron-lattice equilibration, making this process significantly faster
than heterogeneous melting. In fact, the contributions of homogeneous and heterogeneous
melting in the thermal melting process depend on the laser fluence, pulse duration, and
electron-phonon coupling strength. Homogeneous nucleation at a high rate will eventually
lead to a rapid transition to a vapor phase similar to an explosion. This process is known
as phase explosion or explosive boiling. At very high heating rates, when the material
is in a non-equilibrium state of high pressure and high temperature, rapid melting and
transition to an overcritical fluid is possible. The final state will be the hydrodynamic ex-
pansion of the heated material and ablation (material removal). Material expansion of the
complete heated layer occurs on a timescale ∼100 ps. This means, although femtosecond
laser pulses interact with the material on a fs timescale, the actual ablation process is much
slower. Expansion and ablation of the laser-excited material are in a timescale within the
nanosecond regime [19].

2.2.1 Excitation

The first step in material modification under laser irradiation is laser energy absorption.
The energy absorption involves excitation of (a) free carriers in metals (electrons in the
conduction band absorb photons and obtain higher energy) or (b) electrons from valance
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bands in semiconductors and dielectrics (resulting in transitions to the conduction band).
In all cases, the energy deposition takes place within the laser pulse duration. When the
electrons absorb the photon’s energy, they undergo a transition either through a linear
absorption, if photon energy exceeds the bandgap, or a nonlinear absorption, when the
band gap is larger than the photon energy.

Several parameters, such as wavelength and laser intensity, play a crucial role in en-
ergy absorption mechanisms. For example, non-UV wavelengths cause different absorption
mechanisms in absorbing materials such as metals and semiconductors than transparent
dielectric materials such as glasses and plastics. In addition to the pulse energy and the
wavelength, the absorption mechanism is also governed by the material bandgap. For in-
stance, in transparent materials, with large bangaps, the absorption is a nonlinear process
and causes laser-induced optical breakdown [5]. The reason is that the ionisation occurs
at intensities in the range of 1013-1014 W/cm2, with a strong nonlinear dependence on
intensity. In this case, a significant amount of the laser energy is transferred to the mate-
rial and produces a large number of ionized electrons (∼ 1021 cm−3 for femtosecond laser
pulses of wavelengths in the visible and near IR), and consequently, a permanent material
modification by transferring the energy to the lattice. In fact, in this process, a strong
tightly-focused fs laser pulse transforms a transparent material into an absorbing plasma.
Further energy absorption by the generated plasma causes heating and subsequent irre-
versible damage to the material. The nonlinear processes that may cause breakdown are
multiphoton absorption and formation of an electron cascade or avalanche ionization.

In case of the interaction of fs-laser pulses with semiconductors, the peak of the electric
fields are orders of magnitude larger than the Coulomb fields (109V/m) that bind electrons
to atoms [20]. As a result, the nonlinear absorption in the form of two-photon or higher-
order multiphoton electronic transitions is dominant. For example, the interaction of 800
nm laser pulses with silicon (bandgap of 1.1 eV) will be primarily a linear absorption
process. However, femtosecond pulses (intensity of 1013-1014W/cm2) have energies high
enough to make the two-photon absorption significantly probable.

Multiphoton Ionization (MPI) is a nonlinear absorption process in which the
valance electrons can be lifted across the bandgap to the conduction band by the simulta-
neous absorption of two or more photons. This nonlinear absorption occurs when fs laser
pulses at high laser intensities (greater than 109 W/cm2) and high laser frequencies (but
not high enough for single photon absorption) interact with the target. In other words,
MPI is probable if the energy of the absorbed photons exceeds the bandgap energy (Eg)
of the material, n~ω ≥ Eg, where ω is the frequency of the laser photons and ~ is Planck’s
constant. Therefore, in dielectric materials, multiphoton absorption is dominant because,
generally, their bandgap is much larger than the photon energy. For example, the photon
energy of 800 nm femtosecond laser pulses is calculated to be 1.55 eV. Therefore, a ma-
terial with an ionization potential of 5.47 eV (e.g., diamond) requires to absorb at least 4
photons. The probability of multiphoton absorption is proportional to the laser intensity,

P (n) = σn I
n (2.1)
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where n is the number of photons, σn is the absorption/ionization cross-section for n
photons and I is the laser intensity.

For strong laser fields and comparatively low laser frequencies, this process transfers to
tunneling ionization. In the tunneling ionization, the strong electric field of the incident
laser beam is sufficient to lower the Coulomb potential barrier of the bound electrons. The
electron can then escape or tunnel through this reduced potential well and ionize the atom.

The two different ionization regimes are differentiated by a parameter, known as the
Keldysh parameter [21], defined as

γ =
ω

e

√
m c ε0 Eg

I
(2.2)

here ω is the laser frequency, e and m are the charge and mass of an electron, respectively,
I is the laser intensity, Eg is the bandgap energy of the material, ε0 is the permittivity of
the free space, and c is the speed of light in vacuum. Although, under some conditions,
this parameter is not suitable and does not properly predict the ionization mechanism [22].

• For γ � 1, tunneling ionization takes place.

• In the case of γ �1, the electron is ionized from atoms by multiphoton ionization.

• There is always an intermediate regime (γ ≈1) in which both mechanisms are prob-
able.

Avalanche Ionization is another important photoionization mechanism that occurs
when high intensity laser pulses interact with matter. The two key mechanisms that ex-
plains the avalanche ionization are ”inverse bremsstrahlung”and ”impact ionization”.When
laser pulse irradiates into solid materials, the quasi-free electron oscillates with the elec-
tromagnetic field generated by the laser light and collides with nearby atoms/molecules,
absorbing or losing energy (inverse bremsstrahlung effect).

At high intensities, the energy absorbed by the electron during the collisions is more
than what it loses. By acquiring more energy, the ionization threshold of the material
is surpassed, and second-generation quasi-free electron is created (impact ionization). In
other words, the avalanche ionization is considered a secondary ionization process as it
requires a population of free carriers to be present in the conduction band and seed the
exponential growth of free carriers. These seed electrons can be produced by thermally
excited impurities or defect states or directly from multiphoton and/or tunneling ioniza-
tion [5]. When electrons become excited, their energy is transferred to phonons (lattice
vibrations) and bound electrons by collisions and thermalization2. In fact, electron-electron
collisions lead to thermalization (on a timescale of up to several hundreds of femtoseconds),

2The energy transfer from electrons to the lattice is often described by a two-temperature model.
The two-temperature model assumes that both electrons and phonons energy distributions are thermal
distributions characterized by the electron temperature and the lattice temperature, respectively.However,
the two-temperature model is not valid when the timescale is shorter than the electronic thermalization time
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whereas electron-phonon collisions cause relaxation between electrons and phonons (on a
timescale from several hundred femtoseconds to a few picoseconds depending on the mate-
rial) [23]. The maximum collision rate occurs when the electrons are at Fermi temperature,
during which the electron energy reaches the ionization potential and the solid turns into a
plasma. At this point, the collision rate is equal to the plasma frequency (ωp). This process
promotes more electrons to the conduction band as long as the seed electrons gain at least
twice the bandgap energy from the laser field [24]. A newly freed electron (seed electron)
collides with another valance electron and elevates it to the conduction band. Both elec-
trons gain sufficiently high kinetic energy to force other bound electrons to overcome the
ionization potential. This process, known as electron impact ionization, can double the
number of free electrons and will be repeated for other excited electrons. Therefore, the
energy of valence electrons increases and eventually exceeds the minimum of the conduc-
tion band energy. When a chain of impact ionization occurs, the resultant phenomenon is
referred to as an electron avalanche ionization.

Plasma Formation occurs when an intense laser pulse is focused onto a solid such
that the energy density surpasses the ablation threshold of the material. The leading
edge of the pulse ionizes the material and forms a plasma, while the trailing edge of the
pulse interacts with the generated plasma. As the electron equilibration time for a plasma
density of 1023cm−3 is shorter than the pulse duration, an equilibrium is reached by the
plasma. Therefore, the electron energy distribution follows the laser intensity profile for
the remainder of the pulse [24]. The plasma oscillates at the frequency of the electrons
that form it. Once the frequency of the plasma reaches the frequency of the incident pulse,
i.e., a critical plasma (Nc ∼ 1021cm−3) condition is satisfied, and a significant amount of
the laser beam will be absorbed by the plasma. Above the critical plasma frequency, the
laser pulse is mostly reflected and slightly absorbed. However, below the critical plasma
frequency, the laser beam propagates through the plasma with a minor attenuation.

As shown in equation 2.3, the plasma frequency depends on the electron density (N),
the charge of the electron (e), the electric permittivity (ε), and the effective mass of the
electron (m).

ωp =

√
Ne2

ε m
(2.3)

This equation states that overdense plasmas (N greater than Nc) oscillate at frequencies
higher than the critical frequency while underdense plasmas (N lower than the Nc) oscillate
below the critical value.

(as the electron temperature looses its meaning [10].Since the electrons and lattice are not in equilibrium,
they can be studied in two separate but coupled heat transport equations. This process depends on the
material and happens in a timescale from several hundred femtoseconds to a few picoseconds. For most
metals, thermalization time is on the order of 10−12 − 10−10s, whereas in non-metals it can be as long as
10−6s [25], and in polymers and dielectric materials, it is on the slower end of this range.
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2.2.2 Melting and Resolidification

For low laser fluences (below the melting threshold), localized laser heating can cause
large temperature gradients and rapid self-quenching of the material, leading to a highly
non-equilibrium situation [26]. The result would induce thermal stresses accompanied by
acoustic waves, warping or cracking [27]. However, for fluences above the melting threshold,
energy transfer from highly excited electrons to the lattice occurs that results in melting
process.

As mentioned earlier, there are two types of melting, thermal and nonthermal. When
the pulse energy is large enough to excite electrons in a way they can exceed 10%15% of
valence electrons and achieve a critical density of conduction band electrons (1022cm−3), an
atomic disordering is induced [16]. This situation results in an ultrafast phase transition to
a liquid state. This process is known as nonthermal melting because it is originated from
the interaction of hot electrons with cold (initially room-temperature) atomic nuclei that
are not in thermal equilibrium [28]. In thermal melting, in the absence of any sudden dis-
ordering of the lattice, electron-phonon coupling leads to a heat flow from excited electrons
to the lattice. Over several picosecond 3, therefore, they both reach the same temperature
that is sufficient for melting. Afterwards, a thin layer near the material surface faces a
transition to a liquid phase.

After thermalization, the spatial distribution of the laser energy is identified by the
temperature profile; vis-a-vis profile of the optical absorption. Therefore, one anticipates
a high temperature gradient in highly absorbing material. Such a thermal gradient causes
a thermal diffusion into the solid bulk; therefore, heat is pushed away from the molten
layer. This results in cooling and solidification of the molten material that takes place on
a timescale of 10−11-10−10 s [29]. When energy is deposited into the material on a time
scale much faster than the thermal diffusion time, ablation of the material surface occurs
resulting in permanent changes to the bulk structure. In the following, we review the
ablation process.

2.2.3 Ablation

Laser ablation is the removal of material from a target’s surface. In this process, absorp-
tion of the laser energy by the material eventually causes boiling of the molten surface.
Ablation takes place in timescales of the order of hundreds of nanoseconds. There are
several physical mechanisms involved in the ablation process, such as spallation [30], phase
expansion (explosive boiling) [32], Coulomb explosion [33], material ejection, and evapora-
tion [34]. Material properties and defects, surface morphology, as well as laser parameters
such as wavelength, fluence, and pulse duration are essential to determine which ablation
mechanism is dominant. For instance, in single pulse regime, typical threshold fluences
required to ablate metals are between 1 and 10 J/cm2 and to ablate insulators are between
0.5 and 2 J/cm2 [25]. Ablation thresholds may decrease in the multiple-pulse regime.

3 This process takes place over several picoseconds [31]. However, it has been shown that depending
on the laser fluence, thermal melting can occur in a timescale shorter than 1 ps [18].
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Spallation is the mechanism of material ejection that occurs when the laser fluence
is just above the ablation threshold. For example, Fang et al. [35] reported a fluence of 0.1-
0.25 J/cm2 required for a metal ablation to occur. When the laser heating takes place in a
time interval shorter than the time needed for the material expansion, laser ablation occurs
under mechanical stress confinement. The laser heating in constant volume conditions leads
to the generation of strong compressive stresses. The resultant mechanical action ejects a
molten layer/droplets from the material. This material ejection mechanism is known as
spallation [36]. The final shape of the surface structure generated in this process is governed
by two factors: the resistance of the colder periphery of the laser irradiated spot to the
ejection of spalled layers, and the rapid solidification of the transient molten material [37].
In laser fluences above the spallation threshold, the spalled layer gradually decreases until
it vanishes, which leads to the phase explosion [38].

Phase Explosion and Thermal Evaporation happens when the laser fluence in-
creases (0.35-1.0 J/cm2) [35]. In this condition, the thickness of the spalled layer decreases
and eventually vanishes [39]. For example, the central part of a laser pulse with a Gaus-
sian intensity profile may cause the phase explosion mechanism while its outer region can
simultaneously induce spallation. In the phase explosion, the molten material changes
its phase to a liquid-gas metastable state. Subsequently, homogeneous nucleation of gas
bubbles occurs that will lead to the formation of a heterogeneous phase of gas and liquid
droplets. At a high enough excitation fluence, the surface layer of the material can become
atomized entirely, and material removal proceeds by the vaporization process. Condensa-
tion of vaporized atoms as well as decomposition of ejected liquid layers or a porous foam
generated by the phase explosion can eventually form nanoparticles.

Coulomb Explosion is an ion emission process that may occur during the ablation.
This process typically takes place at high intensities where plasma formation and ablation
occurs.

In this process, after the material absorbs the laser pulse energy, the excited electrons
are ejected from the target surface. The electron ejection forms positive charges on the
surface. The resultant charge separation between the ejected electrons and the ionized
atoms generates a strong electric field resulting in repulsive forces between the ions. Once
the repulsive force passes the binding forces of the ions in the lattice, a strong ion emission
pulls them out of the target. It, in fact, leads to the removal of the first few monolayers
(several nanometers) of the lattice within the skin depth of the material [40].

2.3 Laser System

Among all types of femtosecond lasers, Ti:Sapphire regenerative amplifier laser system is
one of the most widely-used ones because of its broad continuous wavelength tuning range.
This allows the production and amplification of optical pulses with extremely short dura-
tion. This chapter presents a brief introduction to the operating principle of a Ti:Sapphire

20



femtosecond laser, including its oscillator and amplifier. Besides, the autocorrelation tech-
nique to measure ultrashort pulses is explained.

2.3.1 Ti:Sapphire Crystal

The gain medium is a Ti:Sapphire crystal produced by introducing Ti2O3 into a melt of
Al2O3, where Ti3+ (titanium) ions replace a small percentage of the Al3+ (aluminum)
ions [41]. Absorption transitions occur over a wide range of wavelengths from 400 nm
to 600 nm, and fluorescence transitions occur from wavelengths as short as 600 nm to
wavelengths greater than 1000 nm, as shown in Fig 2.4. However, lasing is only possible
at wavelengths longer than 670 nm because of the overlap between the long wavelengths of
the absorption band and the short wavelengths of the fluorescence spectrum. Ti:Sapphire
crystal has an emission spectrum that can support pulses down to ∼ 6fs [5]. A Ti:Sapphire
laser is pumped with a frequency-doubled Nd:YAG laser (530 nm) to excite the crystal and
initiate the lasing process.

Figure 2.4: Absorption and emission spectra of Ti:Sapphire crystal [42].

2.3.2 Oscillator

A typical laser oscillator system contains the Ti:Sapphire rod and several optics, including
pump beam mirrors, focusing mirrors, an output coupler, dispersion control prisms, a slit
for wavelength selection, and tuning elements, as shown in Fig 2.5.

The presence of several optical elements inside the laser cavity produces a positive
group velocity dispersion (GVD), i.e., shorter wavelengths propagate slower than longer
wavelengths. This phenomenon causes an unwanted pulse broadening. Several techniques
have been developed, employing dispersive materials, to compensate for such broadening.
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Figure 2.5: Basic layout of Ti:Sapphire mode-locked oscillator [43].

Studies of the dispersion properties of optical elements such as prisms and gratings in
the 1970s 1980s introduced a valuable approach to shorten the laser pulses and develop
femtosecond lasers. Using a prism sequence [44] is one way to obtain stable short output
pulses. This sequence spatially expands the wavelengths and produces a negative group
velocity dispersion (GVD) inside the laser cavity. In fact, the first prism spatially disperses
the pulse such that the red components of the pulse travel through more material in the
second prism than the blue components. Consequently, shorter wavelengths travel in a
shorter time. By placing the second prism, the spatial offset is compensated, and the
pulse retraces its path through the prism [45]. Changing the position of prisms varies the
amount of the prism material in the beam path, consequently changing the GVD and the
pulse width. Several prism arrangements could be considered. Figure 2.6 demonstrates
one of the most well-known arrangements, which exploits two prism sets with an incident
Brewster angle at each surface [46].

Figure 2.6: A schematic showing a prism arrangement with an incident Brewster angle
at each surface. This combination is used to compensate the dispersion inside the laser
cavity.

Another essential element inside the cavity is a variable slit located in the path of the
dispersed beam, as shown in Fig 2.5. By changing the position of the slit in the vertical

22



plane, it is possible to tune the output wavelength. The bandwidth of the output pulse
can also be varied by changing the width of the slit.

Using prism and grating arrays allow us to control the pulse duration and mode-locking
status of the femtosecond laser. However, other techniques are also required to improve
the laser power.

Mode-locking

In general, laser emission has a finite spectral bandwidth of ∆ν due to the finite linewidth
of the laser transition. When the gain bandwidth (∆ν) is larger than the mode spacing of
c/2L (where c is the speed of light and L is the optical length of the laser cavity), then laser
oscillations can take place at several longitudinal modes, νm. These modes are separated
by a mode-spacing of δν, as presented in Fig 2.7.

Figure 2.7: Basics of mode-locking. (Upper panel) the laser output representing the modes
that are forced to have an equal phase. (Lower panel) longitudinal cavity modes separated
by the frequency spacing δν = c/2L. ∆ν, τ , and T are referred to as the bandwidth of the
output, duration of the pulse, and pulse repetition rate, respectively.

With no control on the laser spectrum, each mode oscillates independently, and their
amplitudes and phases vary randomly with time. The resultant interference between the
modes causes an incoherent laser output and fluctuations in the output intensity. However,
it is possible to manipulate phases of the modes to obtain well-defined, perfect ultrashort
pulses. To achieve this goal, an active medium with a broad gain bandwidth, and hence
a multimode lasing regime is required. The multimode lasing is achievable by exploiting
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a mode-locking technique [47]. A laser is said to be mode-locked when the phases of
electromagnetic waves of all oscillating modes (longitudinal modes) are forced to maintain
equal frequency spacing with a fixed phase relationship to each other. As a result, there
will be constructive interference between the modes at a specific moment and destructive
interference at any other time. The resultant output will appear as a pulse with a duration
of τ , determined by the entire spectral bandwidth. The output pulse propagates at the
group velocity corresponding to the central frequency of the pulse. Due to the interference,
emitted energy from the modes is concentrated in a single pulse with a period of T = c/2L.
The temporal profile is then the Fourier transform of the spectral profile.

A train of mode-locked ultrashort pulses can be generated using a variety of approaches.
The most common techniques are categorized into two regimes; active [48] and passive
mode-locking [49], as schematically shown in Fig 2.8.

(a) (b)

Figure 2.8: Schematic of (a) active and (b) passive mode-locking techniques [50].

• Active mode-locking: In this approach, an externally driven signal matching the
cavity round trip time modulates the radiation in the laser cavity. The modulator is
often either an electro-optic modulator (EOM) or acousto-optic modulator (AOM). In
AOM, a time-varying amplitude (loss) modulation, referred to as AM mode-locking,
takes place while EOM produces a time-varying phase change, often referred to as
FM mode-locking.

• Passive mode-locking: In this technique, a nonlinear medium such as a saturable
absorber is inserted into the cavity. Due to the nonlinear effect in the medium, intense
pulses are transmitted while weak pulses are absorbed by the medium. Therefore,
laser radiation itself generates a modulation. This modulation is thus automatically
synchronized to the cavity round-trip frequency and requires no external signal.

Kerr lens mode-locking (KLM) [51], also referred to as self-mode-locking, is one of
the most important passive mode-locking methods. This technique is the most used
method where femtosecond laser pulses shorter than 100 fs is required [52]. In the
Kerr effect, the pulse intensity causes a refractive index change along the optical
path. Due to the spatial intensity distribution of the laser pulse, this effect is more
significant in the center of the beam than the side. It causes the nonlinear crystal to
behave as a lens that leads to a strong self-focusing effect. The high intensity region
of the beam incident onto the Kerr lens is then focused through an aperture, placed
after the Kerr lens, and results in an ultra-short intense pulse.

24



The Ti:Sapphire oscillator (Tsunami) that I worked with to perform my experiments
was an AOM mode-locked oscillator. In the following, a brief introduction to the acousto-
optic modulation is presented.

Acousto-optic Modulation

As mentioned, acousto-optic modulation is the most employed approach to achieve active
mode-locking. An acousto-optic modulator consists of a crystalline medium such as quartz
with polished surfaces and a piezoelectric transducer attached to one surface. A radio
frequency (RF) signal source drives the transducer to oscillate. The transducer’s vibration
is then transferred to the optical medium and creates acoustic waves. The frequency of
acoustic waves correspond to half the cavity round-trip frequency c/2L [50] (the laser rep-
etition rate) or twice the RF frequency. The sound wave generation can also be explained
as a result of moving periodic planes of expansion and compression in the material which
is accompanied by local changes in the material refractive index . This periodic change
of the refractive index, traveling at the sound velocity in the medium, acts as a phase
grating with a periodicity equal to the acoustic wavelength and an amplitude proportional
to the sound amplitude [53]. A beam of light passes through the material (refractive index
grating), interacts with the traveling acoustic waves and experiences Bragg diffraction.

Once the incoming light beam interacts with this grating, a portion of it is diffracted
and phase shifted and an interference pattern similar to that in Bragg diffraction occurs.
Some properties of the light exiting the AOM can be listed as:

(a) The acoustic wave resonance of the transducer can be controlled by the thickness of
the transducer crystal. The transducer can be made very thin if it is used to launch
an acoustic wave into a Bragg cell to have the three lowest diffraction orders (such
as a quartz block).

(b) The frequency of the diffracted beam will be Doppler-shifted by an amount equal to
the acoustic frequency [54].

(c) For acoustic waves of sufficiently high power, most of the light incident on the acousto-
optic modulator can be diffracted and therefore deflected from its incident direction.

(d) The diffracted beam experiences a frequency shift by an amount equal to the fre-
quency of the sound wave.

2.3.3 Chirped-Pulse and Regenerative Amplification

One key advantage of the sapphire crystal is its resistivity to thermally induced damage.
This capability makes it a preferred option to be optically pumped at very high average
powers. However, due to the self-focusing effect, high peak powers coming directly from
amplified femtosecond pulses cause permanent damage to the crystal. This issue can be
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Figure 2.9: Schematic of chirped pulse amplification. This process enables generation of
ultrafast laser pulse and consists of beam stretching, amplifying, and compressing [56].

resolved using a technique known as chirped-pulse amplification (CPA) [55] that consists
of three steps: pulse spreading, amplification, and pulse compression (Fig. 2.9).

In CPA, laser pulses coming from Ti:Sapphire oscillator operating in a mode-locked
regime are temporally stretched. Frequencies in the pulse disperse (chirped), i.e., they
become extended from low to high values for a positively chirped pulse and from high to
low frequencies for a negatively chirped pulse. The stretching process reduces the peak
power while the fluence remains unchanged. This prevents the optics inside the amplifier
from being damaged. In the next step, stretched pulses are amplified using a pump laser
that excites the crystal before the stretched pulse arrives. The amplified pulse is then
compressed. Through the CPA process, higher repetition rates, higher powers, and shorter
pulse lengths are achievable. As shown in Fig. 2.9, such a femtosecond laser system consists
of an oscillator operating in a mode-locked regime that provides the seed pulse, a stretcher,
an amplifier, and a compressor.

In order to produce pulses as short as ∼ 50fs with high energy (up to joules), a widely-
used technique known as ”regenerative amplification” [57] is used. In this technique, the
pulse is trapped in the laser cavity to be amplified. Trapping the pulse and releasing it is
achieved by exploiting a Pockels cell (as a pulse picker) and a polarizer. The Pockels cell
consists of a birefringent crystal that can change the polarization of a traveling laser field
by applying a high voltage on it. In general, a regenerative amplification can be explained
by three operating phases [45]:

(a) pump phase when the voltage applied to Pockels cell is zero, and the laser action is
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Figure 2.10: Regenerative amplifier optical components. The element are as follows, PS1
and PS2: polarization rotating periscope, OL1 and OL2: negative and positive lenses com-
bination to make an expanding telescope (to reduce the beam intensity in the compressor),
CM: cavity mirror (CM1, for example, directs the pulses to the input Pockels cell), A1 and
A2: apertures, λ/4: quarter wave plate, and M: mirror.

prevented by the quarter-wave plate.

(b) amplification phase, when Pockels cell is switched to λ/4 retardation.

(c) cavity dump phase, when the applied voltage to the Pockels cell is zero (or is switched
to λ/2 retardation).

Figure 2.10 shows a schematic of a typical regenerative amplifier.

2.4 Experimental Setup

Laser structuring using a femtosecond laser has become a widely-used technique for mi-
cro/nanostructuring of materials. In contrast to other techniques such as lithography and
replica molding, it does not require multiple sample preparation steps and can modify
material properties in 3D.

The laser system that I worked with to perform my experiments includes a mode-locked
Ti:sapphire oscillator (Tsunami, Spectra-Physics) capable of producing ∼ 30 fs pulses with
the pulse energy of 5 nJ at a central wavelength of 800 nm and repetition rate of 76 MHz.
A 5 W Nd:YVO4 diode solid-state laser (Millenia, Spectra-Physics, 532 nm) was used to
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Figure 2.11: Micro/nanomachining setup. The optical elements shown here are: mir-
rors (M), a combination of a polarizer (P) and a half-wave plate (HWP) to control the
laser power, a quarter-wave plate (QWP1) to obtain a circularly polarized beam, a q-plate
(q=1/2) to convert the Gaussian beam to a doughnut-shaped vortex beam, second quarter-
wave plate (QWP2) to convert the polarization state to circular polarization, computerized
translation stages (XYZ), a glass plate (GP) to direct the reflected beam from the sample
towards the camera, a CCD camera to accurately monitor the sample surface, fast Photo-
diode (PD) to monitor any fluctuations in the laser power incident on the sample, lenses
(L) to focus the light into the camera and PD, and an aspheric lens.

pump the oscillator. Femtosecond pulses from the oscillator are sent into a regenerative
amplifier (Spitfirepro, Spectra-Physics) to be amplified. The amplifier was pumped by a 30
W frequency-doubled Nd:YLF (Empower, Spectra-physics, 527 nm) laser. The amplifier
operates at a repetition rate of 1 kHz and produces pulses of 40 fs with a maximum pulse
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energy of 2.5 mJ.

In my experiment, as shown in the schematic representation of Fig. 2.11, linearly po-
larized Gaussian laser beam coming from the regenerative amplifier is directed towards the
experimental setup via highly reflective mirrors. Prior to my setup, a small portion of the
beam (∼ 4%) was selected to enter the autocorrelator via a beam dumper to continuously
monitor the pulse duration. The transmitted beam was then divided in two using a beam
splitter such that 20% of the beam entered the setup. In this way, I managed not to
damage the optics but keep the energy that is required in my experiments.

A combination of a motorized rotating half-wave plate (HWP) mounted on a rotation
stage (PR50CC, Newport) with a resolution of 0.02◦ and calcite-based cubed polarizer (with
high distinction ratio) was employed to control/attenuate the laser power. The polarization
of the input beam rotates about the optical axis of HWP in a plane perpendicular to the
propagation direction. Therefore, rotating the optical axis of the HWP relative to the
incidence polarization (electric field direction) can vary the electric field’s amplitude when
it passes through the polarizer. In the next steps, a combination of neutral density (ND)
filters was used to obtain a different combination of optical densities (OD) to dissipate the
beam’s power even more. Optical densities are described as:

Pout = Pin × 10−(OD) (2.4)

where Pout and Pin are the power of the beam before and after the ND filter, respectively.
A combination of quarter-wave plates and a q-plate was used to acquire circularly polarized
vortex beams owing orbital angular momentum of ` = ±1. To generate a linearly polarized
beam, a cube polarizer (CM1-PBS252, 620-1000 nm, Thorlabs) was introduced in the beam
path.

The generated optical vortex beam was then focused either on the surface or inside
the bulk using a 0.25 NA (Newport, 16×, 11.0 mm EFL) aspheric objective lens. Just
before the lens, a glass plate at 45◦ was mounted. A small percentage (4%) of the input
beam is reflected from the glass towards a photodiode to precisely monitor any power
fluctuations. Transmitted light through the glass plate was focused on the sample and
reflected back towards the glass plate and then directed and focused (Thorlabs, f = 100
mm, plano-convex lens) onto a CCD camera (MCE-B013-US, Mightex). A series of ND
filters were placed before the camera to avoid any damage to the camera due to the intensity
of the focused light. This technique was applied to accurately determine the position of
the laser focus relative to the sample’s surface. For a normal incident beam, by adjusting
the sample position in Z direction, two nicely-round and sharp spots (coming from both
top and bottom surface of the glass plate), with the smallest size, appeared on a software
operating the camera.

In all experiments, samples were mounted on three-axis translation stages (XMS50,
XMS50, and VP-25XA, Newport) with a resolution of 100 nm along the axial direction (Z)
and 50 nm along the lateral dimensions (X, Y). The stages were controlled by a motion
controller (XPS-C8, Newport) via LabVIEW interface. All the experiments were performed
with the laser in a gated mode. Triggering the laser and data acquisition were performed by
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a data acquisition card (USB-6251, National Instrument) and the timing delay generator
(TDG) box. The control software was written in LabVIEW.

In gated mode, when the laser output could be a single or multiple-pulse, a signal from
the laser was delivered to the TDG box and the input of the data acquisition card. This
signal was then used as a reference to send the triggering signal from the data acquisition
card to the laser. The triggering signal was then sent back to the enable-delay channel
on the TDG box. The time duration of the triggering signal was exploited to choose
the number of pulses required for the experiment and was controlled by the LABVIEW
software.

2.5 Characterization of the Laser Beam

Several laser parameters, including laser fluence, beam intensity profile, spot size, and
pulse duration, are crucial in the laser processing of materials. Therefore, a precise struc-
turing requires proper knowledge of them. These parameters are discussed in the following
subsections.

2.5.1 Laser Power and Laser Fluence

Characterization of the laser beam requires precise measurements of the power. The power
measurements for most of the experiments presented in this thesis were performed with a
power meter with a thermal detector (UP12E-10S-H5-D0, Gentec-eo), capable of measuring
powers between 1 mW to 10 W with the power calibration uncertainty quoted as ± 2.5 %.
The rise time of the power meter was 0.3 seconds. Therefore, by dividing the measured
average power by the repetition rate of the laser (1 kHz), the energy of individual pulses
can be determined.

In the experiments presented in this thesis, the incident pulses’ energies were measured
after the microscope objective. This way, we considered all the losses caused by the trans-
mission and reflection of the optics. Once the power is measured, we can determine other
crucial parameters in laser-solid interactions, such as laser intensity at the focus and laser
fluence.

The laser fluence (J/cm2) is defined as energy per pulse delivered per unit area (surface
of the beam), and is written as,

F =
E

A
=
Pave
fA

(2.5)

where E is the energy per pulse (J), A the area of the beam(cm2), Pave is the average
laser output power (W) measured by the power meter, and f is the repetition rate (Hz).
Another key parameter is the laser peak power that can be used to calculate the peak laser
intensity delivered to the sample. The laser peak power is given by

Ppeak =
E

τ
=
Pave
fτ

=
F A

τ
(2.6)
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where τ is the pulse duration. Therefore, intensity at the focus will be

I =
Ppeak
A

=
F

τ
(2.7)

In this work, the pulse energy used in different experiments varied from 50 nJ to 2 µJ.

2.5.2 Pulse Duration Measurement

A single shot autocorrelator measured the pulse duration of the laser at the output of the
laser system used in my experiment. This autocorrelator is capable of measuring durations
within the range of 30-150 fs. In a single-shot autocorrelation, the amplifier output beam
is split into two separate beams using a beam splitter. These two separated beams are then
focused on a BBO crystal after a time delay. A second harmonic (SH) signal is generated
in the crystal whose intensity changes if the time delay between the pulses varies. The
maximum signal intensity is achieved when there is a temporal overlap. In the case of
intensity autocorrelation, an autocorrelation in time is transformed into a spatial intensity
distribution. Therefore, the intensity of the SH signal (A) is expressed by

A(τ) =

∫ ∞
−∞

Is(t) Ir(t− τ) dt (2.8)

where Is is the intensity of a beam with no delay and Ir(t − τ) is the intensity of the
delayed beam. The autocorrelation signal is detected by a CCD camera and measured
using a LABVIEW program.

To measure the pulse duration coming from the regenerative amplifier, a beam sampler
(BSF10-B1, Thorlabs, 650-1050 nm) was used to direct a 4% of the beam towards the
autocorrelator. The pulse duration measured using this technique was 45 fs. Notably,
this value shows the duration of the pulse right after the laser amplifier. However, after
passing through every optics, the pulse duration is stretched due to the group velocity
dispersion. Therefore, to find the duration of the pulse that enters the experimental setup,
all the dispersive media in the beam path need to be considered. The pulse duration can
be calculated along with all optics (5 mm beam sampler, 5 mm beam splitter, 6.35 mm
HWP, 25.4 mm polarizer, and 1 mm filter) using the following relation [58]

τ = τ0

√
1 +

(
GDD

τ 2
0

4 ln2

)2

(2.9)

where τ0 is the pulse duration before entering the dispersive medium and GDD is the
group delay dispersion. Considering the thickness and GVD (silica quartz:36.16 fs2/mm
and BK7:44.65 fs2/mm) of each optical component and calculating the GDD for each
element, the pulse duration before the microscope objective was calculated to be ∼81 fs.
Through direct measurement, the pulse duration at the back aperture of the aspheric lens,
with all the optics in the beam path, was 72 fs.
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2.5.3 Laser Spot Size and Threshold Fluence

There are several techniques to determine the laser spot size. One of the most practical
techniques is known as the knife edge technique. In this method, the laser beam’s spatial
distribution is interrupted along the x- or y-axis by a knife-edged device moving at a
uniform speed. The transmitted power is then collected using a photodiode.

The spatial intensity distribution of a Gaussian beam of radius w as a function of the
Cartesian coordinates x and y, measured from the beam centre perpendicular to the axis
of propagation, is given by [59]

I(x, y) =
2P0

πw2
exp

(
−2x2 + 2y2

w2

)
(2.10)

where P0 is the total power. When the knife edge blocks the beam, the transmitted power
can be determined by

P (x, y) =

∫ ∞
−∞

∫ ∞
−∞

I(x, y) dx dy (2.11)

Therefore, the normalized transmitted power at the knife’s position is calculated to be as

P (x)

P0

= erfc

(√
2x

w

)
(2.12)

where erfc is the complimentary error function. We also know that, for a Gaussian beam,
the beam radius is determined by

w(z) = w0

√
1 +

(
z

zR

)2

(2.13)

where w0 is the spot size and zR is the Rayleigh range (z0 = πw2
0/λ), the location where

the beam radius increases by a factor of
√

2. By fitting equations 2.12 and 2.13 to the
photodiode output data, a value of the radius of the Gaussian beam (w) can be obtained,
as shown in Fig. 2.12. Using this technique, the spot size for an aspheric lens with a
numerical aperture of 0.25 and 16× magnification was determined to be 1.8±0.1 µm.

Another way to measure the spot size of a tightly focused laser beam with a Gaussian
intensity profile is to measure the dimensions of the ablation crater. This will also enable us
to find the ablation/modification threshold fluence, Fth, that depends on the material and
on the number of laser pulses delivered to the target. The spatial distribution of fluence
for a Gaussian beam, F(r), is given by

F (r) = F e−2 r2/w2
0 (2.14)

where
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(a) (b)

Figure 2.12: Spot size measurement using knife edge technique for a Gaussian beam. (a)
The transmitted power is plotted as a function of the edge position (x). (b) The spot size
is plotted as a function of the edge position along the beam’s propagation direction.

F =
2E0

πw2
0

(2.15)

is the peak fluence of a Gaussian beam, E0 is the pulse energy, w0 is the spot size (beam
radius at l/e2 of the intensity profile), and r is the distance from the beam center. Therefore,
the diameter of the modified region (D) can be found using the relations below [60].

Fth
F

= e−2 (D/2)2/w2
0

= e−D
2/2w2

0

D2 = 2w2
0 ln

F

Fth

(2.16)

This method is usually used for a laser beam with a Gaussian intensity profile. However,
it can also provide approximately accurate values for a beam of light with a doughnut-
shaped intensity profile (e. g., Hyper-Geometric Gaussian modes, a Laguerre-Gauss modes
subclass). Therefore, we used this method to estimate the spot size and threshold fluence
of the laser beam for single and multiple pulse irradiation.

Single Pulse: To experimentally find the spot size at the target surface, several
ablation craters were produced upon single pulse irradiation on the silicon surface. Beam
was focused using a 16× aspheric lens with NA=0.25. Pulse energy was varied over a range
of values. There is a linear relationship between the pulse energy (Epulse) and its fluence
(F ), therefore, a semi-logarithmic plot of D2 versus ln(Epulse) was plotted. A linear fit can
be extrapolated from the graph, where its slope (m) approximately determines a value for
a w0 of the laser spot at the focus [60].
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w0 =

√
m

2
(2.17)

Different D2 values were determined using the software ”ImageJ” and measuring the
dimensions of all the ablation craters on a silicon target, captured by scanning electron
microscope(SEM). Employing this method, as shown in Fig. 2.13, the beam diameter and
the laser threshold fluence are determined to be 2.8 ±0.2 µm and 0.41 J/cm2, respectively.

Figure 2.13: Graphs of D2 versus ln(Epulse) for single pulse irradiation. Measurement were
performed when a Hyper-Geometric Gaussian modes laser beam was irradiated on silicon
surface, i. e., beam had a doughnut intensity profile. The beam diameter and the laser
threshold fluence are determined to be 2.8 ±0.2 µm and 0.41 J/cm2, respectively.

There is also a theoretical way to determine the spot size of a Hyper-Geometric Gaussian
laser beam, given by [61]

wmax = w(z) (|`| (|`|+ 1))1/4 (2.18)

where wmax is the radius of maximum intensity, w(z) is the Gaussian beam radius, and `
is the azimuthal index (integer) in the amplitude of a Laguerre-Gauss beam representing
its order (more information is provided in the next chapter). According to this equation,
the diameter of the maximum intensity was 2.3µm, which is in good agreement with our
experimental data.

Multiple Pulses: As the surface morphology in this regime is different, another
method is required to determine the laser spot size and threshold fluence. The annular
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Figure 2.14: Determination of spot size in multiple pulse regime. Measurement were
performed when a Hyper-Geometric Gaussian modes laser pulses were irradiated on a
CVD single crystal diamond. The beam spot size is determined to be 2.13 ±0.51 µm.

ablation crater in this regime is limited by the internal, rin, and external, rex, radii, at
which the pulse fluence equals the ablation threshold fluence [62]. The theoretical profiles
of the fluence spatial distribution (F`) and the peak fluence (F`,peak) are [62]

F`(r) = F`,peakc`

(√
2r

w0

)2`

e

(
−2r2

w2
0

)

F`,peak = F`(rp) =
2e−```

`!

E

πw2
0

(2.19)

The peak value of the fluence profile is at rp that is given by [62]

rp =

√
`

2
w0 (2.20)

In this case, the spot size is determined by

w0 =

√√√√(r2
ex − r2

in)

` ln
(
rex
rin

) (2.21)

Using these equations, for irradiation of 100 pulses on a CVD single crystal diamond
target, spot size was calculated to be 2.13±0.51 µm, as shown in Fig. 2.14. The single
pulse threshold fluence was also determined to be 0.61 J/cm2.
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Chapter 3

Structured Light

3.1 Introduction

In this chapter, we discuss some of the physical principles governing structured light, e.g.,
light carrying orbital angular momentum (OAM), and spin angular momentum (SAM).
We introduce these physical properties of light in both classical and quantum mechanical
frameworks.

It is well known that electromagnetic radiation and in particular light beams consist
of photons that carry energy and momentum. Whenever light interacts with matter, the
energy and momentum of photons can be transferred to matter. For example, the tail
of a comet approaching the sun and pointing opposite to it is, in fact, the result of the
linear momentum transfer of photons to the ice material of the comet’s core. The rising
temperature of a swimming pool full of water during summer also indicates that the photons
coming from the sun transfer energy to the water in the pool and raise its temperature.
With the advance in optical technology, we have been able to generate electromagnetic
radiation so that upon interaction with material particles, it can cause them to rotate
about an axis aligned with the direction of the propagation of light. In other words,
the same as the rotation of Earth about the sun, these particles carry OAM, which is
transferred to them by light. Moreover, the interaction of photons with free particles can
also result in the spin of the particle about its own axis, indicating the transfer of SAM to
the particle. Both transfers of OAM and SAM of light has been demonstrated and verified
experimentally [1]. In Fig. 3.1 a schematic of lights OAM and SAM features is shown.

3.2 Solutions to Maxwell’s Equations

Here we start with a classical treatment of structured light. As we know, electromagnetic
radiation consists of oscillations of the electric filed, E and magnetic field, B in space and
time. Propagating electromagnetic radiation are mathematically described as the solutions
to Maxwell’s equations. In free space with no charge and current density sources, these
equations take the simple form (in SI units) of:
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Figure 3.1: SAM interaction with a particle induces spin about its axis. OAM interaction
with a particle causes an orbital motion about the axis of the beam [2].

∇ · E =0

∇ ·B =0

∇× E +
∂B

∂t
=0

∇×B− 1

c2

∂B

∂t
=0

(3.1)

Here c is the speed of light in a medium with no electric and magnetic properties otherwise
known as vacuum (c = (ε0µ0)−1/2, where ε0 and µ0 are the permittivity and permeability
of free space, respectively). The 4 first order equations above are equivalent to the two 2nd

order wave equations given by the wave equation

∇2E− 1

c2

∂2E

∂t2
=0

∇2B− 1

c2

∂2B

∂t2
=0

(3.2)

One notes that∇·B=0 indicates the existence of a vector potential function A such that
B=∇×A. As a result the 3rd Maxwell equation can be rewritten as ∇× (E + ∂A/∂t)=0
making it possible to define a scalar potential function Φ such that E=-∇Φ− ∂A/∂t. The
vector and scalar potentials satisfy the following equation (see appendix for details):

∇2A− 1

c2

∂2A

∂t2
= ∇

(
∇ ·A +

1

c2

∂Φ

∂t

)
(3.3)

In the Lorentz gauge, the electromagnetic potentials are chosen such that ∇ ·A + 1
c2
∂Φ
∂t

and hence the vector potential satisfies a wave equation similar to that of the fields:
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∇2A− 1

c2

∂2A

∂t2
= 0 (3.4)

In order to simply the wave equation, we consider solutions in the form of harmonic
oscillations in time. In this way we can separate the time dependence from the spatial
dependence; A(r, t) = A(r)exp(iωt). Here ω is the angular frequency of the oscillating
temporal field. With this separation, the wave equation transforms into the Helmholtz
equation for the spatial part,

(∇2 + k2)A(r) = 0 (3.5)

Here k represents the wave number and satisfies the dispersion relation ω=kc. A stan-
dard set of solutions to the Helmholtz equation are ”plane” waves. They can be represented
by A(r) = n̂Ae−ik·r. Here n̂ is the unit vector which indicates the direction of the polariza-
tion of the field, and k is the wavevector indicating the direction of the propagation of the
plane wave. From Maxwell’s 1st equation in a source-less medium, ∇ ·E=0, it can be ver-
ified that ∇ ·A(r)=0 and this indicates that n̂ ·k=0 . This indicates that the polarization
always oscillates in a plane perpendicular to the direction of propagation. Plane waves have
a well- defined wavevector, and through Heisenberg’s uncertainty relation, they extend to
infinity and thus cannot be physically realizable. However, there exists an approximation
known as the paraxial wave approximation in which one can modulate the plane wave with
a slowly varying envelope along the direction of propagation. It is convenient to take the
z direction as the propagation direction of the wave, k=kẑ. As a result, we have

A(r, t) = n̂Ae−i(kz−ωt) (3.6)

In general, A can be a complex function of position, in other words, it can be represented
as an envelope to the field and thus modulating it in space; A=A(r). The Helmholtz
equation thus reads as:

(∇2 + k2)n̂ A e−i(kz−ωt) = 0 (3.7)

The above equation can be simplified as:

∇2A− 2ik
∂A

∂z
= 0 (3.8)

At this stage we apply the paraxial approximation. That is, we assume the field to be
slowly varying along the z direction such that one can neglect the ∂2A/∂z2 term in the
Laplacian above:

∂2A

∂x2
+
∂2A

∂y2
− 2ik

∂A

∂z
= 0 (3.9)

43



As we consider the field to slowly vary along the z direction we can use the cylindrical
coordinate system to describe the vector potential:

A(r, t) = (x̂cx + ŷcy)A(ρ, z)ei`ϕe−i(kz−ωt) (3.10)

Here ρ is the radial distance from the z axis, not to be confused with the charge density.
cx and cy are complex quantities and satisfy the normalization relation |cx|2 + |cy|2=1. ` is
the azimuthal quantum number (an integer) to satisfy the single valued property of the field
and ϕ is the azimuthal coordinate. (x̂cx+ŷcy) determines the polarization plane of the filed.
Considering the paraxial approximation, the electric field is approximately perpendicular
to the field propagation direction, i.e. E ·k ∼=0 since: ∇ ·E = −∇2Φ− ∂

∂t
∇ ·A in a source

free medium ρ=0 and hence the vector potential is almost perfectly perpendicular to the
propagation direction (k ·A ∼=0).

3.2.1 Polarization Degree of Freedom

Here we consider the polarization of the fields; in particular, we will focus on the electric
field. In general, the complex electric field can be represented in polar coordinates by
E=|E| eiχ where |E| is the modulus and χ is the phase angle. The two-dimensional field in
the transverse plane representing an electric field which is perpendicular to the propagation
direction can be represented by E=Ehĥ + Evv̂. Here, ĥ and v̂ are unit vectors represent-
ing the horizontal and vertical polarizations, respectively. Eh and Ev are the (complex)
components, or in other words, the field amplitude components in the horizontal and ver-
tical directions, their modulus’s squares are proportional to the intensity of the fields in
those directions and satisfy the relation E2=|Eh|2 + |Ev|2. In terms of polarization one can
normalize the components such that, |eh|2 + |ev|2=1. The horizontal (ĥ)and vertical (v̂)
unit vectors together span a two-dimensional vector space which represents the polariza-
tion of the electric field. These unit vectors constitute one of the infinite possible bases of
polarization representation.

Two other useful bases are the circular and diagonal bases defined as l̂ ≡ 1√
2
(ĥ + iv̂)

(left circular polarization vector) r̂ ≡ 1√
2
(ĥ − iv̂) (right circular polarization vector) d̂ ≡

1√
2
(ĥ+ v̂) (diagonal polarization vector) â ≡ 1√

2
(ĥ− v̂) (anti-diagonal polarization vector).

The unit vectors are replaced by eigenkets Diracs’s notation of quantum mechanical state
vectors: |h〉 (horizontal polarization eigenket) |v〉 (vertical polarization eigenket) Similarly,
the eigenkets in the other two representations are given by: |l〉 = 1√

2
(|h〉 + i |v〉) (left

circular polarization eigenket) |r〉 = 1√
2
(|h〉 − i |v〉) (right circular polarization eigenket)

|d〉 = 1√
2
(|h〉 + |v〉) (diagonal polarization eigenket) |a〉 = 1√

2
(|h〉 − |v〉) (anti-diagonal

polarization eigenket). The spin eigenvalues of photons (which are bosons of total spin
1) can take two values, σ+=1 and σ−=-1. Thus the above eigen kets can be represented
by spinors in a two dimensional Hilbert space. Working in the linear bases in which
the polarization matrix is diagonalized, one can show these states as: |h〉=

(
1
0

)
, |v〉=

(
0
1

)
,

|l〉= 1√
2

(
1
i

)
, |r〉= 1√

2

(
1
−i

)
, |d〉= 1√

2

(
1
1

)
, |a〉= 1√

2

(
1
−1

)
.
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The state of polarization of light can be described in different ways, one way is via
examining the polarization ellipse. This ellipse is formed by the trace that the tip of the
polarization vector traverses as the field propagates, and the orientation of this ellipse is
given by an angle. However, there are more efficient ways to represent the polarization
state of light, as described in the following section.

3.3 Energy, Momentum, and Angular Momentum of

the Electromagnetic Field

The energy, momentum, and angular momentum of an electromagnetic field in a vacuum
inside a volume τ are defined as

W =
ε0

2

∫
|E|2 dτ +

1

2µ0

∫
|B|2 dτ

P = ε0

∫
E×B dτ

J = ε0

∫
r× (E×B) dτ

(3.11)

It can be shown that the angular momentum can be separated into two portions, spin
angular momentum (S) and orbital angular momentum (L),

J = S + L (3.12)

where,

S = ε0

∫
E×A dτ

L = ε0

∑
i=x,y,z

∫
Ei (r×∇) Ai dτ

(3.13)

3.4 Structured Waves and Vortices

Generally, plane waves are nothing more than an abstract construction that cannot occur
naturally, whereas, in the physical world generic wave fields can exhibit features that are
substantially different from planar phase fronts propagating in the normal direction. These
wave fields which are essentially different from plane waves (or smooth Gaussian waves)
are often called structured waves. On the other hand, and from a mathematical viewpoint,
structured waves appear as solutions to the wave equation when an ”external potential” is
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applied. The Schrödinger Equation with an external potential has a counterpart in wave
optics; the paraxial wave equation. Moreover, free space electromagnetic waves are also
generally structured waves since they can be represented as superpositions of plane waves.
Plane waves form a complete set of orthonormal basis, therefore, any arbitrary wave can
be represented by a Fourier transform of plane waves: E(r, t) =

∫
E(k, ω)ei(k·r−ωt)dkdω.

Even the interference of two plane waves can already be considered as a structured wave
field. The most interesting and generic forms of structured waves start from three-wave
interference [3]. Phase singularities are considered dislocations of phase fronts or vortices
[4,5] which naturally occur as a result of three or more interfering plane waves. These phase
singularities are a result of the destructive interference of waves. Let’s assume r = rs is
such as singularity. The (complex) amplitude of the electromagnetic wave vanishes at this
point, E0(rs, t)=0, and thus leaves the phase, ϕ, undefined. Since the amplitude is, in
general, a complex quantity, at points of singularity, both the imaginary and real parts of
it must vanish. Therefore, these points of singularity appear as points in 2D planes and
lines in 3D planes. Outside the singularity, the phase is well-defined where its integral over
a closed-loop containing the singularity can be calculated as:∮

∇ϕ · dr = 2π` (3.14)

where ` = 0,±1,±2, · · · is the topological charge.

As vortices are generic wave forms, in many earlier studies of different types of waves,
they frequently appeared in the literature [6, 7].

3.5 Spin Angular Momentum (SAM)

Here we specifically focus on the spin angular momentum of light (SAM). SAM is the
component of angular momentum of light associated with the photon’s spin or, in classical
electrodynamics, the electromagnetic wave’s circular or, in general, elliptical polarization.

For electromagnetic radiation, if the electric and magnetic field vectors rotate contin-
uously about the axis of the beam upon propagation, then the polarization of the beam
is considered to be circular. If the polarization vector traverses a circle in the clockwise
(counter-clockwise) direction from a viewer’s perspective that is observing the beam on
a plane perpendicular to the beam direction, the beam is considered to be Left (Right)
circular. However, the convention is ambiguous; in some literature, it is the opposite.

Circularly polarized light, as with any other type of electromagnetic wave consists of
countless photons. Photons, which are bosons with a total spin of 1, can possess two
values with respect to the quantization axis. Left circular photons carry a spin angular
momentum of ~, and right circular photons carry a spin angular momentum of -~.

This spin angular momentum is directed along the beam axis, or other words, the
quantization axis. It is in the same direction of the propagation direction if positive,
and it is in the opposite direction to it if negative). Figure 3.2 shows the instantaneous
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structure of the electric field of left (L) and right (R) circularly polarized light in space.
The propagation direction is considered to be along the z-axis. The field components of
the circularly polarized plane waves are given for each polarization. It can be shown that
for a monochromatic electromagnetic wave, the spin angular momentum can be expressed
as

S =
ε0

2iω

∫
E∗ × E dτ (3.15)

From the expression above, one can verify that the spin angular momentum of light
vanishes for linear polarization. For example, consider the case in which the filed oscillates
with a diagonal polarization in the xy plane; E = 1√

2
(x̂+ŷ)|E|,E∗ = 1√

2
(x̂+ŷ)|E|, therefore,

E = E∗ and E∗ × E=0 leading to S=0.

On the other hand, for circular or elliptically polarized light, the spin angular mo-
mentum will take a non-zero value as seen in the following example for left circular light;
E = 1√

2
(x̂+ iŷ)|E|,E∗ = 1√

2
(x̂− iŷ)|E|, therefore, E∗ × E=i|E|2ẑ leading to

Sz =
ε0

2ω

∫
|E|2 dτ (3.16)

The electric field energy in the expression above is given by ε0
2

∫
|E|2 dτ , therefore in

the language of photons, one can replace this term with the energy of n photons: n~ω. For
a single left circular photon, this energy is ~ω and thus Sz = ~. Likewise, it can be shown
that for a single photon with right circular polarization Sz = −~.

Sz

Sz

Figure 3.2: Left- and right-handed circular polarization, and their associate angular mo-
mentum [8].
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3.6 Orbital Angular Momentum (OAM)

We now turn to orbital angular momentum (OAM) of light. Besides the polarization degree
of light, an electromagnetic wave can also have a structure associated with it. In other
words, the orbital angular momentum of light is an additional degree of freedom that light
possesses and is related to the spatial profile of the electromagnetic wave. The orbital
angular momentum of light can be considered to be a combination of two parts. First,
an origin-independent term which is called the internal orbital angular momentum and is
associated with the helicity of the wavefront of light. Second, an external orbital angular
momentum which is origin dependent and can be expressed as a vector product of the
beam position and its linear momentum. The external angular momentum vanishes if the
beam has cylindrical symmetry and the origin is chosen on the axis of the beam.

In the paraxial regime, light can be in certain modes called helical modes. These modes
are examples of the internal orbital angular momentum of light, shown in Fig. 3.3 . Each
such mode is quantified by an integral number, m, known as the topological charge of the
optical vortex. If `=0, then light does not have an interesting structure, but its spatial
distribution is merely composed of a sequence of disconnected plane waves. Light with
|`| ≥1 is what is known as twisted light, as the light propagates, the helical wavefronts
twist like a corkscrew, the handedness is determined by the sign of the topological charge,
for `=±1 a full twist of the wavefront happens after one wavelength of propagation, for
higher (lower) values of topological charge, a full twist comes in integral fractions of a
wavelength. Points on the axis of the beam are known as phase singularities. A brief
description of phase singularities will be introduced later. It can be shown that for a
monochromatic electromagnetic wave, the orbital angular momentum can be expressed as

L =
ε0

2iω

∑
i=x,y,z

∫
E∗i (r×∇)Ei dτ (3.17)

In the language of quantum mechanics, every single photon may acquire Lz = `~ as its
possible values for orbital angular momentum.

To look into OAM beams more technically, let us consider the mathematical structure
of a paraxial wave in cylindrical coordinates: A(r, t) = (x̂cx + ŷcy)A(ρ, z)ei`ϕe−i(kz−ωt).

The topological charge ` appears in the phase factor ei`ϕ. There are many possible
solutions to the paraxial wave equation. The most important are Bessel beams, Laguerre-
Gauss (LG) beams, and Hyper Geometric (HYGG) beams [9]. The helical modes of light
form a complete orthonormal basis, such that any structured light can be expanded in terms
of a superposition of these modes. In order to see this, note that these modes (denoted
by |`〉 are eigenmodes (of the z component) of orbital angular momentum; L̂z|`〉 = `~|`〉,
solving this equation for the azimuthal wave function, ψ`(ϕ) = 〈ϕ|`〉 leads to:

− i~∂ϕψ`(ϕ) = `~ψ`(ϕ)

dψ`(ϕ)

ψ`(ϕ)
= i`dϕ → ψ`(ϕ) =

1√
2
ei`ϕ

(3.18)
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Here 1/
√

2π is the normalization factor. The orthonormality relation between different
helical modes immediately follows,

〈`′|`〉 =
1

2π

∫ 2π

0

dϕ e−i`
′ϕei`ϕ = δ`,`′ (3.19)

Phase

Intensity

Wavefront

OAM mode

Figure 3.3: The phase, intensity, and wavefront of the structured light. The orbital angular
momentum states spanning from `=-3 to `=+3 [10].

So far, we have discussed the azimuthal structure of a paraxial beam via a complete set
of helical modes. The radial structure must also be determined in order to complete our
description of a structured light beam. In the following, we examine three such solutions
to the paraxial wave equation, which are of most interest.

3.6.1 Bessel Beams

The simplest family of solutions to the paraxial wave equation in cylindrical coordinates
are the so-called Bessel functions. The general profile of these beams has a mathematical
structure of

E(ρ, ϕ, z) = E0J`(kρρ)ei(`ϕ+kzz) (3.20)

where J` is the `th order Bessel function of first kind, `=0,±1,±2,· · · being the topological
charge, kρ and kz are the radial and longitudinal wave vectors, with the wave vector
k =

√
k2
ρ +K2

z = 2π/λ. These cylindrically symmetric modes, known as Bessel modes,
have a cylindrical intensity distribution independent of z. In other words, they propagate
without diffraction, which makes them un-physical to generate in a laboratory environment.
They are the simplest theoretical examples of vortex beams.
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3.6.2 Laguerre-Gauss Beams

A family of solutions to the paraxial wave equation are the Laguerre-Gauss (LG) modes
[11,12].

The field of an LG beam with a topological charge ` and with p radial nodes (p=0,1,2,· · · )is

E`,p(ρ, ϕ, z) =

E0

w(z)

(√
2r

w(z)

)|`|
e−r

2/w2(z)L|`|p

(
2r2

w2(z)

)
e−ikr

2/2R(z)e
−iϕ`+i(2p+|`|+1)tan−1( z

zR
)

(3.21)

here E0 is a constant. w(z) is the beam radius at z, given by w(z) = w0

√
(1 + z/zR) that

slowly varies with z due to diffraction. w0 is the beam radius at z=0 and zR = πw2
0/λ

is the Rayleigh range of the beam. The radius of curvature of the wavefronts is given
by R(z) = z(1 + (zR/z)2). L

|`|
p are the associated Laguerre polynomials which satisfy the

orthonormality condition,
∫ ∫

r dr dϕ L`∗p L
`′

p′ = δp,p′δ`,`′ . The term given by tan−1z/zR is
the Gouy phase [13]. The Gouy phase yields an additional phase difference of (2p+|`|+1)
upon the beam propagation through its focal point from z/zR �-1 to z/zR �1. The Gouy
phase is closely related to the transverse confinement of the modes [13, 14]. The index p
characterizes the radial structure of the mode. In addition to the central dark spot, the
transverse profile has p dark nodal rings. The first few LG modes are shown in the Fig.
3.4.

Figure 3.4: Intensity profiles of a set of LG modes with different radial and azimuthal
components [15].
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3.6.3 Hyper Geometric Gaussian Beams

Finally, it is worth mentioning that another class of solutions to the paraxial wave equation
are the so-called hyper geometric gaussian modes, denoted by |HyGG〉p`. The amplitude
of these novel modes is proportional to the confluent hypergeometric function, and hence
their name. Though these modes do not form an orthonormal set, they do carry a finite
power and are physically realizable. It is known that any hypergeometric Gaussian mode
with a fixed topological charge can be expanded in terms of an infinite series of Laguerre
Gauss modes [16]

|HyGG〉p` =
∞∑
q=0

Apq|HyGG〉q` (3.22)

Two types of these beams have been recently introduced and studied. The first type of
Hypergeometric Gauss modes is not shape invariant under free propagation. While these
beams propagate, a dramatic change of the intensity profile can be seen. The second type,
though, suffers very low diffraction upon propagation [16].

3.7 How to obtain light with desired structure?

In this section, we briefly introduce some common methods used for structuring light. The
case with q-plates is discussed in detail.

3.7.1 Spiral Phase Plates

Spiral phase plates are used for photons in different frequency ranges [17–19] in order to
produce a delay between the components of the polarization vector. When light propa-
gates through a dielectric plate, it acquires an additional phase as compared with free-space
propagation. This phase is proportional to the plate thickness Φ=ξd. Therefore, a plate
with spiral thickness varying with the azimuthal angle, d = ζϕ, will create the correspond-
ing spiral phase in the transmitted wave, Φ = ξζϕ. Thus, if the incident wave was a plane
wave, the transmitted wave will carry a vortex eiξζϕ with topological charge ` = ξζ, as
shown in Fig 3.5.

3.7.2 Diffraction Grating with a Fork Dislocation

The second way of generating vortex beams is through diffraction from a grating with a
fork dislocation. The vortex structure in a wave field represents a screw dislocation of
the phase front [4, 5, 20]. As shown in Fig. 3.6, a Gaussian beam incident on a diffraction
grating with a pitch-fork pattern leads to multiple orders of diffraction, each carrying extra
phases which translates into twists in their profile upon propagation [21,22].
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(a) (b)

Figure 3.5: (a) Schematic for the generation of vortex beams using a spiral phase plate
with a 2π` phase-shift increment around its center (here `=1) [23]. (b) Shows the top
surface of the phase plate spirals upward.

Figure 3.6: Schematic for the generation of vortex beams using a diffraction grating (holo-
gram) with a fork-like edge dislocation of order `0 (here `0=1) [23].

If the dislocation in the grating is of order `0, then the Nth order of diffraction transforms
the incident Gaussian-like beam (`=0) into a vortex beam with (`=N`0). Thus, this
technique allows the generation of states with an intrinsic orbital angular momentum of
any order which is impossible with spin angular momentum.

A computer-programmable device can produce a hologram diffraction grating via ma-
nipulating the orientations of liquid crystal molecules in specific patterns using an external
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voltage. These devices which are widely used in optics laboratories worldwide, are known
as spatial light modulators [24].

3.7.3 q-Plates

q-plates were introduced to the scientific community back in 2006 [25]. Nowadays, q-plates
play an essential role in diverse areas and fields, from fundamental research on structured
light to applications in innovations and novel devices. To this day, new emerging topics,
such as quantum information, have found their protocols through the use of q-plates on
the angular momentum of light.

General Features of a q-plate

A typical q-plate is a thin nematic liquid crystal (LC) medium confined to two indium-
tin oxide (ITO)-coated plane glasses. Liquid crystals are generally non-homogeneous and
non-isotropic media. They are birefringent fluids in which the constituent molecules lo-
cally possess a specific orientation. This direction is specified by a unit vector n̂(r) =
(sinθ cosα, sinθ sinα, cosθ), known as the molecular director, where θ=θ(r) and α=α(r)
are the polar angles. What differentiates a q-plate from conventional liquid crystal cells
is that in the latter, there is a uniform director over the entire liquid crystal medium,
whereas, in the former, the director shows an azimuthal profile or pattern with respect to
a point at the centre of the q-plate. Let us consider the horizontal direction (x-axis) as
a reference, then the angle between n̂ and the reference line is given by a simple linear
relation

α(ϕ) = qϕ+ α0 (3.23)

Here, ϕ is the azimuthal angle in the liquid crystal plane, α0 is the angle of the liquid
crystal director on the reference line, and q is the topological charge of the liquid crystal
which characterizes the central pattern singularity. In other words, in any circular counter-
clockwise path around the origin, the liquid crystal director makes exactly q turns around
itself. If the liquid crystal director’s rotation is clockwise, then q may as well be negative.
Since the director indicates an orientation in the liquid crystal, from a physical point of
view n̂ and -n̂ are equivalent, thus the topological charge q may also acquire half integer
values. The orbital angular momentum quantum number which a q-plate generates is
given by 2q. Apart from q, there is a phase retardation parameter δ indicating the total
birefringent phase retardation, which is naturally a function of the liquid crystal thickness.
The δ parameter can be modified by applying an external electric field to the liquid crystal
medium, hence manipulating the orientation of the liquid crystal molecules and the director
resulting in a change in the optical retardation of the light beam that passes through the
q-plate [26]. Thus one can effectively control the phase retardation by turning the external
field on and off.
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Figure 3.7: Schematic of simplified photo-alignment technique to fabricate a q-plate. Both
the polarizer and the cell are placed in motorized rotational stages, with angular speeds of
ωp and ωc, respectively.

Fabricating q-plates

Here, we briefly introduce a method that is used to fabricate q-plates without mentioning
the technical details. A light source, a polarizer, a cylindrical lens, and a glass cell are the
main elements required in q-plate fabrication setup, as shown in Fig. 3.7. Two indium-
tin oxide (ITO)-coated glass are used as substrates to form the LC cell. Each glass is
spin-coated with a photosensitive solution (sulphonic azo-dye). The next step is the most-
applied method used in fabricating a q-plate in a laboratory environment, a so-called
photo-alignment method [26–28]. In these methods, one applies a blue or ultraviolet light
in the crystal medium and slowly scans the entire plate in the process of writing the pattern
on the azo-dye layer. The molecules tend to orient themselves in a direction perpendicular
to the polarization of the light beam. The polarization of the incident light is controlled
by a polarizer. This photo-alignment process is quite critical, and the result depends on
the light intensity, wavelength, exposure time, and many other parameters [29]. Using
this method, one can obtain any integer, half-integer, a positive or negative value for the
topological charge, q. This high degree of freedom is guaranteed by the photo alignment
procedure making one capable of writing any pattern on the plate, given it has azimuthal
cylindrical symmetry. The polarized beam passes through a cylindrical lens, which allows
an illumination only on a narrow angular sector of the cell. Both the polarizer and the cell
are placed in motorized rotational stages, with angular velocities of ωp and ωc, respectively.
The ratio between the angular rotations of these two elements, determines the q value,
q=1± ωp/ωc. The ”+” and the ”−” signs are used when the two elements rotate in the
same and opposite directions, respectively.

It is worth mentioning that masks and other more refined techniques allow one to obtain
a generic pattern and thus opening a window to investigate the space of complex beams
that can be produced with this method. More details of q-plate fabrication can be bound
in [29].
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q-plate

Figure 3.8: q-plate working principle in the optimal case δ = π. Incident left (right)
circularly polarized light with no OAM is converted into a right (left) circularly polarized
light possessing an OAM of +2q~ (-2q~) per photon [30].

Operating Principle of q-plates

By applying an AC voltage to the electrodes of a q-plate, one can control the birefringent
phase retardation δ for a given operation wavelength and temperature. When a beam
traverses a q-plate with topological charge q and phase retardation δ, a fraction sin2(δ/2)
of the photons in the beam has its spin angular momentum reversed and changes its
orbital angular momentum by an amount 2q. The remaining fraction of photons, cos2(δ/2)
remains in its initial spin angular momentum and orbital angular momentum states [25].
Theoretically, as with any optical elements such as beam splitters, wave plates, and etc.,
the operation of q-plates can be represented by unitary operators

U |L〉 = cos

(
δ

2

)
|L〉+ i sin

(
δ

2

)
|R〉

U |R〉 = cos

(
δ

2

)
|R〉+ i sin

(
δ

2

)
e−2iα(ϕ)|L〉

(3.24)

These relations show that a phase retardation of π changes all the photons from left
polarization to right polarization and vice versa. In this process, photons also gain a
helical phase of ±2α(ϕ) = ±2(qϕ + α0). q-plates with a topological charge of q=1 are
particularly interesting as they completely transfer the spin angular momentum to orbital
angular momentum [31]. Thus, these q-plates can be considered devices that couple the
spin and orbital angular momentum degrees of freedom. A schematic representation of the
operation of a q-plate for a phase retardation of π is seen in Fig. 3.8.

55



The most straightforward applications of the q-plate are for generating optical beams
carrying OAM starting from ordinary Gaussian beams or for modifying the input OAM
according to prescribed laws. In this, q-plates are similar to ordinary spiral phase plates,
but with several advantages, such as polarization control of the OAM variation, electrical
switching and tuning, and multiple wavelength operation, etc.

Key Advantages of Using a q-plate

Compared to other technologies to produce structured light beams (such as spiral phase
plates and holographic elements), the q-plates have some practical advantages. These de-
vices are thin, compact, and stable elements working in high efficiency (85%) transmission
geometry; therefore, aligning them is not challenging. The q-plate does not induce any light
deflection, and hence, astigmatism in the transmitted beam. The q-plates can be electri-
cally controlled. It allows us to turn them on/off or tune them for partial OAM conversion
that enables us to shift the phase singularities (corresponds to the null intensity regions) in
the beam. Moreover, the OAM sign (the direction of the twist in the phase front) is easily
controlled by the input polarization. Exploiting this significant feature alongside several
q-plates arranged in cascade enables one to generate superpositions of SAM/OAM states
(vector vortex beams and polarization-singular beams).
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Chapter 4

Nanostructuring with Femtosecond
Structured-Light

In conventional laser processing of materials, Gaussian beams are often used. Recently,
there has been significant interest in material processing with non-Gaussian beams both
from a fundamental perspective as it enables to manipulate light-matter interaction and
from an applied perspective as it enables to fabricate complex structures. Specifically,
optical vortices in the form of helical beams carrying an orbital angular momentum have
been shown to produce micro-needles that exhibited spiral conical structures with the
handedness of the optical vortex pulse imprinted on them. However, these chiral struc-
tures could be produced only with nano- and picosecond pulses and not with femtosecond
pulses. Moreover, the role of laser polarization on the formation of these features remained
unclear, although periodic patterns were fabricated in a multi-pulse irradiation regime that
preserved the laser polarization.

In this chapter, the formation of polarization dependent nano-cone on silicon with
a single femtosecond vortex pulse is demonstrated, in contrast to previous reports. We
showed that a ∼ 1 µm high nano-cone with a tip dimension of ∼ 70 nm is formed in
the middle of the ablation crater. We also simulated the action of the laser pulse on the
dynamics of the molten silicon and demonstrated that the nano-cone is formed due to the
radial inward motion of the molten silicon. We showed the nano-cone height to decrease
for linearly polarized OV beam compared to circular polarization due to an asymmetry in
the fluid motion arising from transient light-plasma interaction.

We believe our findings have a broad appeal in two aspects: fundamentally, it could
shed new light on intense vortex light-matter interaction, and technologically, it opens
potential applications in material manufacturing industries such as solar cell technology,
microelectronic devices, and high harmonic generation in solids.
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4.1 Introduction

Cone structures, also called pillars, needles, spikes or peaks, are a typical structure created
by the femtosecond Gaussian laser pulse irradiation on materials. They are produced in
the form of randomly positioned dense forests whose formation can be controlled by the
laser parameters, ambient conditions, or chemical composition of the irradiated sample.
For example, Fadeeva et al. [1] has demonstrated that the laser fluence has a significant
effect in the formation phenomena of the spikes. By increasing the laser energy density
from 0.36 to 3.6 J/cm2, 100 pulses, the aspect and height of the spikes formed on the
surface of Si samples drastically changed.

The effect of the number of pulses, at a constant fluence above the ablation threshold,
was also studied by Raillard et al. [2]. Cone structures have been shown to appear when
the number of pulses exceeds a certain value. In this study, it is shown that cones are
generated randomly, disordered, and with various sizes in the middle of the ablated region.
There have also been several studies performed by Tull et al. [3] on silicon that revealed
by increasing the number of pulses creation of highly ordered and sharp conical structures
is possible. Laser polarization also has an impact on spikes formation. In the case of a
linearly polarized laser, Tull et al. also reported that the orientation of the major diameter
of the cones elliptical basis is aligned perpendicular to the laser polarization.

However, in all these experiments, the conical structures are generated upon irradi-
ation of a high number of pulses. Moreover, cones are randomly distributed, and their
shape, aspect, thickness, size, and repartition are not regular and cannot be individually
controlled.

Dealing with this randomness was our motivation to employ optical vortex beams to
fabricate individual nano-cones under single pulse irradiation, with an ability to control
their dimensions. The generated structures can be nicely placed in a precise array.

4.2 Mechanism of the Nano-cone Formation

From the fluid dynamics model, the formation of a nanocone at the center of the ablated
region irradiated by an annular beam was anticipated.

The interaction of femtosecond pulses (with either Gaussian or vortex intensity profile)
at 800 nm (photon energy of 1.55 eV) with silicon (bandgap of 1.1 eV) is dominated by
linear and two-photon absorption. During the energy absorption process, free carriers
are generated. Later on, the doughnut-shaped intensity distribution of the laser pulse
translates to the spatial profile of the carrier density and hence into a lattice temperature
distribution that is zero at the center and high in a ring-shaped band in the mid-region and
falls off to the edges. The temperature distribution creates a thin molten layer in silicon (a
few hundred nanometers, determined by the penetration depth). Molten silicon then flows
in two opposite directions: (1) radially outward to the peripheral region and (2) radially
inwards to the central region of the crater. Two main forces can be considered to affect
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the flow of molten layer: (a) thermocapillary forces (also known as Marangoni flow), or (b)
hydrodynamic forces exerted by the plasma pressure on the surface.

Femtosecond pulse irradiation on the silicon surface forms a molten layer and strong
radial temperature gradients at the liquid surface. These temperature gradients produce
radial gradients in the surface tension, which, in turn, generate radial convective liquid
flows (Thermocapillary or Marangoni effect) [4]. In fact, in thermocapillary flow, the
intensity profile of the vortex laser beam induces a temperature gradient on the surface
that causes a surface tension gradient. This surface tension decreases with growing melt
temperature and drives the molten material from the hot regions to the cold regions. The
required time attributed to this process is defined as [5]

τM ≈
µL2

γTTm 〈hm〉
(4.1)

where 〈hm〉 is an average melt depth, L is a typical radial dimension of the crater, γT is
a constant defined as the temperature coefficient of the surface tension, Tm is the melting
temperature, and µ is the viscosity of the molten material.

Thermocapillary effect most likely occurs in materials where the surface tension de-
creases as the fluid gets hotter [5], as what we observed in our experiments performed on
silicon. However, in the case of a glass irradiated by laser pulses, the fluid motion would
be from the cold region to the hot region. The reason is that a glass target has a high
viscosity and a flow timescale much longer than the typical melt timescale; therefore, the
thermocapillary effect in the glass is not significant.

Hydrodynamics forces, on the other hand, are induced by pressure gradients that are
exerted by the plasma onto the molten silicon. In fact, these forces induce a gradient
of ablation pressure on the surface that drives the melt flow to the cold regions. This
effect is key in the rim formation: a gradient of ablation pressure on the molten surface
induce a lateral melt flow to the periphery [6]. These pressure gradients are large at the
plasma/air interface, i. e., near the edges of the molten layer that results in a melt flow to
the periphery and gives rise to a thin rim at the edge. This effect, when accompanied by
high pulse energy, can cause the peripheral rim to look much like a splash of a liquid.

It has been shown that a rim with the height of 150 nm can be formed within the first
nanoseconds of the ablation process [5]. As the generated plasma expands, its pressure
drops quickly, from millions of atm in the first tens of picosecond to several tens of atm
within a few tens of nanoseconds [7]. During this time, the plasma pressure gradient,
which is high at the periphery, pushes the molten layer underneath the plasma and forms
an elevated rim surrounding the ablation crater. The created rim will eventually tilt
outwards because of the pressure difference between the high pressure plasma inside and
the atmospheric air pressure outside.

Moreover, the gradient of plasma pressure induces melt flow from the high-pressure
middle region at the spot center towards the low-pressure central region of the molten
pool. It makes this effect to be significantly involved in the nanocone formation. The
characteristic time associated with the pressure-driven flow is [5]
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τp ≈
µL2

〈Ppl〉 〈hm〉2
(4.2)

where 〈Ppl〉 is an average plasma pressure. In the case of silicon, both characteristic times
are in the same order, meaning that both types of forces are involved in the fluid motion
and nanocone formation.

4.3 Polarization Dependent Nanostructuring of Sili-

con with Femtosecond Vortex Pulse
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Polarization dependent nanostructuring of
silicon with femtosecond vortex pulse

M.G. Rahimian, F. Bouchard, H. Al-Khazraji, E. Karimi, P.B. Corkum,
V.R. Bhardwaj

Department of Physics, Advanced Research Complex, University of Ottawa,
25 Templeton Street, Ottawa, ON, K1N 6N5, Canada

We fabricated conical nanostructures on silicon with a tip dimension of
∼ 70 nm using a single twisted femtosecond light pulse carrying orbital
angular momentum (` = ±1). The height of the nano-cone, encircled
by a smooth rim, increased from ∼ 350 nm to ∼ 1 µm with the pulse
energy and number of pulses whereas the apex angle remained constant.
The nano-cone height was independent of the helicity of the twisted
light, however, it reduced for linear polarization compared to circular
at higher pulse energies. Fluid dynamics simulations show nano-cones
are formed when compressive forces arising from the radial inward mo-
tion of the molten material pushes it perpendicular to the surface and
undergoes re-solidification. Simultaneously, the radial outward motion
of the molten material re-solidifies after reaching the cold boundary
to form a rim. Overlapping of two irradiated spots conforms to the
fluid dynamics model. 2017 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attri-
bution (CC BY) license (http://creativecommons.org/licenses/by/4.0/ ).
[http://dx.doi.org/10.1063/1.4999219]

Light-matter interaction can be controlled by manipulating the beam polarization, spatial
intensity and phase profile. Structured light in the form of non-conventional beam shapes,
such as Bessel, Airy, Laguerre-Gaussian or optical vortex (OV) beams have been used
in optical trapping and manipulation [8, 9], atom guiding [10, 11] and super resolution
microscopy [12, 13]. Recently, structured light has been extended to material processing
[14–16], specifically OV beams [17,18,20–26]. Optical vortices in the form of helical beams
have an annular intensity profile with an orbital angular momentum `~ per photon, where
` indicates the number of twists in the helical wavefront in one wavelength and its sign
determines the chirality of the helix. They can also possess spin angular momentum s~
per photon associated with polarization helicity with values of s = ±1 corresponding to
the left and right circular polarizations. OV beams are produced from a fundamental
Gaussian mode using holograms [27], cylindrical lenses [28],spiral phase plates [29, 30],
S-waveplates [31], and q-plates [32–35].
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Material processing with a single nano- and pico-second OV pulse produced micro-
needles [17, 18, 23–25] that exhibited spiral conical structures with the handedness of the
optical vortex pulse imprinted on them. Their growth was controlled with the number of
pulses. In contrast, micro-needle/nanopillar formation with a single femtosecond OV pulse
remains ambiguous. Annular ablation craters with no features in the centre were produced
by loosely focusing the OV pulse [14, 18]. However, tight focusing produced a nanopillar
that disappeared when (a) the polarization was switched from radial to azimuthal, and
(b) a second radially polarized pulse was incident on the sample [19]. In multi-pulse
ablation, complex periodic surface patterns were fabricated using femtosecond OV beams
with different spatial distributions of the state of polarization [16, 20–22]. However, the
role of laser polarization remains unclear in nano-cone formation with a single laser OV
pulse.

In this paper, we demonstrate polarization dependent nano-cone formation with a single
femtosecond OV pulse with ` = ±1. By manipulating the spatial profile of the laser beam,
we show that irradiation of silicon with a single femtosecond Gaussian pulse formed a
rim around the ablation crater while an OV pulse formed a nano-cone encircled by a rim,
irrespective of laser polarization. We simulate the action of the laser pulse on fluid dynamics
of the molten silicon and show that the radial inward (outward) motion of the molten silicon
forms the nano-cone (rim). We demonstrate the nano-cone height to decrease at higher
pulse energies for linear compared to that of circular polarization. This behaviour was
attributed to an asymmetry in the radial inward fluid motion that arises from transient
light-plasma interaction.

Linearly polarized light from a Ti:Sapphire laser (operating at 1 kHz repetition rate and
producing 800 nm, 45 fs pulses) was transformed into left- or right-circularly polarized beam
(s = ±1) by a quarter-wave plate (QWP). A q-plate with a topological charge of q = 1/2
produced OV beams with ` = ±1 and inverted polarization (s = ∓1) [33]. A linearly
polarized OV beam (s = 0 , ` = ±1) was produced by a second QWP and a polarizer.
Electrically detuning the q-plate generated Gaussian beams. A 0.25 NA (16×) aspheric
objective focused the femtosecond pulse onto a p-type silicon surface [(100) orientation]
mounted on a three-axis translation stage.

For a Gaussian beam, the focal spot size was measured to be 1.8 ± 0.1 µm using
the knife-edge method. For an OV beam, the spot size, defined as the diameter of the
maximum intensity, was measured to be 2.8 ± 0.2 µm compared to a theoretical value of
2.3 µm [36]. The ablated regions were characterized by a scanning electron microscope
(SEM) with the electron beam perpendicular to the sample (zero tilt) and at an angle of
88◦ and by an atomic force microscope (AFM) in non-contact mode.

Figure 4.1 shows SEM images [(a) and (b)] and the corresponding 3D AFM profiles [(c)
and (d)] of micro-structures on silicon induced by single, circularly polarized, femtosecond
Gaussian and OV pulses (` = -1, s = +1), respectively. The Gaussian pulse produced a
rim with a uniform height of ∼ 50 nm around a ∼ 70 nm deep ablation crater. Besides the
rim, OV pulse also produced a nano-cone in the middle of the ablation crater protruding
∼ 450 nm above the surface. Similar structures were observed for intrinsic and n-type
silicon. The single shot ablation threshold of silicon, defined as the lowest energy at which
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ablation features were visible under SEM, was determined to be 55 nJ (19 nJ) for an OV
(Gaussian) beam corresponding to peak laser fluence of 0.41 J/cm2 (0.37 J/cm2), in good
agreement with the published data [20, 37–39]. A small asymmetry in the rim shape was
due to a slight misalignment of the beam through the q-plate.
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Figure 4.1: SEM (a, b) and AFM (c, d) images of surface topography induced by a sin-
gle femtosecond laser pulse in p-type silicon [(100) orientation] with circularly polarized
Gaussian and vortex beams (` = -1, s = +1) with pulse energies of 150 nJ and 310 nJ,
respectively.

Evolution of the ablation crater features with pulse energy for a single femtosecond
vortex pulse is shown in Fig. 4.2. Four key observations can be made.

First, the nano-cone height was independent of the handedness of the twisted light
(` = ±1) with spin (s = ∓1 ), corresponding to a total angular momentum, j = ` + s
= 0. Formation of a nano-cone with a single femtosecond OV pulse differs from previous
reports in three aspects. (i) Only pico- and nano-second pulses produced micro-needles
[18], while femtosecond pulses produced annular ablation craters with no features in the
centre. (ii) Ablation with a single twisted nanosecond OV pulse with j = 0 produced no

66



central protuberance [25]. It required overlapping of several twisted light pulses to produce
a nanostructure. (iii) The tightly focused circularly polarized femtosecond vortex pulse
ablated the material differently depending on the polarization handedness of light [40].

Second, the nano-cone height increased with pulse energy at two different rates: ∼ 0.6
nm/nJ and 0.2 nm/nJ below and above 600 nJ, respectively, for left- and right-circular
polarizations (j = 0).

Third, the nano-cone height increased at the same rate for linear (j = +1) and circular
(j = 0) polarizations up to 600 nJ. Beyond this energy, the nano-cone height decreased for
linear polarization at a rate of ∼1.3 nm/nJ (highlighted by an ellipse). This is discussed
below in terms of an asymmetry in compressive forces that causes nano-cone formation.

Fourth, rim height and crater depth increased with pulse energy at the same rate for
all three polarizations.
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Figure 4.2: Nano-cone height (4), rim height (©) and crater depth (5) relative to the
sample surface as a function of pulse energy for three different cases; (i) ` = −1, s = +1
(red), (ii) ` = +1, s = -1 (blue), and (iii) ` = +1, s = 0 (black). In all cases, a single
femtosecond OV pulse irradiated the sample.

Figure 4.3 shows variation of the nano-cone width, measured at the surface, and the
apex angle with pulse energy. The nano-cone width varied from 1.4 µm to 1.9 µm with
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Figure 4.3: Nano-cone width (left axis) and apex angle (right axis) as a function of pulse
energy for a single femtosecond OV pulse (` = +1, s = -1). The insets show SEM images
of a nano-cone at a pulse energy of 370 nJ; top view (left panel) and side view at a tilt
angle of 88◦ (right panel).

two different rates 0.6 nm/nJ (0.18 nm/nJ) below (above) 700 nJ, similar to the height.
However, the apex angle (measured with an AFM and SEM) remained nearly constant at
105◦, decreasing marginally at higher energies. The radius of curvature of the nano-cone
was about 70 nm. The insets show SEM images of the nano-cone at a pulse energy of
370 nJ. While the top view (left panel) suggests a spiral conical structure, it could not be
confirmed by the side view (right panel) even when the handedness of the twisted light
was changed. In contrast, spiral needles of several microns in length were produced with
pico- and nano-second pulses [18,24,25]. This could be due to significantly lower height of
the nano-cone and shorter duration of the OV pulse, thereby obscuring the effects of the
twisted light.

The height of the nano-cone induced by the OV pulse of fixed energy increased with
the number of laser pulses as shown in Fig. 4.4. However, the aspect ratio, defined as the
ratio of the height of the nano-cone to its width, varied marginally from ∼ 0.38 for a single
pulse to ∼ 0.45 for 5 pulses. This was in contrast to the narrowing of the micro-needle
observed with nanosecond light pulses [25]. SEM images show that with increased number
of laser pulses, more molten material was pushed to the outer rim forming nano droplets.

68



1 pulse 2 pulses

3 pulses 5 pulses

1 2 3 4 5
500

550

600

650

700

750

800

850

N
an

o
-c

o
n

e 
H

ei
g

h
t 

(n
m

)

Number of pulses

5 pulses

4 pulses

Figure 4.4: Nano-cone height for different number of laser pulses for a fixed energy of 310
nJ (` = −1, s = +1). Also shown are SEM images.

Also, the inside of the ablation crater developed ripples.

Polarization dependent rim formation on silicon irradiated by a single femtosecond
Gaussian pulse has been recently observed [41–43] and discussed in terms of fluid dynamics
[41] which can be extended to the vortex pulse. The annular intensity distribution of the
OV beam is mapped onto the spatial profile of the free carriers generated by linear and
two-photon absorption [Fig. 4.5(a)]. Picoseconds later, when energy of the free carriers
is transferred to the lattice, the temperature distribution retains the shape of OV beam
intensity distribution [Fig. 4.5(b)]. When melting occurs on nanoseconds, only a thin
layer of molten silicon is formed, determined by the skin depth ds. Thermocapillary [44–
46] and/or hydrodynamic forces [47] displace the molten silicon radially outward to the
periphery and also radially inward to the centre of the crater [Fig. 4.5(c)]. The outward
motion leads to rim formation similar to a Gaussian beam. The inward motion leads to a
compressive force that pushes the molten material away from the surface. Rapid expansion
causes resolidification into a nano-cone [Fig. 4.5(d)]. The temporal evolution of the silicon
micro-needle formation was recently captured with an ultra-high speed camera [18].

To gain further insight, we simulated the action of the short laser pulse on the fluid
dynamics of the molten silicon. We solved the continuity and Navier-Stokes equations using
the methodology of Schwarz-Selinger et al. [44] under the assumption of incompressibility,
large viscosity, and steady-state flow. To simulate the effect of laser polarization with an
asymmetric distribution, we have generalized the calculation to the full two-dimensional
transverse coordinate (r and φ or x and y) and extended it to include Laguerre-Gaussian
intensity profile. The boundary conditions are such that the fluid velocity must vanish at
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Figure 4.5: (a) - (d) Schematic showing rim and nano-cone formation with an OV beam at
different stages of the interaction. (a) Intensity distribution of the incident pulse. k and E
are propagation and polarization directions. (b) Spatial profile of the temperature distribu-
tion - ds is the melt layer thickness. (c) Displacement of molten silicon indicated by arrows
and melt layer velocity profile due to the exerted forces. (d) Nano-cone (rim) formation
by radial inward (outward) motion of molten silicon. (e) - (g) Mass transport vz(r, φ) for
several temperature distributions (shown at the bottom) given by (e) symmetric Gaussian
profile, (f) an asymmetric Gaussian profile and (g) a symmetric Laguerre-Gaussian profile
with mode index of ` = 1 and p = 0. The asymmetry in (f) was obtained by multiplying the
Gaussian distribution by (1 + y2), where we consider the first order symmetric distortion.
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the bottom of the molten material and that the fluid velocity at the surface is given in
relation to the surface tension, i.e., v = 0 at z = −h; η (∂zvr + ∂rvz) = ∂rα at z = 0;
η (∂zvφ + r−1∂φvz) = r−1∂φα at z = 0. Here, η is the dynamic viscosity of the fluid, α is
the surface tension and r, φ, and z are the cylindrical coordinates.

Radial velocity and azimuthal velocity (vr and vφ) were obtained by solving the Navier-
Stokes equation. Substituting them in the continuity equation and integrating with respect
to z gives vz = (2ηr)−1 (∂r (h2∂rα) + ∂φ (h2∂φα)). For the case in which the melt depth
is independent of the transverse coordinates, r and φ, the above expression takes the
simple form of, vz(r, φ) = h2

2η
∇2
⊥α, where ∇2

⊥ := r−1 ∂r (r∂r) + r−2 ∂φ,φ is the transverse
Laplacian operator. For simple materials, the surface tension may be given in terms of the
temperature at the surface, where ∂Tα is often constant (independent of the temperature).
Since the temperature distribution is proportional to the intensity profile of the incoming
short pulse, i.e., T (r, φ) ∝ I(r, φ), the mass transport in the fluid can be approximated by
vz(r, φ) ∝ ∇2

⊥I.

To calculate the mass transport for various intensity distributions of the laser pulse,
we used Laguerre-Gaussian beams given by the following intensity profiles, I(ρ) =

Aρ2|`|L
|`|
p (2ρ2) exp (−2ρ2). Here, A is a constant that depends on the power of the laser

pulse, L
|`|
p (.) are the associated Laguerre polynomials, ` and p are the azimuthal and radial

mode indices, respectively, ρ = r/w0 and w0 is the beam waist at the focus.

Figure 4.5(e) shows the mass transport for a Gaussian beam with the temperature
distribution shown at the bottom. The longitudinal velocity, vz(r, φ), is maximum at
the centre of the interaction region pointing towards the thin layer of molten silicon. The
resultant displacement causes the molten material to accumulate at the edges where vz(r, φ)
is pointing away from the silicon surface. This fluid motion leads to formation of a rim
around the ablation crater.

When an asymmetry was introduced in the temperature distribution along a given
direction, it is reflected in the mass transport giving rise to an asymmetric rim height and
width as shown in Fig. 4.5(f). Such an asymmetry was observed for linearly polarized light,
whereas it did not exist for circular polarization [41]. The polarization dependence was
explained in terms of transient plasmonics [48, 49]. A dense free carrier plasma is created
by the leading edge of an intense femtosecond pulse. The trailing edge of the pulse then
interacts with the plasma giving rise to local field enhancement. The resultant asymmetry
in the carrier distribution eventually translates into an asymmetric distribution of lattice
temperature and hence thermocapillary/hydrodynamics forces. The field enhancement
occurs along or perpendicular to the laser polarization depending on the plasma density
[49].

For an OV beam, the annular intensity profile translates into a doughnut shaped tem-
perature distribution as shown in Fig. 4.5(g). Where temperature is maximum, mass
transport points towards the molten silicon. However, vz(r, φ) is maximum at the centre,
pointing away from the silicon surface. The resultant displacement causes molten silicon
to move radially both outward and inwards forming the rim and nano-cone, respectively.

We now address the decrease in nano-cone height at higher pulse energies for the linearly
polarized vortex pulse, shown in Fig. 4.2. Local field enhancement resulting from light-
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Figure 4.6: (a) - (e) SEM images of two overlapping structures with successive irradiation
of silicon with single femtosecond OV pulse (` = +1, s = -1) with a separation of 16 µm,
15 µm, 10 µm, 7 µm, and 5 µm, respectively. (f) SEM image of a 5×4 array of nano-cones.
The pulse energy was 850 nJ.

plasma interaction leads to an asymmetry in the radial inward motion of the molten ma-
terial. The resultant asymmetric compressive force causes the nano-cone height to be less.
The local field enhancement vis-a-vis asymmetric compressive force becomes prominent
at higher pulse energies. As a result, the height of the nano-cone with linear polarization
deviates from that of a circularly polarized vortex pulse.

The role of fluid dynamics in the nano-cone formation is evident from SEM images of
Fig. 4.6. Silicon was irradiated with a single vortex pulse at two different spots. At 16
µm separation [Fig. 4.6(a)], the ablation crater morphology was unaffected by the presence
of the other. At 15 µm spacing, molten silicon from the second spot collided with the
resolidified rim of the first spot deforming the rim at the point of contact [Fig. 4.6(b)].
When the two spots overlapped (10 µm separation), the nano-cones remained unaffected,
but the rim of the first spot vanished in the overlap region [Fig. 4.6(c)]. When the spacing
was reduced further, the molten material was propelled past the first nano-cone [Fig. 4.6(d)]
and eventually disrupted it [Fig. 4.6(e)]. Intactness of the nano-cones even when the
irradiated spots overlapped enables one to fabricate arrays of silicon nano-cones similar to
those shown in Fig. 4.6(f).

To conclude, we demonstrated fabrication of a nano-cone on silicon with a single fem-
tosecond OV pulse. Its formation was described in terms of fluid dynamics, and its po-
larization dependence was attributed to transient light-plasma interaction. Our results
highlight key aspects of light-matter interaction. First, the fluid dynamics model suggests
that any tightly focussed annular beam will produce a nano-cone. Tighter focusing by
higher numerical aperture objectives can lead to higher compressive forces and can further
increase the height of the nano-cone. Second, transient plasmonics influences the laser
processed structures. Intense linearly polarized femtosecond light pulses distort the free-
carrier density distribution due to local field effects that is imprinted on the subsequent
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steps of the ablation/modification process [41,48,50]. Its effects can be minimized by using
circularly polarized light.

One potential application of the laser fabricated nano-cone arrays in silicon is to enhance
high harmonic radiation that has recently been demonstrated in bulk materials [51–54]. For
example, an array of nano-antennas was used to show enhancement of plasmon assisted high
harmonic generation from crystalline silicon substrate [55]. Also, nanostructured ZnO and
silicon were used to demonstrate customized high-harmonic wave fields and to confine them
to diffraction-limited spot sizes [56]. Structured light enables to not only alter the surface
topography of a target material and possibly change its phase but also investigate the target
by generating high harmonics. This all-optical technique can provide an opportunity to
control and probe light-induced dynamical changes to material properties.

The authors acknowledge financial support from Natural Science and Engineering Re-
search Council of Canada, Canada Research Chairs, Canadian Foundation for Innovation
and Ontario Ministry of Economic Development and Innovation.
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4.4 Nanocone Formation - Theory

In order to further understand and get insights into our experimental results, we simulate
the action of the short laser pulse on the fluid dynamics of the molten material. This is done
by considering the continuity equation and Navier-Stokes equation under the assumption
of incompressibility, large viscosity, and steady-state flow, respectively given by

∇ · v = 0 (4.3)

∇2v = 0. (4.4)

These equations are then solved given the boundary conditions that the fluid velocity
must vanish at the bottom of the molten material and that the fluid velocity at the surface
is given in relation to the surface tension, i.e.

v = 0, z = −h (4.5)

η

(
∂vr
∂z

+
∂vz
∂r

)
=

∂α

∂r
, z = 0 (4.6)

η

(
∂vϕ
∂z

+
1

r

∂vz
∂ϕ

)
=

1

r

∂α

∂ϕ
, z = 0, (4.7)

where η is the dynamic viscosity of the fluid, α is the surface tension, and r, ϕ and z are
the cylindrical coordinates.

Let us start by solving Navier-Stokes equation under the assumption that transverse
derivatives are much smaller than longitudinal derivatives, i.e. ∂

∂z
>> ∂

∂r
and ∂

∂z
>> ∂

∂ϕ
.

Hence we must then solve the following set of three equations,

∂2vr
∂z2

= 0,
∂2vϕ
∂z2

= 0,
∂2vz
∂z2

= 0. (4.8)

Integrating the first two equations and using the boundary conditions, we obtain the
following expression for vr and vϕ,

vr =
1

η

∂α

∂r
(h+ z) (4.9)

vϕ =
1

η

(
1

r

∂α

∂ϕ

)
(h+ z) (4.10)

We main now insert are solution for vr and vϕ in the continuity equation to obtain an
expression for vz after integration with respect to z.
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vz =
1

2η

(
1

r

∂

∂r

(
h2∂α

∂r

)
+

1

r

∂

∂ϕ

(
h2∂α

∂ϕ

))
(4.11)

For the case where the melt depth is independent of the transverse coordinates, r and
ϕ, the above expression takes the simple form of,

vz(r, ϕ) =
h2

2η
∇2
⊥α, (4.12)

where ∇2
⊥ := 1

r
∂
∂r

(
r ∂
∂r

)
+ 1

r2
∂2

∂ϕ2 is the transverse Laplacian operator. Finally, we must
obtain an expression for the form of the surface tension in order to obtain the mass transport
of the molten material, i.e. vz, as shown in Fig. 4.7. For clean surfaces and simple materials,
the surface tension may be given in terms of the temperature at the surface, where ∂α/∂T
is often independent of the temperature. Moreover, here the temperature distribution will
be proportional to the intensity profile of the incoming short pulse, i.e. T (r, ϕ) ∝ I(r, ϕ).
Finally, the mass transport in the fluid will be given by,

Figure 4.7: Mass transport (vz(r, ϕ)) for several temperature distributions. The temper-
ature distributions are given by an incident beam with a (a) symmetric Gaussian profile,
(b) an asymmetric Gaussian profile and (c) a symmetric Laguerre-Gaussian profile with
mode index of ` = 1 and p = 0. In the case of (b), the asymmetry is given by multiplying
the Gaussian distribution by (1 + ay2), where a is set to 0.4.

vz(r, ϕ) ∝ ∇2
⊥I. (4.13)

We may now calculate the mass transport for various intensity distributions for the laser
pulse. To do so, we adopt the family of Laguerre-Gaussian beams given by the following
intensity profiles,
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I(r) = A

(
r

w0

)2|`|

L|`|p

(
2

(
r

w0

)2
)
e
−2
(

r
w0

)2
, (4.14)

where A is a constant that depends on the power of the laser pulse, ` and p are the
azimuthal and radial mode indices, respectively, and w0 is a beam parameter given by the
beam waist at the focus.
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Chapter 5

Ultra-high Resolution Material
Manipulation

5.1 Introduction

Nanoscale spatial precision and control are essential to engineering material properties to
develop smart materials and next generation nano-devices.

To achieve this goal, several nanostructuring techniques have been proposed and devel-
oped during the past few decades. Among them, those that employ light as a fascinating
tool to directly fabricate and manipulate materials in sub-wavelength scale have recently
raised an interest. For instance, holes, single nanoparticles, and self-organized periodic
grating structures were fabricated via laser direct writing technique, for example, Laser-
Induced Forward Transfer (LIFT) and Stimulated Emission Depletion (STED) lithogra-
phy. Although exploiting these techniques enables one to fabricate structures with sizes
below the diffraction limit of light, the degree of spatial control with light, i.e., positioning
the individual structures with nanoscale spatial precision, remains a challenge. In this
chapter, we present a technique that addresses this issue and offers precise control over
the spatial resolution in material structuring. Before that, two of the most widely-used
techniques (LIFT and STED lithography) to fabricate nanoscale features via direct laser
writing method are briefly discussed.

Laser-Induced Forward Transfer (LIFT) is a direct-write technique that uses a
Gaussian laser beam to perform nano-printing. It is referred to as ”drop and place” tech-
nique where small volumes of materials are deposited in user-defined high resolution pat-
terns.

In this method, the deposition material with a thickness of less than a few hundreds
of nanometers is pre-coated on one side of a transparent donor. The substrate (receptor)
is mounted at a distance (typically 2575 nm) from the donor, while the thin-film faces
the substrate. A focused laser beam radiates the donor from the back. Absorption of
the laser energy by the pre-coated material generates heat that eventually ablates the film
from the donor. The thin film of material on a donor substrate is melted locally and lifted
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off in the form of a droplet that becomes deposited onto a receiver substrate. A small
gap separates the deposited droplets. The spatial resolution one could achieve in placing
individual droplets is a few hundreds of nanometers. In this technique, by translating the
source and receiving substrate or scanning and modulating the laser beam, 2D and 3D
patterning are possible. The writing speeds are typically controlled by the laser repetition
rate, computer-controlled translation stages and/or galvanometric scanning mirrors that
provide the formation of high-resolution patterns.

There are several mechanisms involved in the LIFT process, depending on the laser
intensity. At low intensities, intensities lower than the threshold intensity where the donor
starts boiling (I < Ith), the molten film fragments are transferred to the receptor with a
weak adhesion [1]. There are two possible causes for this particle removal. First, the
generation of a vapor cavity between the donor and the donor’s substrate exerts a force on
the donor film. It causes a particle to be torn away from the donor. Second, thermal radial
expansion caused by the laser heating leads to a radial compression force and subsequently
a transversal tension normal to the donor-substrate surface. Once the force exceeds the
adhesion threshold, the molten donor film is torn off. At higher intensities (Ith < I< 5 Ith),
the donor layer evaporates and then condenses at the receptor. Further enhancement of
the laser intensity (I > 5 Ith) causes the ions, atoms, and plasma implantation into the
receptor.

Another key parameter that affects the morphology of the transferred material is the
thickness of the donor layer. For example, at higher intensities in the evaporation intensity
regime, when the donor’s thickness is greater than its thermal diffusion length, the trans-
ferred material is spread into the receptor. This causes a low resolution in the printing
process [2]. However, at lower intensities in the evaporation regime, when the donor lm
has a thickness almost equal to its thermal diffusion length, the material is transferred to
the receptor in the form of droplets. In this case, a printing resolution near the size of the
laser pulse is achievable.

Apart from all the advantages, the LIFT technique is a pyrolytic process and cannot be
used for the deposition of materials with crystallization temperature above room temper-
ature [3]. Besides, this method has two main drawbacks: (1) a shock wave is generated at
the surface of the film, which propagates in front of the flyer, reflects onto the receiver, and
can destroy the flyer when crossing it [4], (2) a significant amount of debris is induced by
the laser-matter interaction process, and they are also deposited onto the receiver; there-
fore, some additional strategies are required to prevent the generation of debris [5]. Other
limitations of this method are uniformity, morphology, adhesion of the coatings to the
substrate, impurities in the coating, ablation of the donor, and material implantation into
the substrate. Apart from these, although nanoprinting with LIFT using a Gaussian beam
enhances the resolution in the nanodroplet size, it cannot actively control their spatial
position individually and with high precision.

Stimulated Emission Depletion (STED) lithography is a laser-material process-
ing technique that employs the superposition of Gaussian and optical vortex beams and
offers high resolution nanoprinting. In STED lithography, the Gaussian beam (typically
femtosecond laser pulses of 780 nm) is used for multiphoton excitation of the photostarters

82



and the optical vortex beam (a 532 nm continuous wave laser) is used as a depletion
beam. The vortex laser beam is overlapped with the excitation laser beam and depletes
the previously excited photoinitiators. At the focus, the spatial shape of the vortex beam
has a zero-intensity region at the location where the excitation beam has its maximum
intensity [6].

The excitation laser excites photoinitiator molecules from the ground states to an
excited (electronically and vibrationally) state via two-photon absorption. Most of the
molecules will relax to an intermediate state from where they can fluoresce. The idea of
STED is to bring the molecules from the intermediate state back to the ground state via
stimulated emission induced by a second laser (depletion laser) of a different color. In-
creasing the depletion of laser power increases the number of photoresist molecules. These
molecules are then forced into the non-polymerized state, except for the molecules lo-
cated at zero depletion intensity region [7]. This method has been employed to fabricate
nanometer-sized nanowires. For example, Gan et al. produced nanowires with the feature
size (i. e., the line width) of 9 nm and two-line spatial resolution of 52 nm [8].

Using the STED technique in nanoprinting, however, has its own challenges. The
greatest challenge is selecting a suitable material. This challenge could be recognized in
two aspects. First, to fabricate smaller features and lower the resolution, specific materials
need to be discovered. These materials should be rigid enough to resist the washing process
and do not shrink. Second, only negative tone resists have been used in STED lithography
so far; positive tone resists also needs to be tested. Indeed, finding a suitable photoinitiator
is very difficult. Moreover, to efficiently deplete the molecules’ excitation (transition) via
stimulated emission, a considerable oscillator strength is required. Besides, a long excited-
state lifetime is required for the interaction.

Apart from all the benefits, the degree of spatial control with light was restrictive. It
was not feasible to position individual structures with nanoscale spatial precision. In other
words, there have been no reports showing that this technique is capable of fabricating and
spatially controlling single 3D structures. The limitations and challenges in these direct
laser writing techniques motivated us to develop a more feasible method with high precision
and fewer limitations in fabrication and resolution control.

The work reported in this chapter is my published paper that addresses how light
can be employed to actively manipulate materials in 2D with nanoscale precision. We
demonstrated a technique to fabricate individual nanocones in a complex pattern on the
surface of silicon and control their position with nanometer resolution. The technique
presented in this chapter exploits the unique properties of the structured light - phase
and polarization singularities - that allow us to control the null intensity regions in the
beam profile. Upon irradiation, the intensity distribution of the structured light is mapped
onto the silicon surface and induces localized melting. Subsequent fluid dynamics, as
mentioned in the previous chapter, leads to the formation of nanocones at the positions
of null intensity regions. Varying the phase retardation of the two orthogonal polarization
states of the structured light made us able to control their position.
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5.2 Spatially controlled nano-structuring of silicon with

femtosecond vortex pulses
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Engineering material properties is key for development of smart mate-
rials and next generation nanodevices. This requires nanoscale spatial
precision and control to fabricate structures/defects. Lithographic tech-
niques are widely used for nanostructuring in which a geometric pattern
on a mask is transferred to a resist by photons or charged particles
and subsequently engraved on the substrate. However, direct mask-
less fabrication has only been possible with electron and ion beams.
That is because light has an inherent disadvantage; the diffraction limit
makes it difficult to interact with matter on dimensions smaller than the
wavelength of light. Here we demonstrate spatially controlled formation
of nanocones on a silicon surface with a positional precision of 50 nm
using femtosecond laser ablation comprising a superposition of optical
vector vortex and Gaussian beams. Such control and precision opens
new opportunities for nano-printing of materials using techniques such
as laser-induced forward transfer and in general broadens the scope of
laser processing of materials.

Introduction

The fundamental limit to spatial resolution of any optical system is governed by diffraction
and is approximately half the wavelength of light [9]. Diffraction also dictates how tightly
a laser beam can be focused, which in turn determines the feature size one can achieve in
laser ablation of materials. Therefore, shorter wavelengths (ultraviolet) are often used in
combination with lithographic techniques to produce sub-wavelength features as small as
50 nm [10]. Driven primarily by the semiconductor industry, research efforts are ongoing
to use coherent and non-coherent extreme ultraviolet light to produce features smaller
than 10 nm to meet the ever increasing demand for miniaturization [11,12]. Concurrently,
alternate methods are also being explored to overcome the diffraction limit of light that
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does not involve the use of a photomask. These fall into two categories – near field and far
field approaches.

Nanofabrication using near field approach exploits local field enhancement around a
nanoparticle to confine light to sub-wavelength dimensions and thereby induce local de-
formations (melting or ablation) of the substrate. Large scale periodic array of nanoholes
were fabricated by laser irradiation of a monolayer of microspheres [13] – a multistep pro-
cess with no direct control on the position of nanostructures, analogous to lithographic
techniques [14]. Alternately, controlled fabrication of individual nanostructures can be
achieved using scanning probe microscope either directly [15] or by irradiating the tip with
light [16].

Direct laser processing of materials is a far field approach that exploits the nonlinear
nature of the light-matter interaction and localized energy deposition. Using ultrashort
laser pulses, three-dimensional (3D) control was achieved in transparent materials [17, 18]
and sub-wavelength structures were created with enhanced spatial precision in a cold ab-
lation process due to negligible lateral heat transport to the surrounding material. Ex-
ploiting near threshold ablation, feature dimensions far below the diffraction limit were
demonstrated [19,20]. However, in such a threshold based material response, the ablation
features were found not to be dependent on the nonlinear process responsible for light
absorption but rather correspond to a one-to-one mapping of the beam profile at thresh-
old intensity [21]. Nanoholes [22, 23], nanocones [24–27], nanodots [13] and self-organized
periodic nano-ripple patterns [28–30] were also fabricated in different materials either by
ablation or material modification using above threshold laser pulse energies.

Another non-contact direct laser-write technique that is widely used in nano-printing
is Laser Induced Froward Transfer (LIFT) to ”drop and place” small volumes of complex
materials into user-defined, high-resolution patterns [31, 32]. A thin film of material on
a donor substrate is melted locally by the laser beam and lifted off in the form of a
droplet that gets deposited onto a receiver substrate separated by a small gap. The spatial
resolution one could achieve in placing individual droplets is few hundreds of nanometers.

Although light induced nanostructures with feature sizes smaller than diffraction limit
could be fabricated either by ablation or material modification [33], the degree of spatial
control with light is restrictive. For example, it is not feasible to position individual
structures with nanoscale precision. Only partial spatial control has been achieved with
nano-ripples whose orientation and spacing was varied by changing the laser polarization
and wavelength (λ) [29]. In this context, the present article addresses how light can be
used to actively manipulate materials in two dimensions with a precision of ∼ λ/20. It
demonstrates positioning of ∼ 0.1 µm3 of the molten material in the form of a nanocone
with 50 nm precision in an area of 40 µm2 by manipulating the beam shape. The technique
is extended to fabricate complex, unconventional structures involving multiple nanocones
and control their relative positions with the same precision.

Apart from laser fabrication and spatial control of nanostructures, surpassing the
diffraction barrier imposed by the wave nature of light is also critical in imaging/microscopy.
It is accomplished by using the same (a) near field techniques that exploit the informa-
tion contained in the evanescent wave [34, 35] or confine light using plasmonic nanostruc-
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tures [36, 37], and (b) far field techniques that exploits the optical nonlinearity of the
medium as in stimulated emission depletion microscopy [38].

Our approach to sub-wavelength precision in nano-fabrication is based on the coherent
superposition of optical vector vortex beam (VVB) and a Gaussian beam [39]. VVBs
are characterized by spatially variant linear polarization in the beam transverse plane.
They may possess phase singularities in the transverse plane at which the field amplitude
vanishes. VVBs can be expanded in terms of orbital angular momentum (OAM) carrying,
i.e. twisted, beams. Twisted beam carry an OAM value of `~ per photon, where ~ is the
reduced Plank constant, and ` indicates the number of twists in the helical wavefront in one
wavelength which its sign determines the chirality of the helix. We produce VVBs using a
birefringent plate enclosing a patterned liquid crystal layer, known as a q-plate. The liquid
crystals in the q-plate have an optic axis whose orientation depends on the azimuthal
coordinate, thereby forming a pattern defined by a topological charge q consisting of either
a full or a half-integer value. As light propagates in the q-plate, spin angular momentum
associated with light polarization is coupled to photon OAM of ` = ±2q . The conversion
efficiency is determined by the q-plate’s optical retardation, which can be controlled by an
externally applied electric field.

Results

Our technique exploits two unique properties of VVBs. First, the annular intensity distri-
bution of the VVB when focused is mapped onto the silicon surface causing melting of a
thin layer, determined by the optical penetration depth of light. Thermo-capillary and/or
hydrodynamic forces displace the molten silicon radially outward to the periphery and also
radially inward to the centre of the crater. Compressive forces arising from radial inward
motion of the molten material pushes it away from the surface. Rapid expansion causes
re-solidification into a nanocone formed (Fig. 5.1a) at the centre where VVB has a zero
intensity point [26]. Simultaneously, the radial outward motion of the molten material
re-solidifies after reaching the cold boundary of the ablation region to form a rim. The
height of the nanocone is ∼ 500 nm and increases with the increasing pulse energy while
the rim height is only ∼ 100 nm [26]. Longer nanocones or nanoneedles have been produced
with vortex beams using nanosecond and picosecond pulses on silicon [40] and metals [41].
They were shown to exhibit chirality and has been attributed to (a) mapping of the orbital
angular momemtum of the beam on to the handedness of the nanoneedles [41], and/or (b)
tailored chiral intensity distribution that also controls the handedness of nanoneedles [42].
In contrast, there was no clear signature of the chirality-control fabrication (by changing
OAM value) of nanocones produced by femtosecond pulses.

Second, when a pure VVB is perturbed by adding coherently a tunable amount of a lin-
early polarized Gaussian beam, the central singularity either shifts or unfolds into multiple
singularities depending on the topological charge. The shift can be precisely controlled by
adjusting the applied external field to the q-plate. This action varies the optical retarda-
tion and thereby detunes the strength of the spin-to-orbital angular momentum coupling
of light. A fraction of the input Gaussian beam co-propagates with a partly converted
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Figure 5.1: Displacement of the nanocone and phase singularity with retardation.
Superposition of linearly polarized Gaussian beam with VV beam produced by a q-plate
with topological charge of q = +1/2, having different weights (a) 0:100 (pure VV beam),
(b) 10:90, and (c) 15:85. The top row shows SEM images of the nanocone position and
the bottom row shows the corresponding intensity profile of the superposition beams. A
single laser pulse with an energy of 280 nJ created the nanocone.

VVB. As a result, for q=1/2 or ` = ±1, the position of the nanocone within the ablation
region can be varied with nanometers precision (Fig. 5.1b, 5.1c). As the weight of the
Gaussian beam increases, the position of the singularity shifts towards the outer region of
the ablated region (also see Supplementary Fig. S2). For a pure VVB produced by q=1/2
plate, the output polarization was radial, azimuthal, or spiral [30] when the angle of the
incident linear polarization with respect to the q-plate axis was 0◦, 90◦, or 45◦, respectively.

The nanocone position can be controlled by moving the singularity anywhere in the
transverse plane of the beam as shown in Fig. 5.2, for azimuthally polarized VVB. For
a fixed optical retardation (relative weight of Gaussian beam to VVB), a half-wave plate
(HWP) in front of the detuned q-plate rotates the input polarization with respect to the
q-plate axis and changes the angular position of the singularity at the transverse plane
rotating it in a circular arc. Radius of the circular arc depends on the optical retardation.
Varying the applied electric field to the q-plate and rotating the incident linear polarization,
the nanocone can be positioned anywhere in 2D space within the interaction region of ∼ 40
µm2 with a precision of 50 nm. Similar results were obtained for radial and spiral VVBs.

Figure 5.3 shows unfolding of the singularity when a pure VVB with a star-shaped
polarization pattern [30] with ` = ±2 (topological charge of q = −1) is perturbed by
a Gaussian beam. The perturbation is achieved by electrically detuning the q-plate. In
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Figure 5.2: Controlled positioning of the nanocone in 2D space. (a) For a fixed
relative weight (25:75) of Gaussian and VV beams produced by an electrically detuned q-
plate with topological charge of q=+1/2, SEM images show the motion of the nanocone in
a circular arc when an additional phase is added to the superimposed beams by rotating the
polarization axis of the incident Gaussian beam with respect to the q-plate axis. A single
laser pulse irradiated the sample with a pulse energy of 600 nJ. (b) The corresponding
simulated intensity profiles. (c) Polar plot showing the measured relative shift of the
nanocone with respect to its position for a pure VV beam as a function of the rotation
angle of the HWP (relative phase of the linearly polarized Gaussian beam) for different
optical retardations (different weights of Gaussian and VV beams). The dashed lines are
the simulated nanocone position.

VVBs, the total field orientation is undefined along the beam axis and this polarization
singularity is typically referred to as a V-point. A small perturbation to pure VVB causes
the local polarization states to acquire a tiny ellipticity. The V-point no longer exists,
instead two pairs of C-points appear where the orientation of the polarization ellipse is
undefined. Unfolding of the polarization singularity also deforms the intensity pattern
of the pure VVB giving rise to two null intensity points. The separation between these
points can be controlled by varying the relative weight of Gaussian beam superimposed
on the VVB and increases with the amount of Gaussian contribution. This results in
the formation of two nanocones whose separation and relative orientation can be precisely
controlled by detuning the q-plate and adding an extra phase to the superimposed beams
(as in Fig. 5.2), respectively (see Supplementary Fig. S4).
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Figure 5.3: Separation of nanocones with unfolding singularity. Superposition of
linearly polarized Gaussian and VV beams produced by a detuned q-plate, topological
charge of q = −1, with different relative weights of (a) 10:90, (b) 15:85, (c) 20:80 (d) 25:75.
Top panels shows the SEM images of two nano-cones generated by a single laser pulse
with an energy of 310 nJ. The bottom panels show the corresponding intensity profiles.
Separation between the singularities increases with increase in the Gaussian component.

Figure 5.4 shows how complex intensity patterns can be generated by superimposing
different VVBs produced by a combination of two q-plates with topological charges of
q = −1 and q = 1/2. A HWP between the q = −1 and a detuned q = 1/2 plates
produces a superposition state α(ei2φeR + e−i2φeL) + β(eiφeL + e−iφeR), where α and β
are given by the detuning parameter. The resultant intensity distribution displays three
singularities around the central region where the intensity is also minimum (Fig. 5.4c).
As a result 4 nanocones are formed (Fig. 5.4a). In the absence of the HWP the output
corresponds to a superposition state defined by α(ei2φeR + e−i2φeL) + β(ei3φeL + e−i3φeR).
The intensity pattern consists of 5 null points around the central null region (Fig. 5.4d).
This should lead to 6 nanocones. However, any slight detuning of the q = −1 plate leads
to splitting of the central singularity resulting in the formation of 7 nanocones (Fig. 5.4d)
(see Supplementary Fig. S6).

Discussion

There are some similarities between our laser processing technique and stimulated emis-
sion depletion (STED) microscopy/ lithography in surpassing the diffraction barrier. Both
use superpositions of Gaussian and non-Gaussian beams. In STED microscopy, a focused
Gaussian beam that excites the fluorophores is superimposed with a beam having a dough-
nut intensity distribution that switches off the fluorophores except at its centre. In STED
lithography the doughnut beam is used to inhibit photo-polymerization induced by the
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Figure 5.4: Fabrication of complex nanostructures. Mapping of complex intensity
profiles generated by VVB produced by two q-plates with topological charge of q = −1,
and q = 1/2. (a) A HWP between the q = −1 (` = ±2) plate and a detuned q = 1/2
(` = ±1) plate, and (b) without the HWP between the two q-plates. The corresponding
calculated intensity profiles are shown in (c,d). Experimental patterns were produced by
a single pulse with an energy of 700 nJ.

writing beam. However, the main drawback of STED lithography is the design and de-
velopment of suitable photoresists [43]. In our method, varying the phase retardation
between the VVB and Gaussian beam shifts the null intensity positions within the focal
region enabling us to control the position of the nanocone.

However, the underlying physics is different between the two methods. In STED mi-
croscopy, the doughnut beam depletes the fluorescent state by stimulated emission in all
molecules in the intense regions of the beam. The intensity of the doughnut beam deter-
mines (a) the probability of fluorescence switching that scales exponentially, and (b) the
area to which fluorescence is confined that scales inversely thereby enhancing the spatial
resolution. In our technique, VVB induces localized melting via multiphoton absorption
and the subsequent fluid dynamics around the unmodified region of the material (due to
null intensity region) displaces matter on nanoscale. The probability of such nonlinear in-
teraction scales with nth power of laser intensity, where n is the number of photons involved
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in the multiphoton process. In silicon (band gap of 1.14 eV), the interaction of 800 nm
light (photon energy of 1.55 eV) is dominated by single and two photon absorption. The
intensity of the VVB determines the amount of the material displaced leading to nanocone
formation whose height increases but the apex angle remains the same [26]. Therefore, the
spatial resolution remains the same.

In our experiments, the spatial precision of ∼ 50 nm is due to loose focusing of the
laser beam. The use of a high numerical aperture lens will reduce the size of the null
intensity region and will lead to a smaller lateral extent and apex angle of the nanocone
(see Supplementary Fig. S3). However, at very high numerical apertures the longitudinal
component of the field can hinder the interference process and limit the spatial resolution.
The spatial precision can be further improved to 10 nm by (a) using a highly stable power
supply that can change the small voltage applied to the q-plate in 1 mV steps, and/or (b)
changing the angle of the half-wave plate in front of the detuned q-plate in smaller steps
of 0.1◦. The laser pulse duration is not critical in our technique. In fact, longer durations
were found to give rise to µm sized nano-needles likely due to larger melt volume [27].

The main limitation is that the nanocones can be efficiently created only on non-
transparent materials where the melt layer is two dimensional. In transparent materials,
light penetration into the medium leads to a 3D melt layer whose dynamics lead to sur-
face swelling and ejection of the material instead of a well-defined nanocone. Also, the
nanocones are always accompanied by an outer rim whose relative height can be min-
imized by laser parameters albeit with concomitant reduction in nanocone height [26].
Controlled fabrication of nanocones in semiconductors and metals can be used as field
emission tips [44, 45], scanning probes, whispering gallery optical resonator [46], and for
enhanced solar absorption in photovoltaics [47]. When implemented with LIFT, our tech-
nique provides the ability to control the deposited material with sub-wavelength precision
in nano-printing of complex materials with applications ranging from microelectronics to
bio-photonics.

Methods

Experiment

Femtosecond light pulses from a Ti:sapphire laser system (800 nm, 1 kHz, 45 fs, 2.5
mJ/pulse) were focused on a silicon surface with a 0.25 NA (16×) aspheric lens. The
sample was mounted on three-axis translation stages with a resolution of 100 nm. The
sample was irradiated with a single pulse selected by operating the laser in an external
trigger mode. The incident pulse energies, varied using a half-wave plate (HWP) and a po-
larizer, were measured after the microscope objective taking into account the transmission
and reflection losses of all the optics. The pulse duration before the microscope objective
was 70 fs. The laser-ablated regions were characterized by a scanning electron microscope
(SEM), with the electron beam incident normal to the sample surface and atomic force
microscopy (AFM) in non-contact mode.
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In our experiment, complex intensity profiles were generated using birefringent-based
liquid crystal beam converters, called q-plates [48,49], with topological charges of q = +1/2
and −1. The optical retardation of the q-plates was changed by varying the voltage applied
to them. At the optimal voltage, the q-plates converted linearly polarized Gaussian beams
to optical VVBs composed of OAM states with ` = ±1 and ` = ±2, respectively [50].
Complex spatial intensity profiles were produced by varying the voltage applied on the
q-plate. This process called voltage tuning of the q-plate results in varying the extent of
coherent superposition of laser beam components. In other words, detuning the individual
q-plate produced a superposition of partially converted VVBs with the incident Gaussian
beam. A combination of different q-plates resulted in complex intensity profiles due to the
superposition of VVBs. See Supplementary Fig. S1 for additional details.

Numerical

Intensity profiles of different order VVBs and their superposition states were simulated
using the Laguerre Gaussian beam

U(r, φ, z) =
CLG
`p

w(z)

(
r
√

2

w(z)

)|`|
exp

(
−r2

w2(z)

)
L|`|p

(
2r2

w2(z)

)
exp

(
−ikr2

2R(z)
− i`φ− ikz + iΨ(z)

)
,

(5.1)

where p ≥ 0 is the radial index and ` is the azimuthal index. L`p are the generalized Laguerre

polynomials and CLG
`p is a normalization constant. R(z) is the radius of curvature of the

wavefront, w(z) is the beam width and Ψ(z) is the Gouy phase. r and z are the radial and
axial distances. k is the wave number and ei`φ is the phase factor containing the ` term.
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5.3 Supplementary Material

5.3.1 Experimental Setup

A schematic of the experimental setup used to demonstrate spatially controlled formation
of nanocones on silicon with femtosecond vortex pulses is shown in Fig. 5.5. Linearly
polarized input pulses with a Gaussian spatial profile were converted to optical vortex
pulses by employing q-plates with topological charges of q= +1/2 and -1. The resultant
radial profile of the vector vortex (VV) pulse is similar to that of Hyper-Geometric Gaussian
modes [51].

The q-plate is a slab of a birefringent material based on liquid crystal technology with
uniform birefringent phase retardation (δ) and a transverse optical axis pattern with a
topological charge of q [52]. The optical phase of the generated modes varies by 2πq when
circling once the beam axis. The topological charge q is an integer or semi-integer, positive
or negative value. A circular aperture after the q-plate filtered the central part of the beam
resulting in a vortex beam with an annular spatial profile similar to that of Laguerre-Gauss
modes.

Different polarization states with a variety of spatial intensity distributions were pro-
duced by (i) using a combination of different q-plates and wave plates, and (ii) varying
the optical retardation of the q-plate, resulting in the superposition of pure vortex and
Gaussian beams. The pulse energies of the emerging vortex beam with complex polariza-
tion and spatial structure were controlled by a combination of half wave plate (HWP) and
polarizer. A glass plate (G) reflected a portion of the incident pulse on to a fast photodiode
(PD) that was used for power calibration by operating it in the linear regime with the help
of neutral density filters (ND).

An aspheric lens (16× with 0.25 NA, f = 11 mm, Newport) focused the vortex pulses on
to a crystalline (100) p-type silicon mounted on a precision 3-axis (x, y, z) motion control
system. The position of the laser focus relative to the sample’s surface was determined
accurately (±5 µm) by imaging the back-reflected light from the silicon surface. Glass plate
directed the back-reflected light towards a charge-coupled-device (CCD) camera (MCE-
B013-US, Mightex) after propagating through a focusing lens (Thorlabs, f = 100 mm,
plano-convex lens). The Si surface morphology was analyzed using a field emission scanning
electron microscope (Zeiss Gemini SEM 500) with both In-Lens detection mode (top-view
images) and secondary electrons detection mode (sideview images) and a Park NX10 atomic
force microscope in a non-contact mode.

The setup shown in Fig. 5.5 (a) produces a nanocone whose position can be shifted by
changing the voltage applied on the q-plate with a topological charge of 1/2 (QP1). This
corresponds to Fig. 1 in the main text. A half-wave plate in front of the QP1, as shown
in Fig. 5.5 (b), enables to change the angular position of the nanocone. This corresponds
to Fig. 2 in the main text. A q-plate with topological charge of -1, QP2, as shown in
Fig. 5.5 (c) is used to produce two nanocones whose separation can be varied by changing
the voltage applied on the QP2. This corresponds to Fig. 3 in the main text. The setup
shown in Fig. 5.5 (d) produces three-petal shaped flower like structure with four nanocones,
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corresponding to Fig. 4a in the main text. Removing the half-waveplate between QP2 and
QP1, as shown in Fig. 5.5 (e), produces five-petal shaped flower like structure with 6
nanocones. This can be increased to 7 nanocones by detuning QP2, corresponding to Fig.
4b in the main text.

Figure 5.5: S1- The schematic shows the experimental setup. ND: neutral density filter,
CCD: charge-coupled-device camera, G: glass plate, PD: photodiode, P: polarizer, L: Lens,
OBJ: objective, QP1: q-plate with topological charge of 1/2, QP2: q-plate with topological
charge of -1, HWP: Half-wave plate.

5.3.2 Optical Retardation Calibration with the Applied Voltage

A square-wave signal generator operating at 7 KHz and 4 KHz was used to adjust the
driving voltages to the q= +1/2 and q = -1 plates, respectively. At optimal voltage of 2.97
V, both q-plates produced pure VV beams. Varying the voltage on the q-plates causes a
change in the optical retardations (δ) enabling the tuning of the q-plates. When the q-plate
is detuned, if the input Gaussain beam is circularly polarized, the resultant output beam
will be a coherent superposition of two fundamental optical states; (i) the unconverted part
of the input Gaussian beam with the same polarization as the input and (ii) the converted
annular VV beam with opposite handedness to the input polarization with `=±1(or ±2).
Invoking different input polarization states, optical retardation values, and/or different
location of polarization optics within the setup produced a combination of converted and
unconverted parts of the beam.
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Figure 5.6: S2- The left ordinate in blue shows relative position of the nanocone as a
function of voltage on the q-plate, measured with respect to its original location when a
pure OAM beam irradiated the silicon surface. The green dashed line corresponds to the
theoretical value demonstrating linear dependence. Right ordinate in pink demonstrates
variation of optical retardation with applied voltage.

In a simple configuration, with only q=1/2 plate in the setup we were able to control the
relative position of the nanocone with respect to its original location (produced by a pure
vortex beam with `=±1). For a fixed relative phase between the LG beam components,
varying the optical retardation shifted the nanocone as shown in Fig. 5.6. This was
achieved by detuning the voltage on the q-plate. As the relative weight of the Gaussian
beam increased with respect to a pure VV beam (voltage decreased) the vortex and hence
the nanocone position shifted linearly away from the center of the ablated region and moved
towards the boundary (rim). The first data point corresponds to the nanocone’s position
when the composite beam is dominated by the Gaussian component while the last data
point corresponds to a pure VV beam.

The following procedure illustrates how the optical retardation was calibrated with the
voltage applied on the q-plate. Left-circular (L) polarized light was passed through the
q=1/2 plate to achieve spin to orbital angular momentum conversion. After the q-plate,
a quarter wave plate (QWP) whose optics axis is at 45◦ with respect to the q-plate and a
polarizing beam-splitter (PBS) produced two output beams; a pure converted beam with
a doughnut-shaped profile as a transmitted component, and an unconverted beam with
a Gaussian profile as a reflected component. The transmitted component corresponds to
the pure VV beam with right circular polarization (R, `=1) while the reflected component
corresponds to pure Gaussian beam with left circular polarization (L, `=0).
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For a total power of P0, the powers of the coherently converted (PR,1) and unconverted
(PL,0) components depend on the optical retardation as,

PR,1 = P0 sin
2

(
δ

2

)
PL,0 = P0 cos

2

(
δ

2

)
Varying the applied voltage to the q-plate and measuring the power of the two output

beams of the PBS determined the optical retardation. The torque exerted on the liquid
crystal molecules by the applied electric field is responsible for such dependency [53].

5.3.3 NA=0.25 Versus NA=0.55

Spatial precision of ∼50nm was achieved in placing the nanocone within the ablated region
by focusing vortex pulses with a numerical aperture (NA) of 0.25, determined primarily
by the dimensions of the nanocone tip. The spatial precision can be improved further by
tighter focusing with a high NA lens. This creates a smaller null intensity region leading
to a smaller/sharper nanocone as shown in Fig. 5.7 (a). The graph shows two nanocones
with radii of curvature of 30 nm and 80 nm produced by aspheric lenses with NA=0.25 and
NA=0.55, respectively. The results confirm that the radius of curvature of the nanocone
tip decreases as the numerical aperture of the objective increases. Figure 5.7 (b) presents
a side-view SEM image of a nanocone produced by a single vortex pulse with an energy of
400 nJ.

(a) (b)

Figure 5.7: S3- (a) The AFM measurements for two nanocones produced by aspheric lenses
with NA=0.25 and NA=0.55. The radii of curvature of 30 nm and 80 nm were achieved,
respectively. (b) A side-view SEM image of a nanocone created by a 400 nJ vortex pulse.
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Figure 5.8: S4- Decrease in nanocones separation as the optical retardation of q=-1 plate
is increased. For a tuned q-plate, only one nanocone exists at the center of the ablated
region. When q-plate is detuned, optical retardation decreases leading to an increase in
the weight of the Gaussian beam and the nanocones separation.

5.3.4 Nanocones Separation vs Optical Retardation

When a pure VV beam of `=2 is perturbed, two nanocones are formed within the ablated
region. Their separation can be precisely controlled by detuning the q-plate as shown in
Fig. 5.8. In a detuned q-plate, Gaussian beam is superimposed on the VV beam. Such
superposition results in decomposition of the vortex into two single-charged vortices (each
dark spot with charge of `=1). Varying the voltage on the q-plate changes the relative
weights of the Gaussian and vortex components. In other words, the optical retardation
hence the separation between the nanocones changes.

Figure 5.8 shows the nanocones separation decreases as the portion of the Gaussian
beam decreases or the optical retardation increases. The orientation of the two nanocones
can also be precisely controlled by varying the relative phase between the two components
of the superimposed beams, as shown in Fig.2 of the main text. This can be achieved by
rotating a HWP introduced before the q-plate.

5.3.5 Manipulating the Number and Position of the Nanocones

Optical retardation and topological charge of the q-plate play a crucial role in determining
the number and the location of the nanocones. For a fixed topological charge, changing the
optical retardation changes the relative weight of the optical states present in the coherent
superposition leading to different asymmetric intensity distributions. For instance, a three-
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petal flower intensity profile was produced by an experimental configuration consisting of a
q-plate with topological charge of q=-1 followed by a HWP and a q-plate with topological
charge of q=1/2. Varying the voltage applied on the second q=1/2 plate while the applied
voltage on the first q=-1 plate was fixed for a maximum conversion (δ = π), allowed us
to set the intensity ratio and achieve several position-controlled nanocones. In this case,
a superposition of two beams with `=+1 and `=-2 was generated which allowed to have
an optical vortex of charge `=+1 at the centre surrounded by three vortices of charge -1
arranged symmetrically and located at the same radial distance from the centre at the
angles of π/3, π, and 5π/3 [54]. As the relative amplitude of the `=-2 component in
the superimposed beam was decreased (increased), the peripheral vortices and hence the
nanocones positions moved radially in (out), as shown in Fig. 5.9.

Figure 5.9: S5- (Top panel) the SEM images show the peripheral nanocones moving radi-
ally outward as the relative amplitude of the `=-2 component in the superimposed beam
increased. Three nanocones are located at the same radial distance from the centre at the
angles of π/3, π, and 5π/3. (Bottom panel) Simulation of intensity profiles corresponding
to the SEM images.

We were also able to generate a five-petal flower intensity distribution by using a se-
quence of a HWP, a tuned q-plate with topological charge of q=-1, and a q=1/2 plate with
an adjustable voltage. When the alignment is accurate, the vortex laser beam regenerated
in this configuration produced a structure consisting of a single nanocone at the centre
and five peripheral nanocones located at the same radial distance from the central cone,
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as shown in Fig. S6 (a). A small detuning of the first q-plate with topological charge of
q=-1 resulted in the central nanocone to split into two, as shown in Fig. 4b of the main
text. The corresponding AFM image is shown in Fig. S6 (b). The nanocones height varies
between 400 nm and 670 nm.

(a) (b)

Figure 5.10: S6- (a) The SEM image shows a 5-petal flower-shaped structure produced by
a tuned q=-1 and detuned q=1/2 plates. The structure consists of a single nanocone at the
centre of the ablated region surrounded by 5 nanocones located at the same radial distance
from the centre. (b) The AFM image of the 5-petal flower-shaped structure, shown in the
Fig. 4b of the main text, with the central cone splitting into two due to detuning of the
q=-1 plate. The heights of the nanocones vary from 400 nm to 670 nm.
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Chapter 6

Visualization of Complex
Polarization States of Light

6.1 Introduction

It is known that there is a class of light beams characterized by a variable polarization
direction along the azimuthal coordinate (ϕ). They are called vector vortex (VV) beams,
also known as spirally polarized beams, that can be generated via several techniques, for
instance, exploiting a q-plate. An important group of VV beams is those with cylindrical-
symmetric polarization patterns, i. e., radial and azimuthal polarized beams that are made
up of linear combinations of two helical waves with opposite topological charge ` = ±1 and
opposite polarizations (s = ±1, corresponding to the left and right circular polarization).
In other words, a linear combination of two OAM eigenstates with eigenvalue ±` produces
an arbitrary VV beam. Moreover, a linear combination of symmetric pairs of VV beams
generates two-dimensional spaces of non-uniform polarization states known as ”higher-
order Poincaré spheres”. Although there are some theoretical and experimental methods
to determine these complex polarization states, they can not be easily characterized by
polarizers and waveplates.

In recent years, there has been a rising interest in laser surface texturing using such
beams with femtosecond pulse durations. This is because they can be easily achieved
by tuning the q-plates. Doing this, one can produce vortex beams with various states
of polarization (SoPs), and consequently, numerous spatially variant surface structures
become a straightforward, single-step process. Moreover, there is a direct relationship
between the morphology and orientation of the fabricated surface structures and the spatial
intensity profile and SoP of the laser beam. Such a relation was our motivation to explore
mapping the higher-order polarization states of light onto a solid surface to be able to
directly visualize them without going through complex calculations and measurements
to characterize them. In the following, a brief introduction to the Poincaré sphere and
methods to calculate the polarization states is provided.
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6.2 Poincaré Sphere and Stokes Parameters

A representation of the state of polarization of light was introduced in 1892 by Poincaré [1].
He showed that the polarization states of a beam of light could be represented by a point
on the surface of a sphere, known as the Poincaré sphere, as shown in Fig. 6.1.

Figure 6.1: Poincaré sphere with three different polarization basis [2].

The poles of this sphere represent the circular polarizations whereas linear polarization
states reside on the equator. Any state of polarization on the Poincaré sphere can be
represented by specifying two angles, θ and χ:

|ψ〉 = cos(
θ

2
) |L〉+ sin(

θ

2
)eiϕ |R〉 (6.1)

where |L〉 and |R〉 denote the left- and right circular polarization states, respectively.
The special polarizations are given by the following angles; Left circular polarization (L):
θ=0, Right circular polarization (R): θ=π and ϕ=0, Horizontal polarization (H): θ=π/2
and ϕ=0, Vertical polarization (V): θ=π/2 and ϕ=π, Diagonal polarization (D): θ=π/2
and ϕ=π/2, Antidiagonal polarization (A): θ=π/2 and ϕ=3π/2. Any other combinations
represent the elliptical polarization. We can extend the concept of the Poincaré sphere to
include points within the sphere as well. In this case, the center of the sphere is associated
with a completely unpolarized state, whereas other points within the interior of the sphere
represent states that are partially polarized, and finally, points on the surface of the sphere
represent pure polarized states.
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6.2.1 Stoke’s Parameters

The Poincaré sphere is equivalent to all of the fundamental ways to describe polarization.
The Stokes parameters can be described as the Cartesian coordinates in which the Poincaré
sphere is originated. The state of polarization that is complex Jones vectors are mapped
on the surface of the Poincaré sphere through the Stokes parameters [3]. Another method
of describing the polarization of an electromagnetic field is through specifying a set of
numbers (namely four) known as Stoke’s parameters. This method is similar to describing
a two dimensional observable in quantum mechanics by expanding in terms of the spin
1/2 Pauli matrices and the Identity operator. The Stoke’s parameters for two-dimensional
states are given by:

ID + IA = 1

S0 ≡ IL + IR = IH + IV

S1 ≡ IH − IV , S2 ≡ ID − IA, S3 ≡ IL + IR

(6.2)

Here Ii is the modulus square amplitude (intensity) of the polarization component i. The
subscript D, A, L, R, H, and V indicate the diagonal, anti-diagonal, left circular, right cir-
cular, horizontal, and vertical polarization states, respectively. For a completely polarized
light one can show that:

S2
0 = S2

1 + S2
2 + S2

3 (6.3)

Sometimes it is more convenient to work with the dimensionless reduced Stokes parameters
defined as:

s1 ≡
S1

S0

, s2 ≡
S2

S0

, s3 ≡
S3

S0

(6.4)

6.3 Higher Order Poincaré Sphere

and Stokes Parameters

Though extremely useful, the state of polarization representation by the Poincaré sphere
has its shortcomings. First of all, it can only represent the simplest solutions to Maxwell’s
equations in the form of fundamental homogeneous wave planes. However, there are prob-
lems in which the solutions of Maxwell’s equations are even more complicated, such as laser
cavity resonators and fiber optical waveguides [4]. In these cases, higher-order solutions
to Maxwell’s equations admit spatially inhomogeneous states of polarization, typically in
cylindrically symmetric systems. Most importantly, vectorial vortex beams (known as spi-
rally polarized beams) [5] such as radial and azimuthally polarized cylindrical vector beams
cannot be properly described by the ordinary Poincaré sphere. In this case, higher-order
Poincaré spheres representation can be used [6]. As we will see later, light possesses a
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spin angular momentum per photon of s~ where s=+1 for left circular polarization and
s=-1 for left circular polarization. Moreover, light can carry orbital angular momentum,
which is quantized by values of `~ (`=0,±1,±2,· · · is the topological charge). This quan-
tity is associated with the helical wavefront (otherwise known as the optical vortex) by the
azimuthal phase factor ei`ϕ. Moreover, in the paraxial regime, light has two degrees of free-
dom, spin and orbital angular momentum, become additive resulting in the total angular
momentum given by (`+ s)~. The state of polarization of vector vortex beams is a linear
combination of orthogonal circular polarization and optical vortices with opposite topolog-
ical charges. Consider a monochromatic beam in the paraxial approximation, if the plane
of polarization is the XY plane, then its angular momentum state can be represented by
|π, `〉 = c`L |L, `〉+c`R |R, `〉 where |L, `〉 = 1√

2
(x̂+iŷ)e−i`ϕ and |R, `〉 = 1√

2
(x̂−iŷ)ei`ϕ are the

left and right circular polarization states of topological charges of -` and +` respectively.
The related normalized higher order Stokes parameters are given by [6]

S`0 = |〈R, `|π, `〉|2 + |〈L, `|π, `〉|2 = |c`R|2 + |c2
L|2,

S`1 = 2Re (〈R, `|π, `〉∗ 〈L, `|π, `〉) = 2|c`R||c`L|cosφ,
S`2 = 2Im (〈R, `|π, `〉∗ 〈L, `|π, `〉) = 2|c`R||c`L|sinφ,
S`3 = |〈L, `|π, `〉|2 − |〈R, `|π, `〉|2 = |c`L|2 + |c2

R|2,

(6.5)

In the relations above, φ is the relative phase given by Arg(c`L)-Arg(c`R). The higher-
order Poincaré sphere is constructed using S`1, S`2, and S`3 as the spheres Cartesian coor-
dinates with S”

0` the unit radius from the origin and the spheres spherical angles (2θ;2ϕ)
given by: 2θ=tan−1 (S`2/S

`
1) and 2ϕ=sin−1(S`3/S

`
0) [6]. The sphere then describes a higher

order vector vortex state of polarization at each point (2θ;2ϕ) on the surface. The poles
of the sphere represent circularly polarized optical vortices, and the equator represents a
vector vortex state of polarization that is linearly polarized everywhere. Points between
the poles and the equator represent elliptically polarized vector vortex polarizations. The
higher-order Poincaré sphere reduces to the standard Poincaré sphere for `=0. For nonzero
topological charges, the optical vortex and circular polarization handedness of each pole
can be either the same or opposite, and thus in higher-order basis, two spheres must be
described. In the figure below, two spheres representing `=1 and `=-1 are shown

Finally, we mention that in order to describe the full state of polarization of light, one
must perform a full state quantum tomography in order to determine the density matrix.
Practically this is done via using optical elements such as half-wave plates, quarter-wave
plates, and polarizing beam splitters, which provide an experimental method to measure
the Stokes parameters which are used for the full tomography [7].

6.4 Polarization Tomography

Based on what was mentioned earlier on the Poincaré Sphere and Stokes’s parameters,
there is an experimental technique used to reconstruct the polarization state of a beam
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(a) (b)

Figure 6.2: Higher order Poincaré spheres with three different polarization basis [6].

of light. The purpose of polarization tomography is to achieve this goal by performing
light intensity measurements on different bases. In practice, the process of polarization
tomography can be realized by performing a set of projective measurements on the light
beam. With a simple setup, as shown in Fig. 6.3 and the aid of a CCD camera, one
can register the intensities of light, which are projected along the three different bases
discussed earlier. The outcomes of the projected measurements lead to 6 values IL (recorded
intensity of left circular light), IR (recorded intensity of right circular light), IH (recorded
intensity of horizontally polarized light), IV (recorded intensity of vertically polarized light),
ID (recorded intensity of diagonally polarized light), and IA (recorded intensity of anti-
diagonally polarized light). With these values at hand, the four Stoke’s parameters are
evaluated as

S0 = IL + IR

S1 = IH + IV

S2 = IA + ID

S3 = IL − IR

(6.6)

In suitable units, these intensities are the module squares of the field amplitudes: IL =
|EL|2, IR = |ER|2, IH = |EH |2, IV = |EV |2, ID = |ED|2, and IA = |EA|2. Equipped with
the set S0, S1, S2, S3, one can determine the state of polarization of light. The process is as
follows. As we saw earlier, any given polarization can be represented by a unique point on
the surface of the Poincaré sphere. Thus, in order to reconstruct a particular polarization
state, it suffices to specify two angles; the polar angle (θ and the azimuthal angle ϕ).

|π〉 = cos(θ/2) | L〉+ sin(θ/2)eiϕ |R〉 (6.7)

These angles are related to the two angles χ and ψ, since the Poincaré sphere is also the
parametrisation of the three Stoke’s parameters, S1, S2 and S3 in spherical coordinates
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θ =
π

2
− 2χ

ϕ = 2ψ
(6.8)

The Stoke’s parameters which describe the polarization state of a beam of light, are given
in terms of the total beam intensity, I, degree of polarization, p, and the shape parameters
(χ and ψ) of the polarization ellipse:

S0 = 1

S1 = I p cos(2ψ)cos(2χ)

S2 = I p sin(2ψ)cos(2χ)

S3 = I p sin(2χ)

(6.9)

The degree of polarization, p, can take any value between 0 and 1, where 0 is related to
completely unpolarized light, and 1 is related to fully polarized electromagnetic radiation.
Since we use the Poincaré sphere representation, we can normalize the total intensity of the
beam, I, to 1. We also restrict ourselves to points on the surface of the Poincaré sphere,
thereby looking only at fully polarized light, p=1. Thus, we have

S0 = 1

S1 = cos(2ψ)cos(2χ) = sin(θ)cos(ϕ)

S2 = sin(2ψ)cos(2χ) = sin(θ)sin(ϕ)

S3 = sin(2χ) = cos(θ)

(6.10)

With a little algebra one finds the two angles θ and ϕ, in terms of the measured intensities
along the three axes of the Poincaré sphere as

θ =
π

2
− 2χ =

π

2
− tan−1

[
S3√

S2
1 + S2

2

]

=
π

2
− tan−1

[
IL − IR√

(IH − IV )2 + (IA − ID)2

]

ϕ = 2ψ = tan−1

(
S2

S1

)
= tan−1

[
IA − ID
IH − IV

]
(6.11)

We thus reconstruct the desired state of polarization as

|π〉 = cos

(
1

2

{
π

2
− tan−1

[
IL − IR√

(IH − IV )2 + (IA − ID)2

]})
|L〉

+ sin

(
1

2

{
π

2
− tan−1

[
IL − IR√

(IH − IV )2 + (IA − ID)2

]})
e
i(tan−1

[
IA−ID
IH−IV

]
) |R〉

(6.12)
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Figure 6.3, shows a simple experimental setup to measure the intensities along with
the horizontal and vertical polarization directions. Experimentally, this can be done by
using a quarter-wave plate, a half-wave plate, and a polarizing beam splitter. The role
of wave plates is to perform unitary operations. In other words, they act as rotations
about an axis lying in the plane of a great circle of the Poincaré sphere. In general,
a waveplate with an optics axis oriented at an angle θ with respect to the horizontal
direction induces a rotation on the Poincaré sphere about an axis 2θ from the horizontal,
in the linear plane (the equatorial disk of the Poincaré sphere). The amount of rotation
depends on the waveplate’s retardance. For a half-wave plate, it is π, and for a quarter-
wave plate, it is equivalent to π/2. A π/2 rotation of a point on the Poincaré sphere (a
given polarization) about a linear axis directly below it will rotate that state into a linear
polarization. This state will be rotated to the equator of the Poincaré sphere. The quarter-
wave plate rotates the projection state into the linear polarization plane (the equator of
the Poincar sphere). The half-wave plate rotates this linear state to horizontal. The PBS
transmits the projection state (|H〉) and reflects its orthogonal complement (|V 〉), which
can then both be measured. Now by rotating the axis of the half-wave plate by 22.5◦,
the linear state will be rotated into diagonal. Thus, the intensities along the diagonal and
anti diagonal polarization can be measured. Finally, by removing the half-wave plate and
replacing it with another quarter-wave plate with an axis orthogonal to the first quarter-
wave plate, one can measure the intensities in the circular bases, and thus, the tomography
is completed.

Figure 6.3: An experimental setup to determine the state of polarization.

In the following, for the first time, we present a direct way to visualize these higher-
order polarization states by direct fs-laser surface structuring. These VV beams were
generated by varying the birefringence optical retardation, δ, of a q-plate. By irradiating
multiple pulses on the diamond sample, we could fabricate ripple structures in very complex
patterns, whose orientations were an exact map of the polarization states. The technique
employed in our experiment can be extended to other materials.
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6.5 Mechanism of Ripple Formation

The creation of nano-ripples is the result of localized ionization and laser-plasma interaction
in the multiple pulse regime, and can be discussed in three steps: (1) nanoplasma formation,
(2) growth of the nanoplasma into nanoplanes, and (3) self-organization of the nanoplanes.

Nanoplasma Formation: When the first tightly focused fs laser pulse irradiates,
it ionizes the material via multiphoton ionization in random spots. Local defects such as
color centers and impurities are responsible for the locally seeded multiphoton ionization.
In these defect points, electrons or holes are trapped and can be ionized more easily due
to their reduced ionization potential [8]. Next laser pulses ionize the same spots more
preferentially due to the pulse-to-pulse memory effect in the nonlinear ionization [9]. Due
to this effect, the local changes induced by the first laser pulse remain in the material
and promote the interaction of subsequent pulses irradiating the same areas. Therefore,
instead of a uniform plasma, a single pulse in the focal volume can generate preferentially
localized ionization resulting in hot ionized spots. Over several laser shots, random ionized
spots can evolve into random localized nanoplasmas with spherical shapes.

The growth of the generated nanoplasmas is further affected by the local electric field
enhancement around them.

Local Field Enhancement: An external electric field (e. g., a laser beam) causes
electrons to behave as dipoles and oscillate back and forth as the electric field oscillates.
Depending on the electron density in the material, the oscillations alter the field distribu-
tions around the dipoles along the laser electric field or perpendicular to it. By considering
the nanoplasma as a spheroid, the electric field enhancement takes place either at the poles
or the equator, depending on the plasma density or the electric permittivity. Note that for
a spherical nanoplasma, permittivity is determined by εp = εr+iεi, where εr = 1−Ne/Ncr,
Ne is the electron density and Ncr is the critical density (where the plasma frequency and
the laser frequency are equal).

When the electron density is higher than the critical density (overcritical nanoplasmas),
the spherical nanoplasmas behave like metallic nanoparticles in a dielectric target, and
thus permittivity becomes a negative quantity with an absolute value greater than one
(ε� −2).

In this case, the boundary conditions at an interface, defined by Maxwell’s equations,
require the electric field to be continuous parallel to the interface, and discontinuous per-
pendicular to it. This means that electric fields inside a metal vanish and electric fields
parallel to the interface become equal. It also implies that fields perpendicular to the
interface constructively interfere with the dipole radiation causing a field enhancement at
the poles of the nanoplasma while the electric field around the equator is suppressed, i.e.,
Epole > Eequator, as shown in Fig. 6.4. Since the polar axis of the spherical nanoplasma
is along the laser electric field or the laser polarization direction, overcritical nanoplasmas
grow along with the laser polarization.
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The local field distribution for a sphere at a point on the polar axis and in the equatorial
plane are given by

Epole =
3ε E

ε+ 2

Eequator =
3 E

ε+ 2

where ε =
εplasma

εdielectric
is the relative permittivity, and E is the laser electric field.

The local field distribution around a spherical nanoplasma in a dielectric medium is shown
in Fig. 6.4.

Figure 6.4: Schematic shows how spherical nano-plasma becomes a nano-plane due to the
local field enhancement. E is the electric field of the laser beam, k shows the propagation
direction of the beam, Eequator=

3 E
ε+2

represents the local fields at the equator of the spherical

nanoplasma, and Epole=
3 ε E
ε+2

is the local fields at the poles. The relative permittivity is
denoted by ε. In the case of overcritical plasma (ε > 1), i. e., when the plasma density
is larger than the critical density, field enhancement occurs at the poles that cause the
spherical nanoplasma becomes elongated parallel to the laser polarization. However, for
undercritical plasma (0 < ε < 1), elongation takes place perpendicular to the laser
polarization direction.

In contrast, when the electron density is lower than the critical density (undercritical
plasma, 0 < ε < 1), dipoles oscillate with a frequency less than the laser frequency and
they are out-of-phase with the laser field. The out-of-phase dipole radiation destructively
interferes with the laser field, suppressing the field everywhere except in the equatorial
plane perpendicular to the electric field. In other words, the perpendicular component
of the electric field outside the nanoplasma is enhanced, resulting in Eequator > Epole. In
this case, the electric field inside the plasma is also enhanced and is equal to Eequator.
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Therefore, in contrast to the overcritical case, for an underdense (undercritical) plasma,
the field enhancement occurs perpendicular to the laser polarization, which means the
nanoplasmas are elongated perpendicular to the laser polarization. Such an undercritical
plasma formation has been previously shown when fs laser pulses were focused inside fused
silica [10]. In fact, when the focus is inside a bulk, as the pulse propagates through the focus,
pulses with intensities above the threshold are absorbed which causes a pulse modification
in time and spatial distribution. Therefore, once the pulse reaches the focus, it is trimmed
to a flat top intensity. This laser pulse depletion effect is known as the ”lawn-mower”
effect, because similar to grass clipping, the laser pulse intensity is clamped along with the
focus [11]. This effect is due to high order non-linear absorption which is dominant in high
band gap transparent materials. This intensity clamping effect, self-limits the modification
of the material. In fact, in fs-laser transparent dielectric modification, high intensities
required for multiphoton ionization and energy absorption can be reached. However, these
intensities cannot exceed the threshold for the self-focusing effect. Further increase in
the laser power increases the volume for multiphoton absorption without changing the
deposited energy density significantly.

In contrast, in the ablation experiments, when the focus is on the surface of the target
(e. g., CVD diamond in my experiment), the plasma density is higher than that inside
the material. Therefore, overcritical plasma density is achieved, and nanoplasmas elongate
parallel to the laser electric field. Over irradiation of many laser pulses, the spherical
nanoplasmas deform into spheroids and grow more creating randomly-placed nanoplanes
parallel to the polarization directions.

Self-Organization: As mentioned earlier, the final step in nano-ripple formation is
the self-organization of the nano-planes. This process could be attributed to the quasi-
metallic properties of the nanoplanes. As the nanoplanes grow, due to their transient na-
ture, they can become quasi-metallic and subsequently influence the light propagation [8].
In a single nanoplane, light can excite surface plasmon polaritons (SPPs), the transverse
magnetic waves (TM) with field distributions that are maximum at the interface and decay
exponentially outwards [12]. This metallic behavior forces the electric field to propagate
in the same way as in a planar metallic waveguide. Therefore, only specific modes will be
allowed, and the field distributions at individual nanoplanes have to satisfy the boundary
conditions. Due to these conditions, the TE0 mode is not allowed, while TM0 can exist and
has a uniform field distribution with electric and magnetic fields transverse to the direction
of propagation. The next lowest order modes, TE1 (field maximum in between the metal
plates) and TM1 (field maxima at the plates with a phase flip), can propagate when the
waveguide spacing d satisfies the condition λ/2n 6 d < λ, where n is the refractive index
of the material and λ is the wavelength of the incident light. However, since the SPPs are
transverse magnetic waves (TM) in nature, TM waveguide modes are expected [8]. The
wave vector of the SPP wave on a metal-dielectric interface is given by [13]

ks = k

√
εd εp
εd + εp
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where k = 2π/λ is the wavevector of the incident laser beam, εd and εp are the permittivity
of the dielectric and plasma, respectively.

These surface waves can be excited only if the real part of εp is smaller than −n2 and
phase-matching condition for ks and k is satisfied. The first condition implies that the
plasma density is greater than the critical density, where |εp| � 1 and the SPP wavelength
is λs ≈ λ/

√
εd (ks = n k). The phase matching condition requires that ks matches half of

the Bragg wavevector of the surface structure period (d) [14, 15], therefore,

ks =
2 π

λs
=
π

d
⇒ d =

λs
2

Since λs ≈ λ/
√
εd ≈ λ/n, the nanoplane are placed at d = λ/2 n.

Thus the growth of the nanoplanes will be favored if they support modes whose field
distributions reinforce their own growth and are placed in specific positions (d). Other
planes do not grow any further [8]. Therefore, in the final step, among all the possible SPPs
existing on the plasma surface the smallest period exists that leads to a self-organization
phenomenon. To sum up, since the light only reinforces those nanoplanes that are exactly at
half of the light wavelength, over the irradiation of many pulses, ordering the nanoplanes
evolves from a random distribution of nanoplasmas to planes with the spacing of λ/2n
imprinted on the surface.

Important note 1: Polarization ellipses defining the SoP in each location of the beam
can be well-approximated by small segments whose orientation indicates the dominant local
component of the polarization. These segments represent snapshots of the polarization
vectors. However, one must notice that they do not have a well-defined direction as their
polarization directions are constantly changing .

Important note 2: The laser spot produced with a circularly polarized beam shows
no ripple structure. The reason comes from the fact that in a circularly polarized beam,
the direction of the polarization vectors varies over time.

6.6 Mapping Complex Polarization States of Light on

a Solid
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Polarization states of light, represented by different points on a Poincaré
sphere, can be readily analyzed for a Gaussian beam by a combination
of wave plates and polarizers. However, this method cannot be extended
to higher-order Poincaré spheres and complex polarization patterns pro-
duced by coherent superpositions of vector vortex (VV) beams. We
demonstrate the visualization of complex polarization patterns by im-
printing them onto a solid surface in the form of periodic nano-gratings
oriented parallel to the local structure of the electric field of light. We
design unconventional surface structures by controlling the superposition
of VV beams. Our method is of potential interest to the production of
sub-wavelength nano-structures. 2018 Optical Society of America

https://doi.org/10.1364/OL.43.005757

Introduction

Light-matter interactions are governed by the polarization state of light. In solids, the
spatial periodic surface structures induced by the Gaussian laser beams are strongly cor-
related with the laser polarization [16, 17]. In the domain of attosecond technology, laser
polarization influences the generation of higher-order harmonics of the fundamental laser
beam, both in solid and gas phases, by manipulating the trajectories of the ionized elec-
trons [18, 19]. In circular dichroism [20, 21], the differential absorption of light by chiral
molecules (liquid or gas phase) also depends on the polarization state of light. Light-
matter interactions involving non-Gaussian intensity profiles such as optical vector vortex
(VV) [22] beams with complex states of polarization (SoPs) have recently been investigated
due to their potential applications. For example, first-order VV beams such as tightly fo-
cused radially polarized beams were used in particle acceleration [23], spectroscopy [24],
optical trapping, and manipulation [25]. In general, a thorough knowledge of SoPs, there-
fore, will enable us to properly understand the light-matter interaction process.

Pure SoPs of light can be represented by points on the surface of a Poincaré Sphere
[26]. For a Gaussian beam, all the points on the equator of the sphere represent linear
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polarizations while the poles represent the handedness of circular polarization. Other
points on the sphere represent elliptically polarized light. SoPs of light represented by such
a zero-order Poincaré sphere can be readily analyzed by a combination of wave plates and
polarizers. Extending this technique to characterize higher-order Poincaré spheres requires
measuring the four Stokes parameters related to the intensities of six different zero-order
polarization states using a spatially resolved detector. Using polarization tomography,
the output polarization state can be reconstructed from the measured spatially dependent
intensity profiles [27]. However, direct visualization of the higher-order Poincaré spheres is
not feasible.

To visualize a polarization pattern, light has to interact with a medium that allows the
pattern to be spatially resolved. In recent years, laser structuring of materials has been
used to characterize the SoPs of Gaussian (linear) and first-order vortex beams (radial
and azimuthal) [28, 29]. Periodic grating-like structures were induced by the laser within
the ablation craters, as well as in the bulk of solids [16, 17]. Primarily, patterns were
observed to be oriented parallel [30] (perpendicular [31, 32]) to the laser polarization on
the surface (inside the bulk) of the material, although both orientations have also been
reported on the surface [29, 33]. However, SoPs of higher-order VV beams and complex
polarization patterns produced by coherent superpositions of such vector beams have not
been experimentally realized.

In this Letter, we demonstrate the direct visualization of the SoPs of higher-order
VV beams and extend it to complex asymmetrical SoPs arising from coherent superposi-
tions of different order vortex beams. We permanently imprint the major axis of complex
polarization ellipse distributions on a transparent medium (diamond), through nonlinear
light-matter interaction. The resultant self-organized periodic nano-structures (ripples),
formed upon irradiation with multiple laser pulses, are oriented parallel to the laser po-
larization axis, thereby accurately replicating the complex local polarization pattern. We
show that the ripple spacing is ∼ 170 ± 25 nm and is almost independent of the incident
pulse energy, the number of laser pulses, and polarization of light.

In our experiment, different SoPs were generated using beam converters based on bire-
fringent liquid crystal devices called q-plates [34, 35] with topological charges of q = +1/2
and −1. The q-plates were tuned by varying the applied voltage to change its optical
retardation. At the optimal voltage, the q-plates converted linearly polarized Gaussian
beams to optical VV beams composed of orbital angular momentum (OAM) states with
` = ±1 and ` = ±2, respectively [36]. Detuning the individual q-plate produced a superpo-
sition of partially converted VV beams with the incident Gaussian beam. A combination
of different q-plates resulted in complex asymmetric SoPs due to the superposition of VV
beams.

Ultrashort light pulses from a Ti:sapphire laser system (800 nm, 1 kHz, 45 fs, 2.5
mJ/pulse) were focused on a diamond surface (3 3 0.3 mm) with a 0.25 NA microscope
objective. The sample was mounted on three-axis translation stages with a resolution
of 100 nm. The incident pulse energies were measured after the microscope objective,
thereby taking into account the transmission and reflection losses of all the optics. Pulse
energies were varied from ∼ 200 - 700 nJ by using a half-wave plate (HWP) and a polarizer.

119



The pulse duration before the microscope objective was 70 fs. The laser-ablated regions
were characterized by a scanning electron microscope (SEM). The periodicity of the nano-
structures was analyzed using 2D fast Fourier transforms.

Figure 6.5: SEM images showing the mapping of the laser polarization patterns onto the
diamond surface in the form of periodic nano-structures. 100 pulses irradiated the sample
with an energy of 280 nJ for (a) radial, (b) azimuthal, (c) counter-clockwise spiral, and (d)
clockwise spiral polarizations states of a first-order VV beam. a′-d′ are the corresponding
expected polarization patterns.
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Figure 6.5 shows periodic nano-structures produced with radial, azimuthal, and spi-
ral/sink polarizations. These structures were produced by irradiating the diamond surface
with 100 laser pulses of energy 280 nJ. Different SoPs were generated by rotating the angle
of the incident linear polarization with respect to the q-plate (topological charge = +1/2)
axis, θ, using a HWP. Radial, azimuthal and spiral/sink polarizations were obtained for θ
= 0◦, 90◦, ± 45◦. SEM images reveal an interesting aspect of the interaction: the emergent
ripple pattern is a complete map of the polarization and intensity profile of the VV beams.
It accurately reflects the local structure of the electric field, as shown by theoretically sim-
ulated polarization patterns in Fig. 6.5. At low pulse energies, the intensity null at the
center of the beam profile results in an unmodified region. However, when using higher
pulse energies and a larger number of pulses, the periodic structures extend slightly into
the central unablated region.

The periodic structures are oriented parallel to the laser polarization axis and conform
with the nano-plasmonic model [37]. The model is based on local field enhancements that
arise when the trailing edge of the laser pulse interacts with the plasma generated by the
leading edge of the same laser pulse. Inhomogeneous ionization within the focal volume
results in randomly formed nano-plasmas that grow into nano-planes with successive laser
irradiation. Nano-planes grow along the electric field direction whenever the plasma density
is above the critical density. Periodic structures develop over many laser shots, as the
growing nano-planes affect the propagation of incident light. From the random distribution,
the only planes that are enhanced are the ones that support the propagating modes whose
field distributions reinforce their own growth. The periodic structures in the ablated region
are spaced by ∼170 ±25 nm corresponding to λ/2n, where n = 2.4 is the refractive index
of the medium, and λ is the free-space wavelength of the laser beam.

SoPs of different order VV beams and their superposition states were simulated using
the Laguerre Gaussian beam

U(r, φ, z) =
CLG
`p

w(z)

(
r 2
√

2

w(z)

)|`|
exp

(
−r2

w2(z)

)
L|`|p

(
2r2

w2(z)

)
×

exp

(
−ikr2

2R(z)
−i`φ−ikz + iψ(z)

)
.

where, p ≥ 0 is the radial index, and ` is the azimuthal index. L`p are the generalized

Laguerre polynomials, and CLG
`p is a normalization constant. R(z) is the radius of curvature

of the wavefront, w(z) is the beam width, and ψ(z) is the Gouy phase. r, φ, z are cylindrical
coordinates, and k is the wave number.

By decomposing the SoP of the incident light on the q-plate into left (eL) and right
(eR) circular polarizations, the polarization state after the q-plate is given by

Eout = cos
δ

2

(
eL

eR

)
+ i sin

δ

2

(
eRe

+2i(qϕ+α0)

eLe
−2i(qϕ+α0)

)

121



where, ϕ is the azimuthal angle in the beam transverse plane, δ is the optical retardation,
and α0 specifies the initial molecular orientation of the liquid crystals with respect to a
reference axis. A tuned q-plate, i.e. δ = π, produces a pure OAM carrying beam with
` = ±2q when exposed to a circularly polarized light. When δ 6= π, the q-plate produces a
coherent superposition of the incident beam with OAM value of ` and a converted beam
with an OAM value of ` = ±2q whose relative weights are determined by the parameter δ.
The arrows in simulated SOPs indicate local SoP and the intensity distribution.

Figure 6.6: SEM images of periodic structures formed by q-plates with topological charges
of (a) q = −1/2, (b) q = +1 and (c) q = −1. The corresponding expected polarization
patterns are presented in the lower panels (d)-(f). 100 pulses irradiated the sample with a
pulse energy of 310 nJ.

Figure 6.6 shows the mapping of complex polarization patterns formed by VV beams.
The first beam [Fig.6.6(a)] was produced with a q-plate defined by a topological charge
of q = +1/2 followed by a HWP. The resulting polarization pattern is equivalent to the
one produced by a q-plate with a topological charge of q = −1/2. The second and third
VV beams were produced by a q-plate with a topological charge of q = −1 [Fig. 6.6(c)]
followed by a HWP [Fig. 6.6(b)]. Due to an asymmetry in the intensity profile of the
beam, there are some regions where the nano-ripples merge to form wider structures.

Periodic nano-structures arising from differently weighted superpositions of Gaussian
and VV beams with topological charge of q = +1/2 are shown in Fig. 6.7. Coherent
superpositions were obtained by detuning the q-plate, such that a partly converted vortex
beam co-propagates with the incident linearly polarized Gaussian beam. The superposition
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Figure 6.7: Superpositions of a linearly polarized Gaussian beam with a VV beam produced
by a q-plate with a topological charge of q = +1/2 of differing weights (a) 0:100 (pure VV
beam), (b) 30:70, and (c) 45:55. A shift in the position of the singularity with an increasing
ratio of the Gaussian component agrees with the expected results in the bottom row. 100
pulses irradiated the sample with a pulse energy of 280 nJ.

of the two beams causes a shift in the null intensity region. The position of the singularity
in the intensity profile and, hence, that of the unmodified area within the ablated region
shifts from the center with the relative weight between the two beams. As the portion of
the Gaussian beam is increased from 30% to 45% by correspondingly modifying the voltage
applied to the q-plate, the position of the singularity shifts more towards the outer region of
the ablated area, producing a crescent-shaped structure. However, the topological nature
of the electric field structure is still preserved.

Complex nano-structures produced by superpositions of VV beams with a topological
charge of q = −1 [Fig. 6.6(c)] and a Gaussian beam are shown in Fig. 6.8. The singu-
larity (null intensity region) is split and mapped into two distinct regions. This is due to
destructive interference in the central vertical region, as the incident linear polarization of
the Gaussian beam is out-of-phase with respect to the VV beam [as shown by arrows in
Fig. 6.6(f)]. The nano-structure orientation is still primarily dictated by the polarization
of the VV beam. The spacing between the two null regions increases from 1.21 to 1.95 µm
by varying the relative weight of the Gaussian beam superimposed on the VV beam.

Figure 6.9 demonstrates the unique capability of producing distinct nano-structured
regions within the ablated area by using superpositions of VV beams and polarization
selection. Figure 6.9(a) shows periodic nano-structures localized to three regions with
distinct orientations. This three petal flower-like structure was obtained by placing a
HWP between the q = −1 (` = ±2) and the detuned q = 1/2 (` = ±1) plates. The
HWP reverses the handedness of the polarization ellipse forming the VV beam. After the
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Figure 6.8: Superpositions of linearly polarized Gaussian and VV beams produced by
a detuned q-plate with a topological charge of q = −1 for relative weights of (a), (d)
20:80; (b), (e) 30:70; and (c), (f) 40:60. The top panel shows the SEM images of the
nano-structures generated by 50 pulses with an energy of 600 nJ. The bottom panel shows
the corresponding polarization patterns. The length of the green arrows indicates the
separation between the singularities.

HWP, the beam incident on the detuned q = +1/2 plate, defined by ei2ϕeR + e−i2ϕeL,
undergoes a conversion resulting in α(ei2ϕeR + e−i2ϕeL) + β(eiϕeL + e−iϕeR) state, which
can be interpreted as a coherent superposition of two VV beams.

A four-petal flower-like structure shown in Fig. 6.9(b) was obtained by placing a polar-
izer after the q = −1 plate. The polarizer introduces diagonal nodes in the intensity profile
of the VV beam as in Fig. 6.6(c) and 6.6(f) or Fig. 6.6(b) and 6.6(e). The orientation of
periodic nano-structures in each of the four regions is identical and determined by the axis
of the polarizer. Figure 6.9(c) shows structures obtained by using the same configuration
as in Fig. 6.9(a) without the HWP. The output now corresponds to a superposition state
defined by α(ei2ϕeL + e−i2ϕeR) + β(ei3ϕeR + e−i3ϕeL). The result is a five-petal flower-like
structure in which the orientation of nano-structures in each of the five localized regions is
different.

Figure 6.10 shows the periodicity of the nano-ripples as a function of the pulse energy
[Fig. 6.10(a)] and the number of laser pulses [Fig. 6.10(b)]. Fast Fourier transforms were
used to calculate the periodicity of the ripples. While the orientation of the nano-ripples
is controlled by the local electric field structure, their spacing seems to have negligible
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Figure 6.9: Mapping of polarization patterns generated by VV beams produced by a
combination of (a) q-plates with topological charges of q = −1, q = 1/2, and a HWP in
between (b) a q-plate with a topological charge of q = −1 and polarizer (c) q-plates with
topological charges of q = −1 and q = 1/2. All patterns were produced with 50 pulses and
an energy of 700 nJ. The bottom panels (e)-(f) show the expected polarization patterns.

Figure 6.10: Periodicity of nano-ripples as a function of (a) pulse energy and (b) number
of laser pulses for SoPs corresponding to first- and second-order VV beams (q = ±1/2 and
q = ±1), respectively. The dashed line represents the λ/2n value in both graphs.

dependence on laser parameters such as pulse energy and number of pulses. The average
spacing is ∼ 170 ± 25 nm corresponding to λ/2n, in accordance with the predictions of
the nano-plasmonic model [16,17].

To conclude, we demonstrate direct visualization of local electric field structure in the
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form of periodic nano-ripples by accurately mapping complex polarization patterns of VV
beams onto a sample surface. Superpositions of different order VV beams enabled the
controlled fabrication of unconventional, asymmetric surface structures. Configurations
discussed in Fig. 6.9 enabled the fabrication of multiple localized regions of periodic struc-
tures in a small area of < 50 µm2. Further confinement of these regions is possible by
focusing the laser beam with a higher numerical aperture objective. In general, the num-
ber of such localized regions within the focal area of the laser increases with the order of
the VV beams being superimposed. Each localized region will exhibit different degrees
of birefringence owing to different orientations of the periodic nano-structures within the
region. Therefore, our findings have potential technological significance.
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Chapter 7

Helical Dichroism in Solids

7.1 Introduction

Interaction of intense light with matter has been extensively studied over the years and led
to significant progress towards understanding the mechanisms involved in the interaction
process. Until recently, most studies on light-matter interactions, involved using light
pulses with a Gaussian intensity profile interacting with atomic [1] or molecular gases [2],
transparent liquids [3], and solids [4].

Since the generation of beams carrying OAM, there has been a growing interest in re-
search on the topic of twisted light-matter interaction. As mentioned in previous chapters,
OAM beams possess a vortex phase of ei`ϕ with a topological charge of `, a doughnut-shaped
intensity profile with a vortex size determined by the term r`, and a helical wavefront. Due
to such unique characteristics, one may anticipate observing new phenomena beyond the
standard ionization, absorption, scattering, and propagation.

However, how the OAM of light beams interacts with matter is not clear. For example,
one of the main questions in the context of the interaction of twisted light with atoms is
the possibility of OAM exchange between the twisted light and the internal atomic states,
which lead to a transition between the energy levels. In a dipole-allowed transition, the
atoms engage with the optical field strength. It is well-established that atomic dipole
transitions between atomic states that differ by ±~ can be engaged with a circularly po-
larized Gaussian beam that provides the angular momentum of ±~. In a quadrupole- and
octupole-transition, atoms are driven by an oscillating field gradient, and the field’s second
derivative (or its curvature), respectively. A legit question that arises is whether OAM can
provide additional atomic transitions, e.g., multipole transitions where more than a single
unit of angular momentum per photon is exchanged.

Answering such questions has led the research in this field to cover many areas such
as interaction with mesoscopic particles in optical tweezers [5], interaction with atoms and
molecules [6] with introducing new quantum selection rules concerning the OAM of light,
and interaction with Bose-Einstein condensates [7].
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New studies revealed the influence of OAM when structured light interacts with single
particles such as atoms, molecules, or quantum dots. For example, for molecular and
atomic systems, it has been shown that the OAM of a photon can be transferred to the
internal degrees of freedom of electron configurations if atomic transitions are driven by
higher order contributions other than the electric dipole moment (E1). More interestingly,
it is now known that, due to the presence of strong field gradients, atoms located near
the zero intensity region of the twisted light beam can experience higher order multipole
transitions leading to the new selection rules. These studies expand our knowledge in many
areas. However, they have not predicted any particular phenomena where structured light
interacts with solid-state systems.

This was my main motive to investigate the role of OAM and SAM in material response
when an optical vortex beam is focused inside a transparent material. The resultant
phenomenon is presented in this chapter. My studies show a discrimination in the nonlinear
absorption of transparent bulk dielectric when it interacts with structured femtosecond
light with opposite helicity in its phase front.

Nonetheless, the interaction of vortex beams with solids has not been fully understood
so far, and there is still an ongoing debate on the significance of the OAM and the physical
mechanisms involved in this interaction.

Before going through our experimental results, I present a couple of the breakthrough
theoretical and experimental findings that motivated and directed us to explore any possible
differential response of bulk materials to the OAM of light. These findings reveal the role
of OAM when vortex beams interact with atoms, ions, and molecules.

7.2 OAM Beam Interaction with Matter

The interactions of light and matter are of fundamental interest and the additional degree
of freedom offered by OAM of light in addition to SAM has inspired basic science as well
as applications. There have been several studies that revealed that this newborn degree of
freedom could strongly modify the fundamental processes of light-matter interactions, e.
g., absorption or emission.

One of the most prominent questions in this field was the validity of the dipole transition
approximation, where the bound electron in atoms or solids has a wave function much
smaller than the wavelength of light. For a long time, it was believed that this point-
like wave function experiences a uniform electric field that makes the higher multipolar
effects too small to be considered. Further investigations on this matter led to introducing
new fundamental modifications in the processes involved in the structured light-matter
interaction. For instance, new selection rules came into consideration when an OAM
beam interacted with atoms. Generally, selection rules describe the allowed or forbidden
transitions of a system from one quantum state to another. For instance, selection rules
for electric dipole transitions are as follows,
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
|L| ≤ 1

∆M ∈ {0, 1,−1}
Parity changes

Transition 0→ 0 is forbidden

(7.1)

where ∆L and ∆M are the change of the total orbital angular momentum and the projec-
tion of the orbital angular momentum on the z-axis, respectively, and ±1 comes from the
spin.

However, it has been shown that by taking OAM into account, electron transitions
that are usually allowed can be made forbidden while electron transitions that are usually
forbidden may become allowed [8]. Due to these modifications, the possibility of higher-
order electromagnetically driven transitions such as quadrupolar transition and octupole
transition have been shown to be possible. The selection rules for electric quadrupole
transitions are:


|L| ≤ 2

∆M ∈ {0, 1,−1, 2,−2}
Parity is conserved

Transition 0→ 0 and 1
2
→ 1

2
are forbidden

(7.2)

Among all the higher order transitions, quadrupole transitions seems more exciting as
they can occur even when there is no light intensity, but with the presence of a strong field
gradient [9].

In the following, two novel studies that have explored the role of photon’s OAM and
higher order transitions when structured light interacts with atoms and ions, are presented.

7.2.1 Interaction with Atoms and Ions

In the case of atoms, the distinction between the allowed transitions can be understood
by symmetry and parity. It is expressed in the form of selection rules that indicate the
possible changes of the atom’s angular momentum while it interacts with a photon.

In general, atomic transitions can occur if the overlap between the atomic wave function
of the initial (ψi) and final state (ψf ) matches the multipole structure of the optical field
[10]. The coupling strength of a dipole transition is determined by

∫
d3rψ∗i µψf and similar

expressions for the higher-order terms, where µ is the transition dipole moment. When
the integrand has odd parity, the transition is forbidden. Therefore, the symmetry of the
OAM beam is anticipated to play a crucial role in determining the coupling strengths. It
has been shown that, in the dipole approximation, the OAM of light couples to the atom’s
centre of mass motion without affecting its internal degrees of freedom [11, 12] while in
quadrupole and higher-order transitions the electronic levels of an atom can be affected.

There are several interesiting studies in this context, for example:
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(a)

(f)

(e)

(d)

(c)

(b)

Figure 7.1: Angular momentum exchange and the allowed transitions between spherical
harmonics when atoms interact with ligth: (top panel) right circularly polarized Gaussian
beam, (middle panel) left circulary polarized OAM beam, and (bottom panel) right circu-
larly polarized OAM beam [13]. (a)-(c) Show the temporal evolution of the expected value
of the angular momentum along the z-axis, 〈Lz〉. (d)-(f) Demonstrate the most excited
spherical harmonics where arrows correspond to the transitions that are allowed by the
selection rules.

• Picon et al. [13] investigated the interaction of ultrashort light pulse carrying both
OAM and spin with a hydrogen atom. They showed that such interactions induce
a modification in the standard dipolar selection rules. Therefore, they predicted an
OAM exchange from the incident photons to the ejected electrons during a photoion-
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ization process. For a Hamiltonian in the form of H = H0 + H1 + H2, where H0 is
the free hydrogen Hamiltonian, and H1 ≡ −q(p ·A + A · p)/2m (q:electron charge,
p:linear momentum operator, A: vector potential) and H2 ≡ q2A2/2m (m: elec-
tron mass) are the interaction parts, they proposed ”modified selection rules” in the
following forms:{
|∆L| ≤ |`|+ 1 ≤ Li + Lf , ∆M = ± (`+ s) , ∆L+ ` is odd
|∆L| ≤ 2|`| ≤ Li + Lf , ∆M = ± 2` , ∆L is even

(7.3)

These are also known as the absorption and emission selection rules associated with
H1 and H2, respectivley. In these relations ` is the topological charge of the OAM
pulse, s = ±1 is its circular polarization state. ∆L ≡ Lf − Li and ∆M ≡ Mf −Mi

represent a change between the initial and final values of the quantum number of
the orbital angular momentum and magnetic quantum number, respectively. Doing
so, they showed the possibility of more than one unit of ~ exchange in angular
momentum along the propagation direction of the pulse that satisfies the selection
rule of ∆M = `+ s.

Figure 7.1 demonstrates the results presented by Picon et al. [13]. It shows that (i)
at the end of the pulse, the electron has 〈Lz〉 = - 0.3, 3.35, and 0 in arbitrary units
corresponding to the right circular polarization Gaussian pulse, left circularly, and
right circularly polarized OAM pulse, respectively, (ii) a right circularly polarized
Gaussian pulse mostly excites spherical harmonics of Y −1

1 while an OAM pulse (with
`=+1) with right and left circular polarizatin can excite states obeying M = 0 (as
`+ s = 0) and ∆M = ∆L = `+ s = 2, respectively.

• Schmiegelow et al. [14] observed modified selection rules that show the role of OAM
when structured light interacted with laser-cooled 40Ca+ ion placed in the beam
centre. They have shown that when the ion is exposed to the optical field that is
in resonance with the quadrupole transition, the internal state of the ion undergoes
coherent oscillations between the ground and excited states. The interaction strength
was quantified by measuring the Rabi frequency (Ω) of those oscillations. They
reported that under such circumstances, an atom could absorb two quanta of angular
momentum from the optical field, both orbital and spin angular momentum.

7.2.2 Interaction with Molecules

In general, the mechanisms behind the chiral discrimination in optical processes rely on
the coupling between the electric dipole (E1) and either the magnetic dipole (M1) or the
electric quadrupole (E2) transition moments [15]. The origin of such interactions can be
explained in terms of the overall parity symmetry [16]. Since the electric dipole moments
have odd spatial parity and the magnetic dipole and the electric quadrupole have even
parity, the E1-M1 and E1-E2 interference terms change their sign under spatial inversion
resulting in a difference for left- and right-handed forms of any chiral molecule.
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In the following, some studies that discuss how dichroism-like effects appear with
twisted fields are briefly reviewed.

Before opening the discussion, it is noteworthy that similar to the spin angular mo-
mentum (circular polarization state), the OAM can take positive and negative values.
However, while SAM is characterized by only two values (s = ±1), OAM can possess any
integer value. Therefore, when the question comes to dichroism-like effects defined and/or
achieved by the orbital angular momentum, some people define two distinct classes: the
parallel class (` and s have the same signs) and the anti-parallel class (` and s have opposite
signs [17].

One way to study the role of vortex beams in chiroptical effects is to start discussing
interactions of such beams with a molecule in the ground state absorbing a photon from a
single mode LG beam. Such interactions can be formulated by the interaction Hamiltonian
in the multipolar form [15], known as Power-Zienau-Wooley (PZW) Hamiltonian. It con-
siders the sum of the Hamiltonians for the molecule, radiation, and the mutual interaction
between them

Hmult = Hmult
mol +Hmult

rad +Hmult
int (7.4)

Hmult
int =

∑
ξ

[
−ε−1

0 µ(ξ) · d⊥(Rξ)− ε−1
0 Qij(ξ)∇jd

⊥
i (Rξ)− · · · −m(ξ) · b(Rξ)− · · ·

]
(7.5)

where for a molecule ξ positioned at Rξ, µ is the transition electric dipole (E1) moment
operator, d⊥(Rξ) is the electric field, Q is the transition electric-quadrupole (E2) operator,
m is the transition magnetic-dipole (M1) moment operator, and b(Rξ) is the magnetic
field. In equation 7.5, the first term is the electric dipole coupling E1 for the molecule
ξ, the second term represents the E2 coupling, and the final term is the magnetic dipole
interaction (M1).

It has been shown that considering the paraxial approximation in cylindrical coordi-
nates, leads to Laguerre-Gaussian modes, which are the most common modes for generating
and describing OAM beams. The electric displacement and magnetic field expansions can
be described as [18]:

d⊥(r) = i
∑
k,η,`,p

(
~ckε0

2V

)2 [
e

(η)
`,p (k)a

(η)
`,p (k)f`,p(r)e

(ikz+i`ϕ) − ē
(η)
`,p (k)a

†(η)
`,p (k)f̄`,p(r)e

−(ikz+i`ϕ)
]

(7.6)

b(r) = i
∑
k,η,`,p

(
~k

2ε0cV

)2 [
b

(η)
`,p (k)a

(η)
`,p (k)f`,p(r)e

(ikz+i`ϕ) − b̄
(η)
`,p (k)a

†(η)
`,p (k)f̄`,p(r)e

−(ikz+i`ϕ)
]

(7.7)
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where V is the quantization volume, a
(η)
`,p and a

†(η)
`,p are the annihilation and creation oper-

ators, respectively, for a photon of mode (k, η, `, p) in which k, η, `, and p are the wave-
vector, polarization label, topological charge, and radial order of LG beam, respectively,
and f`,p(r) is the radial distribution function of the LG beam, represented by

f`,p(r) =
C
|`|
p

w0

[√
2r

w0

]|`|
e(−r

2/w2
0)L|`|p

(
2r2

w2
0

)
(7.8)

here, C
|`|
p is a normalization constant, w0 is the beam waist, and L

|`|
p is the generalized

Laguerre polynomial of order p. By looking at the above equations, one can see that
there could be a chiral discrimination associated with the sign of OAM at the coupling
between E1 and E2 terms. There have been several studies concentrated on single-photon
absorption which utilized the perturbation theory to demonstrate such discriminations.
Those studies consider a molecule in a ground state (|g〉 = |Eg〉 |n (k, η, `, p)〉) that absorbs
a radiation and will be excited to a final state (|f〉 = |Ef〉 |n (k, η, `, p)〉), therefore, the
matrix elements of the transition can be presented as [19]

Mfg = 〈f |Hint| g〉
= −〈Ef |µi|Eg〉

〈
(n− 1)

∣∣d⊥i (r)
∣∣n〉− 〈Ef |Qij|Eg〉

〈
(n− 1)

∣∣∇jd
⊥
i (r)

∣∣n〉
− 〈Ef |mi|Eg〉 〈(n− 1) |bi (r)|n〉

(7.9)

where |n〉 is the radiation state. Substituting equations 7.6, 7.7, and 7.8 into the
equation 7.9 and implementing the ∇jd

⊥
i in cylindrical coordinates which has the form of

∇jd
⊥
i ≈ ∇jf`,p(r)e

(ikz+i`ϕ)

= f`,p(r)∂rr̂je
(ikz+i`ϕ) + f`,p(r)

1

r
∂ϕϕ̂je

(ikz+i`ϕ) + f`,p(r)∂ze
(ikz+i`ϕ)

= r̂j∂rf`,p(r)e
(ikz+i`ϕ) + f`,p(r)

1

r
(i`ϕ̂j − r̂j) e(ikz+i`ϕ) + f`,p(r)ikẑje

(ikz+i`ϕ)

(7.10)

results in the matrix elements to take the form of [19]

Mfg = −i
(
n~ω
2ε0V

)1/2

f`,p(r)

×
[
eiµ

fg
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1

c
bim

fg
i + eiQ

fg
ij

(
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1
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∂f`,p(r)

∂r
+

1

r
(i`ϕ̂j − r̂j) + ikẑj

)]
e(ikz+i`ϕ)

(7.11)

The equation above shows a dependency on both the magnitude and the sign of `, in
the phase factor and the fourth term in the square bracket, respectively. It is a result of
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the quadrupole moment transition, E2. The importance of the sign of ` is more significant
than its magnitude because the dependency on ` in the phase factor will disappear when

calculating the modulus square of the matrix element to find the absorption rate (
∣∣ei`ϕ∣∣2 =

1). Using Fermi’s golden rule, the absorption rate, Γ can be found as [18]

Γ =
2π

~
ρf |Mfg(ξ)|2

=
2π

~
ρff

2
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∣∣∣∣∣∣∣∣
2

(7.12)

where ρf is the density of final states and is related to the radiant energy density per unit
frequency interval and consequently to the irradiance per unit frequency interval given by

ρf =
I(ω)V

2πn~2ωc
(7.13)

Equation 7.12 indicates that if only E1 and M1 terms in 7.12 were considered [20], there
would be no dependency on the handedness of the vortex beam(sign of `). By considering
E2 terms, the absorption rate consists of several coupling terms: E1E1, M1M1, E1M1,
E1E2, M1E2, and E2E2. The E1E1 and M1M1 terms do not have any `-dependency that
causes no discrimination in the single-photon absorption rate in the dipole approximation.
On the other hand, the term E1M1 shows discrimination, but it leads to circular dichroism
(CD). The rest of the terms which involve the E2 interaction (E1E2, M1E2, and E2E2)
exhibit a discrimination with regards to the sign of `.

By removing the terms with no dependency on the sign of ` and substituting 7.13
into 7.12, one can rewrite the absorption rate as [19]

Γ′ =
I(ω)N

2c~2ε0

f 2
`,p(r)eiēk

∣∣∣∣µfgi +
1

r
Qfg
i,j(i`ϕ̂j − r̂j)

∣∣∣∣2 (7.14)

where ēk in the complex conjugate of ek and N is the total number of molecules in the
system. Eliminating the terms that do not contain `, one can rewrite the modulus square
as [19]
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1

r
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kl )

(7.15)

which clearly states that the absorption rate depends on the sign of `.
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Multipole Moments Spatial Parity
E1, E1M1, E1E2 -1

M1, E2, E1E1, M1M1,
M1E2, E2E2

+1

Table 7.1: Spatial parity of multipole transition moments and their products [21].

By looking into the spatial parity of these terms (as summarized in table 7.1), one gains
a good intuition on the role that each term plays in the interaction between the vortex
beam and molecules, either chiral or achiral. Based on the parity point of view, one can
study the absorption rate within two different categories;

• An interaction with chiral material

• An interaction with achiral material

As seen in table 7.1, in the case of single photon absorption, replacing a chiral molecule
with its enantiomer (non-centrosymmetric molecules and in general for chiral species),
E1E2 terms experience a sign change. In contrast, the contribution of the M1E2 and E2E2
terms in a chiroptical effect depends only on the radiation. Therefore, these terms are
considered to be necessary when the handedness of the polarization and topological charge
interact with an achiral material to produce discriminatory effects.

7.2.3 OAM Beams Interact with Chiral Materials

As mentioned above, when a vortex beam interacts with chiral molecules, E1E2 terms
cause discriminatory effects. Focusing only on these terms simplifies the rate equation 7.14
as

Γ′E1E2 = i`
I(ω)N

2c~2ε0

f 2
`,p(r)

r
eiēkϕ̂j

(
µfgk Q

fg
ij − µ

fg
i Q

fg
kj

)
(7.16)

Since both µfg and Qfg are real quantities, this equation indicates that in order to observe
a non-zero real absorption rate, one needs to apply a beam with circular polarization (with
complex polarization vector). Therefore, a beam needs to possess both OAM and SAM
to engage the vortex handedness in the chiroptical interactions with chiral molecules. Due
to this similarity to the standard circular dichroism, such an optical process is also known
as ”circular-vortex dichroism (CVD)” [19]. However, Brullot et al. [22] has shown that
a discriminatory effect, known as ”helical dichroism”, can be produced invoking linearly
polarized OAM beam when it interacts with the plasmonic nanoparticle aggregates, which
was attributed to the chiral electric quadrupole contributions.

To investigate the effects of OAM and circular polarization, following relations [16] can
be applied
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Transformation Sign Variation in Γ′(`)

(σ, `)→ (−σ,−`) No change
(σ, `)→ (−σ, `) Change
(σ, `)→ (σ,−`) Change

Table 7.2: Sign variation of the absorption rate, for a given molecular handedness, under
different transformations [18].

eLi e
−L
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1

2

[
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]
eRi e

−R
k =

1

2

[
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] (7.17)

Therefore, equation 7.16 will be simplified as
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These relations can be further simplified as

Γ′
L/R
E1E2(`) = σ`

F (r)

r
εikmk̂mφ̂jµkQij (7.19)

where σ = ±1 represent left circular polarization (L) and right circular polarization (R),
and F (r) = I(ω)f 2

`,p(r)/2c~2ε0 is a constant.

Performing these calculations, Forbes et al. [18] showed that in the case of an inter-
action between OAM beams and chiral molecules, a product of both angular momenta
(SAM and OAM) as well as molecular handedness are crucial and need to be considered.
Equation 7.19 reveals the CVD differential to be linearly dependent on the three aspects of
handedness: (1) left- and right-handed circular polarization (σ), (2) sign of the topological
charge (`), and (3) molecular chirality. This means when the beam possesses no OAM, any
` dependency vanishes, and one can see only the standard circular dichroism. The material
response in terms of the sign of the absorption rate, is summarized in the table 7.2.

Forbes et al. proved that, although the CVD effect in one-photon absorption is non-
zero for oriented systems of molecules, it vanishes for randomly oriented molecules. More
details can be found in [19].
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7.2.4 OAM Beams Interacting with Achiral Material

In recent years, there has also been an interest in possible chiroptical effects observed
when light interacts with achiral material. Several experiments presented the observation
of circular dichroism using twisted light in the non-chiral atomic matter and nanostructures
[23,24].

As was shown in previous sections, E1E2 terms have no contribution to chiroptical
effects in isotropic chiral or achiral media. Therefore, the E2E2 term is the one that needs
to be considered. However, the magnitude of any possible effects induced by these terms
is lower than that produced by the E1E2 terms in chiral media. These E2E2 contributions
in the absorption rate, as proposed in [18] are

Γ′E2E2 = F (r)eiēkQijAjĀl, and

A =

[
r̂

1

f`,p(r)
∂rf`,p(r) +

1

r
(i`φ̂− r̂) + ikẑ

]
(7.20)

Extracting relevant terms from 7.20, one can realize a similar discriminatory single-photon
absorption upon irradiation of twisted photons in achiral molecules,

Γ
′(L/R)
E2E2 (`) = σ`

F (r)

2r
εikmk̂mQijQkl(φ̂j r̂l − φ̂lr̂j)

[
∂rlnf`,p(r)−

1

r

]
(7.21)

This relation proves that for a given polarization handedness, the absorption rate be-
haves differently for a right-handed and left-handed twisted light and vice versa. However,
this effect is shown to be zero when it is averaged over the whole cross-section of the
structured beam. It was shown to exist only in 2D materials.

After reviewing a couple of the most significant discoveries revealing the role of OAM
in atomic and molecular transitions, I present our experimental findings that demonstrate
the effect of OAM in the nonlinear absorption of transparent dielectric materials.

7.2.5 Interaction with Bulk

Transmission-based Measurements of Nonlinear Absorption
Gaussian beam

Nonlinear absorption is one of the main mechanisms involved in the interaction of intense
ultrashort laser pulses with wide bandgap materials. One method to analyze the nonlinear
absorption is to monitor the transmission of the incident pulse that is focused inside the
material [25,26]. In this method, two photodetectors simultaneously measure the incident
and the transmitted pulse energies. The transmission measured on a shot-to-shot basis
shows a gradual decrease after a certain threshold in the laser energy, where the nonlinear
absorption starts playing a role. Below the threshold, the transmission of a single pulse
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incident on a fresh spot remains unaffected as the pulse energy increases. However, after the
threshold energy, absorption inside the material increases dramatically and then saturates.
Therefore, above the threshold, any further increase in the pulse energy causes a continuous
drop in the transmission data. This indicates that by monitoring the pulse energy at which
the transmission data starts to drop, one can determine the nonlinear absorption threshold
energy in glass for single pulse irradiation, as shown in Fig.7.2.

Figure 7.2: Transmission of femtosecond Gaussian pulses as a function of laser pulse energy.
The transmission data show the nonlinear absorption inside borosilicate glass.

This threshold energy depends on the material bandgap and laser parameters such as
wavelength and pulse duration. For most glasses with a bandgap in the range of 4-10
eV, the threshold intensity was found to be in the range of 15×1013W/cm2 [25] which is
lower than the self-focusing or any other damage threshold. Up until now, this method
has been used to study several phenomena such as memory in nonlinear ionization of the
material [26], induced by laser beams with a Gaussian intensity profile.

We found this experimental technique suitable to observe the role of OAM in the
nonlinear absorption when an optical vortex interacts with bulk materials.

7.2.6 Experimental Studies on Chiroptical Effects
Driven by OAM in Bulk

In this section, we studied the interaction of tightly focused low power fs-laser vortex
pulses with three different transparent materials. The vortex pulses possess both SAM
and OAM. Our experimental findings demonstrate a helical dichroism phenomenon when
an OAM beam with opposite topological charges passes through the bulk. The transmission
of the circularly polarized OAM beam shows a discriminatory effect sensitive to the sign
and magnitude of the OAM.
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Experimental Setup

Our experimental setup, shown in Fig.7.3, was built to allow transmission measurements
through dielectric materials, such as borosilicate glass, fused silica, and quartz. We con-
trolled several critical experimental parameters, including pulse duration, energy, and
repetition rate. In our experiment, 800 nm femtosecond Gaussian beams produced by
Ti:Sapphire laser (operating at 1 kHz, producing 45 fs) were converted to vortex beams
carrying OAM ` = ±1 and ` = ±2 by electrically tunable q-plates with topological charges
of q = +1/2 and q = −1, respectively. The OAM beam was focused into: (a) 1 mm thick
borosilicate glass plate, (b) 2 mm thick fused silica, and (c) quartz with the thickness of
750 µm mounted on an XYZ motorized translation stage, using an aspheric lens with a
numerical aperture of 0.25 NA (16×, 11.0 mm effective focal length, 8.0 mm working dis-
tance). The beam focus was located 650 µm, 1.2 mm, and 450 µm inside the borosilicate,
fused silica, and quartz, respectively, to avoid aberrations. Due to the tight focusing and
reaching the high intensities inside the samples, any surface effects were eliminated, and
a fully three-dimensional interaction was guaranteed. We actually used low F# to keep
the peak power below the critical power (e.g., Pc of fused silica=2.6 MW). Doing so, we
were able to eliminate nonlinear effects such as self-focusing or self-phase modulation on
the beam propagation, while we reached the required intensities for the material break-
down. Also, we minimized the spherical aberration effect by focusing the light close to
the sample’s surface. The incident pulse energy at the sample was precisely controlled by
a half-wave plate (HWP)-polarizing beam splitter (PBS) combination. Different polariza-
tion states and handedness of the OAM beam were produced by tuning the fast axes of a
quarter-wave plate (QWP) and a half-wave plate (HWP).

The transmitted light was then collected by a 0.55 NA (20×, 8.0 effective focal length,
5.9 mm working distance) aspheric lens. It was attached to a XYZ positioning stage that
enabled us to control the lens position carefully. Using a higher NA lens to collect the
transmitted light ensures that the beam is completely collected, even if it is scattered
or defocused by the plasma formed by the ionization. In order to monitor both the in-
coming and the transmitted light, we utilized two avalanche photodiodes (PD1 and PD2,
APD120A2, Thorlabs). Figure 7.3 shows a schematic of our experimental setup. While
samples were moved at a constant speed, the transmission spectrum was measured on a
shot-to-shot basis so that each time the laser beam hits a fresh spot. The laser was operat-
ing in the gated mode, using a computer-controlled data acquisition system, as described
in chapter 4, section 2.4. The signal was acquired independently for every laser shot. The
transmitted signal was then normalized to the incident light signal so that any fluctuations
in the pulse energy were to be considered.

Results

Before going through the experimental results, we address several issues regarding the
beam refraction. It is known that along the propagation direction, the laser beam ex-
periences dispersion, nonlinear refraction, beam focusing, and plasma refraction. Here,
in our experiment, we assume that the laser propagation remains unchanged (except for
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Figure 7.3: Schematic of the transmission measurement experiment. BS: beam splitter,
HWP: half wave plate, PBS: polarizer, QWP: quarter wave plate, CCD: camera, L: lens,
ND: neutral density filter, OBJ: aspheric objective lens, PD: photodiode, XYZ: transla-
tion stages, DG: delay generator, DAQ: data acquisition card, and EPS: electronic pulse
stretcher, and XPS: motion controller. The ellipticity (ε) of the circularly polarized OAM
beam was measured in three different places in the beam path: after the set of wave plats,
right before the first objective, and right after the first objective. In all cases, it was
measured to be above %92.

clamping) for a wide range of input pulse energies. For example, pulse broadening due to
dispersion in fused silica (β2=36 fs2mm−1) is negligible for 30 nm pulse bandwidth and
∼ 20µm interaction length, comparable to our experimental conditions.

We also kept the pulse energy range below the breakdown threshold, which means the
pulse power was kept below the critical power for self-focusing (e.g., in fused silica, Pc is
approximately 2.6 MW). For very high pulse energies, the peak power is clamped inside
the material due to pulse depletion long before the focal region. As a result, we can neglect
the impact of all low order nonlinear effects such as Kerr effects and Raman scattering [27]
on the beam propagation. Moreover, as mentioned earlier, by keeping the focal point close
to the surface of the sample, we minimized the spherical aberration effect.

We also precisely calibrated all the wave plates used in our experiments because any
poor alignment induces an angle- and depth-dependent ellipticity at the focus that mod-
ulates multi-photon ionization via the effective intensity [28]. Besides, we measured the
ellipticity of the beam for both left- and right- circular polarization, in three different parts
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of the setup: after the wave plates, before and after the lens. They were all above %92.
Figure 7.4 shows the nonlinear transmission of femtosecond vortex pulses as a function of
laser pulse energy in three different transparent materials (a) borosilicate, (b) fused silica,
and (c) quartz. The transmission spectra were measured on a shot-by-shot basis while the
pulse energy was increased from 100 nJ to 600 nJ in small increments. The graphs demon-
strate that once the ionization is initiated, the transmission drops monotonically from
unity (at low pulse energies). In other words, this point defines an ionization threshold,
where the nonlinear absorption takes place. Beyond this threshold point, the transmission
is reduced with an increase in pulse energy

(b)

Figure 7.4: Helical dichroism produced by circularly polarized OAM beam carrying `=±1
in (a) Borosilicate glass plate, (b) Quartz, and (c) Fused silica. Left circular polarization
and right circular polarization are represented by s+ and s-, respectively.

Transmission curves were obtained for vortex beams carrying four different combina-
tions of spin and orbital angular momentum: (1) left circular polarization (s = +1) having
left-handed twist(` = +1), (2) left circular polarization (s = +1) having right-handed
twist (` = −1), (3) right circular polarization (s = −1) having left-handed twist (` = +1),
and (4) right circular polarization (s = −1) having right-handed twist (` = −1). The
transmitted spectra for left- and right-circular polarization states show an overlap when
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the wavefront of the incident pulses twist in the same directions, in other words, when they
have topological charges with the same sign, as shown in Fig. 7.4. In contrast, the trans-
mission curves show a significant gap when pulses with similar polarization states endowed
with OAMs of opposite sign. This behavior illustrates the main characteristics of helical
dichroism that we observed in our experimental studies. The differences are observed only
in the nonlinear regime. Below the ionization threshold (linear regime), absorption remains
the same for beams with OAM of different helicities.

We further improved our findings by increasing the number of twists in the beam’s
wavefront by increasing the magnitude of the topological charge (`). To do so, we inserted
a q-plate with a topological charge of q=-1 to produce an OAM beam with `=±2. The
resultant graphs are presented in Fig. 7.5. As illustrated, a behavior similar to the one that
was observed in the case of `=±1 was detected. These graphs explicitly show a slightly
larger gap, as compared to the case of `=±1. Such an effect was observed in all three
materials used in our experiments.

To obtain more insight into this context, we plotted a graph illustrating the ratio of
the transmission for pulses with the same polarization state, the same OAM value, and
opposite helicity. This was performed for both ` = ±1 and ` = ±2. The ratios were taken
in all points having the same energies. For each energy value, we took the corresponding
data from L+ (left-circular polarization and OAM value of `=+1) and L- (left-circular
polarization and OAM value of `=-1). Then, we calculated the ratio L+/L- and plotted
it against energy for different bulk materials, as shown in Fig. 7.6. Each material shows a
unique profile, however, the overall behavior of all three materials is similar.

For `=±1, as the incident pulse energy increases from 50 nJ to 500 nJ, the ratio curves
show a gradual increase. For `=±2, we conducted the measurements for energies up to 1000
nJ. For borosilicate glass and fused silica, there appears to be a peak in the ratio curves
and then a decline. However, quartz shows a saturation-like pattern. This difference can
also be realized in Fig. 7.5 where the discriminatory effect (gap) shown in the graphs starts
vanishing for fused silica and borosilicate, but remains almost intact for quartz.

Another key point is that for the case of `=±1, fused silica has the highest values for
both ratio curves (L+/L- and R+/R-), as shown in Fig. 7.6. The next highest values
were achieved for quartz, and borosilicate glass showed the lowest values. This pattern
could be attributed to the bandgap of these materials, and hence to the strength of the
multi-photon absorption. The bandgap of these materials are, 9.0 eV [29], 6.3 eV [30], and
4.28 eV [31] for fused silica, quartz, and borosilicate glass, respectively.

To conclude,

• Our experimental results highlighted that phase-structured light possessing orbital
angular momentum (OAM) could cause considerable effects when interacting with
matter.

• This study proposed the presence of helical dichroism in bulk materials, sensitive to
both magnitude and sign of the twist (`) in the OAM beam. This effect was shown in
terms of the absorption of twisted photons by molecules inside the bulk of material.
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b

(c)

Figure 7.5: Helical dichroism produced by circularly polarized OAM beam possessing ` =
±2 in (a) Borosilicate glass plate, (b) Quartz, and (c) Fused silica. Left circular polarization
and right circular polarization are represented by s+ and s-, respectively.

• Our findings suggest that in order to realize helical dichroism caused by orbital
angular momentum, there is no limitation in material selection. In other words, it
can be observed even in ordinary materials such as fused silica and borosilicate glass.

The interaction of the OAM beam with bulk material is not fully understood yet, and
the fundamental origin of observation of helical dichroism and the shape of the curves
remains to be elucidated. However, as mentioned earlier, there have been plenty of works
showing that the interaction of OAM beams with single particles differs significantly com-
pared to a plane wave beam due to dipole-forbidden transitions, specially quadrupole
transition moments [17, 32–35]. This explanation, alongside further investigations, may
open new ways to confirm and explain our results. At this point, we postulate that the
efficiency of the electric quadrupolar transition plays a crucial role in this context, and its
influences increase by increasing the ` value.

Our study can be used in the future for further research in this direction and provides
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Figure 7.6: The ratio of L+/L- and R+/R- are plotted as a function of femtosecond vortex
pulse energy. L (R) represents the left (right) circularly polarized beam, + represents the
OAM value of +1, and - represents the OAM value of -1.

a deeper insight into the field of structured light-matter interactions and the significant
role of orbital angular momentum. For instance, it could help scientists who are working
to investigate the brain’s functions as it allows for the optimization of the optical brain
imaging by targeting different areas of the brain, as it has already begun [36].
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Figure 7.7: The ratio of R+/R- plotted as a function of OAM pulse energy. R+ repre-
sents the right circularly polarized OAM beam carrying `=+1 and R- represents the right
circularly polarized OAM beam possesses `=-1.
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Chapter 8

Conclusions and Future Works

The results presented in this thesis are on study of the interaction of femtosecond struc-
tured light with matter. This research is divided into two main categories. The first one
is exploiting the unique properties of the structured light (phase singularities and com-
plex polarization states) to fabricate surface micro- and nano-structures with an ability to
manipulate material with an ultra-high spatial resolution. The second is a fundamental
investigation of the possible role of orbital angular momentum, carried by the structured
light, in relation with chiroptical effects within bulk materials.

Nanostructuring experiments were carried out by mapping the spatial distribution and
polarization state of the optical vortex pulse on crystalline silicon (100) and diamond which
was fabricated by chemical vapor deposition (CVD) synthesis process, respectively. The
silicon surface exhibited the formation of a single nanocone surrounded by a rim as well as
several nanocones located in complex patterns under irradiation of a single optical vortex
pulse. In the multiple-pulse regime, however, we fabricated polarization-sensitive ripple
structures on the diamond surface. Our findings in this context are summarized in the
following.

In chapter 4 , having known that the fluid dynamics plays a crucial role in light-
matter interaction, we took advantage of the doughnut-shaped intensity profile of optical
vortex beams to fabricate single nanocone features on a silicon surface. Single individual
nanocones and an array of well-placed nanocones are shown to be fabricated in a feasible,
single-step process. This is in contrast to the other well-known fabrication techniques,
such as lithography that involve several preparation steps, including deposition, cleaning,
etching, characterization, in addition to being very expensive. Our findings show that the
pulse energy and the number of pulses irradiated on silicon are the crucial parameters
affecting the properties of a fabricated nanocone. The major highlights of this work are:

• First time demonstration of nanocone formation with a single femtosecond optical
vortex pulse.

• First time demonstration of polarization dependent nanocone formation. Funda-
mentally, our results highlight the role of transient plasmonics. They show how an
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asymmetry in the free carrier density generated by the femtosecond pulse is pre-
served through the fluid dynamics resulting in asymmetric compressive forces that
inhibit the height of the nanocone for linear polarization. The asymmetry vanishes
for circular polarization resulting in higher nanocones.

• The nanocone height increases with the number of laser pulses while the aspect ratio
remains unchanged. Also, the apex angle is independent of the pulse energy and the
number of pulses.

• Overlapping of laser focus does not destroy the nanocones, allowing fabrication of an
array of closely spaced nanocones that can be used in several applications.

Further work could be done by attempting to increase the height of such conical struc-
tures by irradiating a single nanosecond vortex pulse. This all-optical technique can be
effectively practical not only to structure the target material and possibly change its phase
but also to investigate the target by generating high harmonics via fabrication of a large
array of conical nanostructures similar to those reported in this thesis. This provides
an opportunity to control and probe light-induced carrier dynamics and dynamical phase
changes in a target. Moreover, nanostructured materials provide the basis for a new gen-
eration of high-harmonic devices in the solid-state with the possibility of manipulating
spatial distribution, intensity, and phase of high-harmonic emission (this emerging field
bridges attosecond science with nanophotonics).

The degree of spatial control with light is restrictive. Therefore, it is not feasible to
position individual structures with nanoscale precision, except in laser-induced forward
transfer that has a resolution of hundreds of nanometers. Even in nano-ripple structures,
whose orientations and spacings can be varied by changing the laser polarization and
wavelength, only partial spatial control has been achieved. In this context, in chapter
5 , we address how light can be used to actively manipulate materials in two dimensions
with a precision of λ/20. By manipulating the beam shape, positioning of ∼ 0.1 µm3 of the
molten material in the form of a nanocone with 50 nm precision within an area of 40 µm2

was possible. This technique is extended to fabricate complex, unconventional structures
involving multiple nanocones and control their relative positions with the same precision.
Here are the main highlights of our work:

• The nanocone on the silicon surface could be actively positioned anywhere within
the focal volume by manipulating the singularity of the structured light beam. This
manipulation was achieved by (a) rotating the polarization of the input Gaussian
beam with respect to the q-plate axis (used to generate the structured light), and (b)
introducing phase retardation in the q-plate.

• About 0.1 µm3 of the molten silicon in the form of a nanocone (height ∼ 500 nm,
tip size ∼ 70 nm, and a base of ∼ 850 nm) can be moved with 50 nm precision in
an area of 40 µm2. The wavelength of the light used in our experiment was 800
nm. Therefore, the spatial resolution is approximately 8 times smaller than what is
predicted by the diffraction limit.
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• The spatial resolution can be further improved to 10 nm by exploiting (a) highly
stable power supply that can change the induced phase retardation in fine steps,
and/or (b) rotating the input polarization angle in small steps.

• This technique suggests the fabrication of complex, unconventional structures involv-
ing multiple nanocones as well as controlling their relative positions with the same
precision.

• Our technique is analogous to stimulated emission depletion (STED) microscopy/
lithography that is used to overcome the diffraction limit in imaging/ nanostructur-
ing. STED microscopy (lithography) uses a Gaussian beam to turn on the fluores-
cence (photo-polymerization) in molecules within the focal volume and a doughnut-
shaped beam to turn off the emission (inhibit polymerization) except in the central
region. In contrast, the nanocone can be actively positioned anywhere within the
focal region in our technique. The main drawback of STED lithography is the de-
velopment of suitable photoresists, whereas our technique can be implemented to
structure semiconductors, metals, and to some extent dielectrics.

Controlled fabrication of nanostructures in a single-step, precise technique can broaden
the scope of laser processing of solids and have potential applications in present-day silicon
photovoltaics, light-emitting devices, and sensors. To further improve this approach and
its potential application, one can combine it with the LIFT technique (laser-induced for-
ward transfer). Our technique proposes an ability to control the deposited material with
nanometer precision in nano-printing of complex materials with applications ranging from
microelectronics to bio-photonics.

In chapter 6 , we address the characterization of complex polarization states of
light, represented by points on a Poincaré sphere. The standard approach involves mea-
suring the four Stokes parameters. Extending this technique to characterize higher-order
Poincaré sphere requires polarization tomography, where the output polarization state
is reconstructed from the measured spatially dependent intensity profiles of six different
zero-order polarization states. The novelty of our method lies in the direct visualization
of higher-order Poincaré spheres, i.e., complex polarization states, by imprinting complex
polarization patterns into a solid surface in the form of laser-induced periodic nanogratings
oriented parallel to the local structure of the electric field of light.

In this chapter, we demonstrate that this technique can be extended to (a) any higher-
order Poincaré spheres, (b) complex polarization states produced by a coherent superposi-
tion of different vector vortex beams, and (c) various material surfaces. Our method could
have potential applications to produce complex sub-wavelength nanostructures. Multiple
localized regions of periodic nanostructures can be fabricated, each exhibiting different de-
grees of birefringence owing to different orientations of the periodic nanostructures within
the laser modified region. Another significant aspect of this technique is that these complex
structures are fabricated in a single-step process, known as direct laser writing. This is
very fast and achieved with no need for an expensive and bulky vacuum system in compar-
ison to other techniques such as lithography. Therefore, our findings have several potential
technological significances. To name a few, these periodic structures can be employed:
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• as diffraction gratings, since their periodicity is equal to or less than the wavelength
of light.

• as an effective tool to create interference patterns and study polarization-selective
transmission.

• as a nanograting-based 5-D optical data storage that corresponds to XYZ coordinates,
the direction of its slow axis, and retardance. In fact, the birefringence of such
gratings is described by retardance and slow axis direction that can be independently
controlled by adjusting the intensity and the polarization state of the incident laser
beam. This property adds two more dimensions than conventional structure-based
storage devices.

The second part of my work, chapter 7 , was focused on experimentally investigating
the nonlinear nature of the interaction between an OAM beam and bulk materials. The
experiments were carried out on borosilicate, fused silica, and quartz. We demonstrate
that the transmission spectrum of a circularly polarized OAM beam passing through a
bulk of material shows a discriminatory effect sensitive to the sign and magnitude of the
OAM.

In recent years, fundamental studies on OAM beam interaction with matter has cap-
tured the attention of the scientific community. For instance, very recently, it has been
demonstrated that when electrons and molecules (either chiral or achiral) interact with the
OAM beam, having the same OAM value but opposite helicity, they behave differently.
However, all efforts in this field were limited to single particles, and there have been no
reported studies to investigate a similar behavior in bulk material. Our results, for the first
time, showed that transparent dielectric materials exhibit helical dichroism and respond
to a circularly polarized optical vortex with discrimination that is sensitive to the sign
and magnitude of the OAM carried by the beam. In other words, OAM can produce a
chiroptical effect in the bulk material. However, there is no well-understood mechanism
behind such a phenomenon. To fully verify the mechanism, a potential method could be
carrying out experiments with varying values of `, and then plotting the absorption results
for Γ(L) − Γ(R) versus `. Therefore, one can probe the locally differential absorption while
considering the differences in intensity distribution associated with various radial distribu-
tion functions f`,p(r). Such experiments would appear to necessitate resolving the extent
of absorption at different locations within the beam profile.
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