
 

UNIVERSITY OF SOUTHAMPTON 

 

FACULTY OF PHYSICAL SCIENCES & ENGINEERING 

 

Optoelectronics Research Centre 

 

 

 

Ultrafast laser nanostructuring for photonics and information 

technology 

 

by 

 

Aušra Čerkauskaitė 

 

 

 

 

Thesis for the degree of Doctor of Philosophy 

 

2018 



 

 

 

 



 

iii 

 

 

 

 

 

 

 

 

 

 

 

Mamai ir Tėčiui 

 





 

v 

 

Acknowledgements 

Sometimes it is enough to be in the right place at the right time. Special thanks are addressed to 

Linas Giniūnas for the suggested opportunity. I would like to thank Peter G. Kazansky for valuable 

experience I gained in the lab, and all the important lessons of life. Thanks to Morten Ibsen for 

support and supervision towards the end of my PhD. Great appreciation is given to the Engineering 

and Physical Sciences Research Council (EPSRC) for funding my work. 

I would like to express my gratitude to the numerous individuals whose help and support assisted 

my professional growth during my recent years and contributed to my work presented in this thesis. 

Thank You Rokas Drevinskas. I am also grateful to Martynas Beresna, Aabid Patel, Fangteng Zhang, 

Jingyu Zhang, Mindaugas Gecevičius, and Costantino Corbari for being a team for some time.  

There are a lot of people who have been behind the scenes during my PhD. I want to thank my 

parents, brother and faithful friends for helping me to fill my spare time with things other than 

research. 

 





 

vii 

 

UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 
FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS 

Optoelectronics Research Centre 

Thesis for the degree of Doctor of Philosophy 

ULTRAFAST LASER NANOSTRUCTURING FOR PHOTONICS AND INFORMATION 

TECHNOLOGY 

Aušra Čerkauskaitė 

The field of ultrafast laser nanostructuring is growing rapidly with the need to search for more 

advanced fabrication solutions, medium possessing the advantages of both flexibility and tunable 

optical properties which can be effectively exploited for the integration of polarization sensitive 

modifications into optical elements and multidimensional optical data storage.  

Any material that support nanogratings are of interest for being explored for multidimensional data 

storage. Therefore, the self-assembled nanostructures by femtosecond laser irradiation are 

explored in several different materials, such as alkali-free alumina-borosilicate glass, GeO2 glass, 

and indium-tin-oxide (ITO) thin film. The growth of the induced retardance associated with the 

nanograting formation in alumina-borosilicate glass is three orders of magnitude slower than in 

silica glass. The pulse energy for maximum retardance in GeO2 glass is ~65% lower than in fused 

silica. Direct-write femtosecond laser nanostructuring of ITO thin film is also demonstrated where 

the deep-subwavelength ripples with periodicity of down to 120 nm are realized originating the 

form birefringence (|Δn| ≈ 0.2), which is 2 orders of magnitude higher than the commonly observed 

in uniaxial crystals or femtosecond laser nanostructured fused quartz.  

The comparison of a femtosecond laser induced modification in silica matrices with three different 

degrees of porosity is given. The maximum retardance value achieved in porous glass is twofold 

higher than in fused silica, and tenfold greater than in aerogel. The polarization sensitive structuring 

in porous glass by two pulses of ultrafast laser irradiation is demonstrated, as well as no observable 

stress is generated at any conditions. 

Applying the acquired knowledge along with full control of laser system, the polarization sensitive 

elements are combined into multidimensional data storage providing the main processing 

conditions required for sufficient practical implementation of the technique. Finally, the proposed 

improvements in terms of high capacity and high density elevate the technology and potentially 

push the currently known boundaries to the higher level. 
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Chapter 1 

1 

Chapter 1: Introduction 

1.1 Motivation 

In the 21st century the ability to store and access large amounts of data is growing rapidly with the 

Internet bringing all forms of information at everyone’s fingertips. A technological revolution from 

paintings to carvings, scribing and digitalization lead to modern human entry into an era of 

information explosion. It has been estimated that the amount of information generated by the 

major sectors, like business, education, entertainment, health, etc., is nearly doubled every 

year [1]. The desperate need of more efficient forms of data storage challenged conventional 

technologies by the limited storage capacities, high energy consumption and short lifetime of such 

media. The development of data storage technology has been a subject of intensive research. 

The processing of optical materials by lasers has become a fast growing field of research. Shortly 

after the invention of the laser in the early 1960s, the very first studies on the laser induced material 

modifications emerged. Further development of laser systems allowed focusing powerful high 

quality laser beams into a diffraction limited spot leading to unprecedented optical intensities. As 

a result, the laser became a unique and versatile tool for engineering materials. The first lasers 

delivering sub-picosecond pulses were demonstrated in early 1970s with the advance in mode 

locking techniques and organic dye lasers. However, these laser sources lacked stability and power 

and thus were limited to applications in spectroscopy. The 1990s saw the revolution of ultrafast 

laser technology. The invention of new mode locking mechanisms, namely Kerr-lens mode 

locking [2] and semiconductor saturable absorber mirrors [3], allowed the generation of stable 

pulse trains from solid state laser systems, which gave stability and power scalability.  

This was followed by the first demonstrations of femtosecond laser processing in the bulk of 

transparent materials made by K. Hirao group, which demonstrated the inscription of waveguiding 

structures inside silica glass [4]. Later, the direct-write ultrafast laser nanostructuring technique 

was implemented in the engineering of various materials such as semiconductors, metals and 

transparent dielectrics [5]. Later on, many studies reported the identification of femtosecond laser 

induced periodic surface [5,6] and bulk [7,8] structures with subwavelength periodicity. It was also 

shown that such a periodic assembly of nanostructures behaves as a uniaxial birefringent material 

with the optical axis oriented parallel to the direction of laser beam polarization [9]. As a result, 

these nanostructures spatially varied by ultrafast laser direct writing could serve as a solid platform 

for encoding data with extra degrees of freedom. 
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The key advantage of using ultrashort pulses for direct laser writing, as opposed to longer pulses, is 

that they can rapidly deposit energy in solids with high precision. The light is absorbed and the 

optical excitation ends before the surrounding lattice is perturbed, which results in highly localized 

nanostructuring without collateral material damage [10,11]. The technology allows fabricating any 

tailored optical element within the thickness of material, and with spatial resolution as high as sub-

100 nm, limited only by the translation stages. The manufacturing does not need expensive clean 

rooms or any special environment in contrast to the other high-density data storage techniques.  

Recently it was shown, that these nanostructures exhibit unprecedentedly long lifetime [12] and 

potentially maintain data stability for up to thousands of years. Longer lifetime compared to current 

optical data storage techniques would dramatically reduce the frequency of data migration and 

avoid probable data loss [1]. 

In particular, the major motivation of this work was to show the feasibility of 5-dimensional data 

storage, to explore possible host medium to advance the features, like ultrahigh readability, 

ultrahigh density, and throughputs of the technique. Having full control of laser imprinted optical 

structures as small as a few hundreds of nanometres would challenge to completely re-think 

traditional storage system designs. 

This work was focused on ultrafast laser nanostructuring of various optical materials, including silica 

glass, aerogel, porous glass, GeO2, multicomponent glass, and ITO thin film. Applying the acquired 

knowledge along with full control of laser system, the polarization sensitive elements were 

combined into multi-dimensional data storage providing a discussion on the main processing 

conditions required for sufficient practical implementation of the technique. Finally, the proposed 

improvements in terms of high capacity and high density elevate the technology and potentially 

push the currently known boundaries to the higher level. 

1.2 Thesis overview 

This thesis consists of eleven chapters describing theoretical background and experimental work. 

Chapter 1: Introduction provides a brief historical overview of the ultrafast laser material 

processing and indicates the main motivation of the thesis based on a technological perspective of 

ultrafast laser nanostructuring. Chapter 2: Modification of transparent materials provides the 

basics of light-matter interaction in a transparent medium irradiated by femtosecond laser pulses 

and the review of its subsequent permanent modification. Chapter 3: Ultrafast laser induced 

anisotropy defines the form birefringence and stress induced birefringence, and discusses possible 

birefringence measurement techniques; and later focuses on the laser induced periodic structures 

and self-organized nanogratings in silica, briefly describing mechanisms, optical/structural 
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properties and implementations. Chapter 4: High density data storage techniques gives a review 

on methods used to store digital data, and currently published advances in this field. Chapter 5: 5D 

data recording describes the experimental setup used for femtosecond laser material processing, 

and how to improve hardware towards higher writing speeds, also provides the basic concept of 

the encoding and decoding. Chapter 6: Materials for polarization sensitive recording provides an 

overview on wide range of materials used as a host medium for nanogratings, and presents the 

systematic studies of polarization anisotropy in different porosity, that is aerogel, sol-gel, fused 

silica glasses, GeO2 glass, multicomponent glasses, and ITO thin film. Chapter 7: Processing 

conditions for 5D data storage discusses the main parameters required for ultrahigh density, 

security and throughput data technique. Repetition rate, pulse duration, number of pulses, 

wavelength and focusing conditions are addressed in this chapter. Chapter 8: Lifetime of 

nanostructured medium is dedicated to the investigation of the thermal stability of nanogratings 

showing lifetime values beyond 1029 years at room temperature. Chapter 9: Advanced data 

recording includes the description on data printed in multilayer stack and how to successfully 

retrieve information from bottommost layer and partially remove stress from densely compact 

data. The concept of six-dimensional data storage as well as 4-bit and 5-bit data encoding per 

printed dot, and fast data printing are shown. As it is demonstrated in Chapter 6 that laser induced 

periodic structures in ITO exhibit high birefringence, here the possible applications related to 

optical data storage, flat optics and LC alignment are presented. Chapter 10: Eternal projects 

introduces some of the peculiarities of ultrafast laser nanostructuring as a method to create visually 

attractive time capsules. Each project is customized inducing high-value retardance, computer 

generated holograms, printing intersect images, etc. Chapter 11: Conclusions summarizes the key 

results discussed in the thesis and gives a future outlook on research and developments.  
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Chapter 2: Modification of transparent materials by 

ultrafast laser pulses 

Tightly focused ultrashort pulses can reach intensities sufficient to induce breakdown even in 

materials which are transparent to the wavelength of light. This can happen due to nonlinear 

processes, and can lead to different types of modification such as defect generation, positive 

refractive index change, nanostructuring and/or voids-like damage. In this chapter the brief review 

on the light-mater interaction in transparent materials irradiated by ultrashort laser pulses is given. 

2.1 Photoionization 

The nonlinear nature of the multi-photon absorption confines any induced changes to the focal 

volume [13]. Therefore, both the linear and nonlinear properties of the medium are affected during 

any interaction of an electromagnetic field with a target material. 

Strong modification can be initiated even far away from the fundamental absorption band, when 

due to the high intensities of the light the multi-photon absorption is caused by nonlinear processes. 

Thus, electrons are transferred from the valence band to the conduction band even if transparent 

dielectrics are used. This type of excitation of a material is known as a laser assisted photoionization.  

At lower intensities, photoionization can only occur if the energy of the absorbed photons is higher 

than the binding energy, 𝐸I,			 of an electron. The direct excitation of electrons via the 

electromagnetic field is known as multi-photon ionization (MPI) (Figure 2-1(a)). In the MPI process, 

𝐾 photons of energy ℏ𝜔 are absorbed and the energy balance is: 

	𝐸J + 𝐸F4K = 𝐾ℏ𝜔 − 𝐸I, (2-1) 
 

where 𝐸J is kinetic energy of the ejected electron and 𝐸F4K  is the internal rotational/vibrational 

energy of the system directly after the ionization process. Thus, the minimum number 𝐾 of photons 

needed for the MPI process is: 

𝐾ℏ𝜔 ≥ 𝐸I, (2-2) 
 

and the photoionization rate 𝑃NO(𝐼) = 𝜎Q𝐼Q  depends strongly on the laser intensity: 

	𝑃NO(𝐼) = 𝜎Q𝐼Q, (2-3) 
 

where	𝜎Q is the multi-photon absorption coefficient for 𝐾-photon absorption. 
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If the laser intensity increases, the electromagnetic field also gets stronger weakening the Coulomb 

potential between bonded electrons and atoms. After the deformation of the potential well, the 

tunnelling or over-the-barrier ionization can be initiated (Figure 2-1(b,c)).  

 
Figure 2-1. Schematic diagram of the ionization mechanisms: (a) multi-photon ionization, (b) 

tunnelling ionization, and (c) over-the-barrier ionization. The red curves represent the 

original Coulomb potential and the dashed blue curves represent the distorted 

potential by the strong external field, while the sloped green dotted line is the laser 

field potential. The solid red lines shows the energy of the least bound electron in the 

field-free case. The tunnelling path is indicated by the red dashed line. The three green 

arrows show the absorbed photons. 

The probability of the excitation depends on the medium, laser frequency and intensity, and can be 

defined by the Keldysh parameter [14]: 

𝛾 = `
T
abD4cdef

O
, (2-4) 

 

where 𝜔 is laser frequency, 𝑚 is electron reduced mass, 𝑒 is electron charge, 𝐼 is laser intensity, 𝑐 

is speed of light in vacuum, 𝑛 is refractive index of medium, and 𝐸I is binding energy of electron, 

which corresponds to the energy gap between the valence and conduction bands of the irradiated 

medium (e.g. 9 eV for silica glass, 4 eV for GeO2, >3.5 eV for indium tin oxide, <6 eV for 

multicomponent glasses). Assuming ℏ𝜔 < 𝐸I, the value of the Keldysh parameter identifies the 

origin of the ionization, where 𝛾 < 1 (high intensity and/or low frequency) indicates the tunnelling 

or over-the-barrier ionization, and 𝛾 > 1  (high frequency and rather low intensity) shows the 

nonlinear multi-photon response of the system.  

For strong laser fields (>10 TW/cm2), the ionization mechanisms such as tunnelling ionization or 

over-the-barrier ionization dominate as the potential of the system is distorted [15]. The multi-

photon regime does not hold anymore and the photoionization rates for various excitation 

wavelengths tend to merge revealing an independence on the photon energy, as shown in Figure 

2-2. The independence on the wavelength is even more pronounced with narrow band gap 

materials. 
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Figure 2-2. Photoionization rate as a function of laser intensity estimated by the Keldysh 

formulation for λ = 0.8 μm (red), λ = 1.3 μm (black) and λ = 2.2 μm (blue – dash-dotted). 

The calculations are performed for materials with band gap of 9 eV and 1.1 eV 

corresponding respectively to SiO2 and Si. In the case of fused silica at 0.8 μm 

wavelength excitation, the fitting of the model with the well-established multi-photon 

approximation was plotted (red dashed line) [14,15]. 

2.2 Free-carrier absorption and avalanche ionization 

An electron excited to the conduction band of a wide bandgap dielectric material can further absorb 

photons moving itself to higher energy states where free carrier absorption is efficient (Figure 2-3). 

The photons are absorbed in a broad band, where the absorption is linear for high plasma densities. 

In this case the dielectric function, i.e. permittivity of the free electrons, can be shown by: 

𝜀(𝜔) = 1 − `kl

`lmFn`
= 1 − 𝜔2? o

pl

pl`lmq
+ 𝑖 p

`(pl`lmq)
s, (2-5) 

where 𝜔2 = t𝑁𝑒? 𝑚𝜀0⁄  is the plasma frequency expressed via the free electron density, electric 

permittivity, electron mass and charge, and Γ is denoted as a damping constant, also known as the 

relaxation or electron scattering rate, and is related to the electron mean free path 𝑙 by Γ = 𝑣y 𝑙⁄ =

1 𝜏⁄ , where 𝑣y is the Fermi velocity and 𝜏 is the scattering time being typically from a fraction of a 

femtosecond (for glasses) to several tens of femtoseconds (usually metals) depending on the 

conduction electron energy. The imaginary part of the dielectric function, which is responsible for 

the light absorption, is: 
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𝜀′′ = `kl{
`(pl`lmq)

. (2-6) 

When the electron density generated by photoionization reaches high values, e.g. ωp » ω, 

N » 1021 cm−3, with an expected electron scattering time 𝜏 ≤ 23	𝑓𝑠 [16,17], a large fraction of the 

remaining femtosecond laser pulse can be absorbed. In this case avalanche ionization takes place, 

when the before discussed free-carrier absorption is followed also by impact ionization (Figure 2-3). 

 
Figure 2-3. Schematic diagram of the free-carrier absorption and avalanche ionization mechanism. 

The three electron absorbs energy through free-carrier absorption acquiring sufficient 

energy to knock-out another electron from the valence to conduction band. 

As long as the laser field is present, the electron density in the conduction band grows accordingly:  

𝑑𝑁 𝑑𝑡⁄ = 𝜂��𝑁, (2-7) 

where 𝜂��  is the avalanche ionization rate. In very general terms, avalanche ionization requires 

seeding electrons in the conduction band of the material [18].  

 
Figure 2-4. (a) Percentiles of the fraction of impact-ionized electrons as a function of laser intensity 

and pulse duration. The solid black line marks the transition between photoionization 

dominated regime (light grey) and avalanche dominated regime (dark grey) [19]. (b) 

Electron densities produced by multi-photon ionization alone and in combination with 

avalanche ionization, plotted along with the Gaussian pulse shape. Seed electron are 
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produced by multi-photon ionization at the peak of the pulse, after which an avalanche 

produced a critical density [20,21]. 

These initial electrons could be provided by thermally excited carriers, through easily ionized 

impurities or defect states, or by carriers that are directly excited by multi-photon or tunnelling 

ionization during the early stages of pulse propagation (Figure 2-4). When femtosecond pulses are 

used for excitation, only 5% of free electrons are impact-ionized electrons (Figure 2-4(a)). 

Photoionization is extremely intensity dependent, and the electron production takes place 

principally at the peak of pulse (Figure 2-4(b)). After the seed electrons are produced, electron 

avalanche reaches the critical plasma density [20]. For this reason, avalanche ionization is more 

effective when the longer pulses are used. 

To ensure the accurate study of ultrashort laser pulses induced modification in a wide band-gap 

transparent solids, the nonlinear processes such as photoionization and impact ionization, self-

focusing and defocusing, scattering and recombination etc., should be always considered. For 

example, permanent damage is typically related to the critical plasma concentration, while some 

experimental results put this assumption under dispute [17], indicating that the overall process can 

readjust the requirements for the permanent modification. On the other hand, some effects 

strongly depend on the experimental configurations and could be easily neglected, e.g. self-

focusing during the surface modification. 

2.3 Permanent material modification 

When sufficient energy is delivered to the material, the material can undergo a structural change 

leaving a localized permanent modification including the refractive index change, nanostructuring 

or even a voids and damage. 

 

Figure 2-5. Schematic illustration of exciton level and two basic routes for exciton generation: (a) 

inelastic scattering of the multi-photon excited electrons, and (b) direct resonant 

absorption of multiple photons. 
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Through the nonlinear ionization processes discussed in the previous section, the electron is moved 

from the valence band to the conduction band, leaving a hole in the valence band. The excited 

electron and hole may be bound together by Coulomb attraction, which is referred to as an 

exciton [22]. Such electron-hole states are typically formed by an inelastic scattering of the excited 

electrons or by direct resonant absorption (Figure 2-5). Consequently, free excitons may relax 

generating self-trapped excitons [23]. 

The relaxation of excitons to defects occurs a few tens of picoseconds after laser excitation, where 

the exciton self-trapping process is accompanied by a strong distortion of the lattice [24]. In the 

case of silica glass, weakening of Si─O─Si bonds yield an oxygen displacement from the equilibrium 

position in the tetrahedral leading to a formation of silicon and oxygen dangling bonds [16] (Figure 

2-6). This process together with material densification result in a refractive index change in wide 

band-gap silica materials. Structurally amorphous silica tetrahedral in the bulk can be shown as ºSi–

O–Siº with the defects induced by femtosecond pulses [25–29]: oxygen deficiency centres ODC(I) 

and ODC(II), which are four valent (ºSi-Siº) and divalent (=Si0) silicon atoms with its characteristic 

absorption at 160 nm and 250 nm, respectively; E’ (ºSi•) is an asymmetric relaxed oxygen vacancy 

with an unpaired electron localized in a sp3-like orbital of a single Si atom with its characteristic 

absorption at 210 nm; and oxygen excess centre, referred to as a non-bridging oxygen hole centre 

NBOHC (ºSi–O• ), is oxygen dangling bond with its characteristic luminescence at 650 nm.  

 

Figure 2-6. Structural models of perfect SiO2 lattice and most common laser induced defects: ºSi–

Siº (Si rich ODC(I)); =Si0 (ODC(II)); ºSi• (E¢) and ºSi–O• (NBOHC). Purple spheres – silicon; 

red spheres – oxygen. Structural models were reproduced on the basis of ref. [25–29]. 

As a result of the intense ultrashort laser pulses, the defects generated from the self-trapped 

excitons increase drastically, leading to the potential of macroscopic structural damage in the 

material. Moreover, there is no doubt that these structural changes influence the ongoing multi-

pulse modification of the material by producing absorption centres for the subsequent material 

ionization. 
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Figure 2-7. Schematic illustration of carrier excitation process in time. 

The permanent modification of transparent materials strongly depends on the laser pulse duration, 

as it is a nonlinear process and depends on a rapid build-up of conduction electrons. Free-carriers 

excited through the processes discussed in the previous section and summarized in Figure 2-7 and 

Figure 2-8 distribute the absorbed energy via a carrier-carrier scattering over 10-100 fs and via a 

carrier-phonon scattering over < 10 ps. 

 

Figure 2-8. Timescales of various electron and lattice processes in laser excited solids. Each bar 

represents an approximate range of characteristic time over a range of carrier 

densities from 1017 cm-3 to 1022 cm-3 [10,11,30]. 

The lattice thermalization takes place around 10 µs. If the laser pulse duration is of the same 

timescale, a substantial amount of energy will be efficiently transferred to the lattice [18], while 

part of the excited states will be removed via the carrier recombination and diffusion processes. As 

a result, when the free carriers and lattice are at the equilibrium temperature, the material is at the 

same phase as it would be heated by conventional means [11]. 
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The material modification by longer pulses is dependent on the thermal diffusion, and its threshold 

correlates with the square root of the pulse duration �~√𝜏� (Figure 2-9). Material ablation, melting, 

evaporation and subsequent re-solidification may occur with a strong tension gradient located 

around the irradiated regions [11] on the microsecond scale.  

 

Figure 2-9. Pulse width dependence of threshold damage fluence for fused silica at 1053 nm (•) and 

825 nm (¨) [20,21]. The corresponding pulse width leads to (I) strong non-equilibrium 

(Telectron >> Tlattice) medium with dominant multi-photon and avalanche ionization; (II) 

electron-lattice thermalization (carrier-carrier and carrier-phonon scattering) during 

the pulse propagation; (III) increasing lattice heat with the resultant damage threshold 

dominated by thermal diffusion �~√𝜏�; (IV) melting and boiling as the multi-photon 

ionization is not sufficient to seed avalanche. 

For laser pulses shorter than several picoseconds, the entire energy is absorbed by electron plasma 

before being transferred to the lattice [20]. Thus, the modification threshold deviates from the 

thermal diffusion relation ~√𝜏, as it is shown in Figure 2-9 [20,21]. It is widely discussed that the 

electrons reach high temperatures keeping the lattice in the cold state during the irradiation time. 

The subsequent shock-like deposition of energy from electrons to the lattice, after the pulse is gone, 

causes the ablation or structural change of material [16]. Thus, the energy deposition is localized, 

reducing the heat affected zone and collateral damage [10,11].  

Timescales for different laser material interaction processes provide an insight into why and what 

specifications ultrashort pulses are necessary for the fabrication of optical elements [13]. A 

femtosecond laser pulse ends before the lattice is thermally excited minimizing the heat diffusion 

outside the focal area and increasing the precision of the material processing. Also, sufficient 

number of seed electrons is generated through the nonlinear ionization within the front of the 
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pulse, and no defect electrons are required to seed the further absorption process. This makes the 

nonlinear excitation confined and repeatable.  

In addition, in order to ablate the material the energy higher than its binding energy must be 

delivered. When the Fermi energy (approx. binding energy) is exceeded, the electrons are ejected 

creating the electric field caused by charge separation and pull the ions out of the material. At the 

same time the pondermotive force of the EM field moves electrons deeper into the material 

accelerating the ions [31]. Such material ablation processes occur under femtosecond laser pulses 

when the thermal effects are neglected.  

However, despite the extensive studies aimed to determine the mechanisms of femtosecond laser 

induced modification [10,11,16,17,20,32], the processes are still not fully understood. Critical or 

sub-critical plasma densities, thermal or non-thermal processes, defect-free or defect-

accumulated, fast thermal cooling and micro-explosions or slow micro-explosion, melting and 

vaporization etc., still are open topics for discussion. 

 

Figure 2-10. Threshold pulse energies for different regimes of femtosecond laser induced 

modification in silica glass. Type I corresponds to smooth refractive index modification. 

Type II smooth and Type II rough correspond to nanogratings formation. Inset atomic 

force and scanning electron microscopy images of structures induced by 50 fs and 

100 nJ (Type I), 185 fs and 100 nJ (Type II smooth), 500 fs and 300 nJ (Type II 

rough) [33]. 

Several types of modification inside transparent materials can be produced as a function of laser 

fluence and pulse duration. In particular, under low pulse energies femtosecond laser irradiation of 

silica glass, a smooth positive refractive index change is observed. This type of the modification is 

attributed to the formation of local defects and material densification [4,34]. At higher pulse 
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energies the subwavelength gratings, referred to as nanogratings [7,8], are observed. In most cases 

nanogratings are accompanied with negative refractive index change. At high pulse energies voids-

like damage [35] have been reported. These three regimes can be clearly distinguished employing 

laser pulses shorter than 300 fs [33,36] (Figure 2-10). Even at longer pulses, slightly perturbed 

nanogratings appear at relatively low fluencies, right above the permanent modification threshold. 

All three modification types are widely applied in various fields including fabrication of waveguide 

lasers in doped glasses and crystals [37,38], polarization sensitive elements [39,40], optical data 

storage [12,41]. 

Similar modification regimes are observed on virtually any type of media including metal, 

semiconductor, dielectric solids and thin films [5,6,42–52], multicomponent [53] and porous [54–

56] glasses. Under the pulse energies slightly below or above the damage threshold, the material 

nanostructuring, amorphization, crystallization, oxidation, ablation, melting etc. can be initiated. 

2.4 Gaussian beam, spot size and peak intensity 

The most common beam shapes used in laser optics can be approximated by a Gaussian beam. The 

electric field distribution can be written as: 

𝐸(𝑟, 𝑧) = 𝐸0 o
�d
�(�)

s exp o− El

�l(E)
s exp�−𝑖𝑘𝑧 − 𝑖𝑘 El

?8(�)
+ 𝑖𝜉(𝑧)�, (2-8) 

where 𝐸0 is the electric field amplitude, 𝜛0 is the spot size (radius) at the waist, 𝑘  is the wave 

vector, defined by 𝑘 = 2𝜋𝑛0 𝜆⁄ . The function 	𝜛(𝑧) is the spot size (radius) at which the field 

amplitude drops by 1 𝑒⁄ , and defines the spot size variation as a function of the distance from the 

beam waist, 

𝜛(𝑧) = 𝜛0a1 + o
�
��
s
?
, (2-9) 

where 𝑍8 = 𝜋𝑛0𝜔0?/𝜆 is the Rayleigh range. The radius of curvature is defined by:  

𝑅(𝑧) = 𝑧 �1 + o��
�
s
?
�, (2-10) 

and the phase change close to the beam waist, referred to as the Gouy shift, is defined by:  

𝜉(𝑧) = atan o �
��
s. (2-11) 
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Also, real laser systems generate beams slightly deviated from the ideal Gaussian beam. The 

parameter used to describe closeness of a generated beam to a theoretical beam is known as the 

M-squared value, 𝑀?, and typically has a value of less than 1.2 for current laser systems. 

The important feature of a Gaussian beam is that it does not change its intensity distribution upon 

the free space propagation. Also, it preserves its shape as it passes through an optical system 

consisting of simple lenses. This is particularly important for material processing as no additional 

beam shape control needs to be considered. Thus, the spot size of a Gaussian beam in the focus is: 

𝜛0 =
��l

���
= 0.32 𝜆𝑀? 𝑁𝐴⁄ , (2-12) 

where 𝑁𝐴 = 𝑛sin(𝜃) is the numerical aperture of the focusing lens. The spot size for homogeneous 

illumination by non-coherent radiation is 𝜛0 = 0.61 𝜆𝑀? 𝑁𝐴⁄ , seemingly bigger for equal 

numerical aperture. However, it should be noted that focusing a Gaussian beam will require the 

clear aperture of optics to be larger than that of the beam in order to avoid beam aperturing.  

For relatively long laser pulses, the peak power can be measured directly. However for short pulses, 

the power is calculated from the pulse duration, 𝜏, and the pulse energy, 𝐸2 = 𝑃 𝑓⁄ , where 𝑃 is the 

measured average power and 𝑓  is the laser repetition rate. The conversion depends on the 

temporal shape of the pulse, and typically for Gaussian-shaped pulses the peak power is: 

𝑃2 ≈ 0.94 ek
p

, (2-13) 

and the peak intensity in the focal spot is: 

𝐼2 = 2 Nk
��dl

, (2-14) 

which is two times higher than it is calculated for the laser beam with a top-hat intensity profile. 

Additionally, the laser induced damage threshold is frequently expressed in units of laser peak 

fluence: 

𝐹2 = 2 ek
��dl

, (2-15) 

which indicates the highest fluence value occurring within the laser beam profile.  

The precise characterization of the laser beam including its spot size, peak power and peak intensity 

is of high importance in any laser material processing experiment. Although the discussed equations 

are simple and widely used, the nonlinear processes such as self-focusing arising under the high 

laser intensities should be addressed and taken into account.  
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High intensity laser beams with a Gaussian intensity profile lead to spatial variations of the non-

zero nonlinear refractive index (optical Kerr effect) with the highest value at the central part of the 

beam. In this case, the induced refractive index profile acts as a lens or a waveguide that may cause 

effects such as self-focusing and self-phase modulation. Increasing the power of a laser pulse, self-

focusing becomes stronger until it balances with diffraction and a filament is formed. If the peak 

power of the laser pulse exceeds the critical power for self-focusing, 

𝑃DE =
¡.¢¢�l

£�4d4¤¥
, (2-16) 

the collapse of the pulse to a singularity is predicted. The intensity of the short pulses inside 

transparent dielectrics can be significantly larger than its initial values causing the damage of optical 

components or modification of optical material before the geometrical focus. 

Self-focusing of a collimated Gaussian beam is observed if the radiation power is greater than the 

critical power. In such a situation the Kerr nonlinearity continuously dominates over the transverse 

diffraction. The situation may vary if the lens is used in the system. For tight focusing the lens-

focusing is dominated and the Kerr nonlinearity could be neglected, and for loose focusing the self-

focusing is dominated. The boundary between these two regimes can be determined by [57,58]: 

aN¦¤
N§¨

= 0.852 + ª0.0219 + 0.1347 × 
o®¯dl s

l
°o ¤

±²s
l
mq

o ¤
±²s

l
°q

³, (2-17) 

 

when near the boundary obtained for a given spot size w0 of the collimated beam before the lens 

(or before the medium with n) both self-focusing and lens-focusing play a role.  

 
Figure 2-11. Self-focusing versus lens-focusing. Close to the boundary obtained for a given spot size 

(𝜛0) of the beam at the plane of lens, both self-focusing and lens-focusing play a role. 

The calculations performed for fused silica at l = 1030 nm. Typically the critical power 

in silica is around 4 MW. 
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For example, if numerical aperture of the focusing lens is less than 0.01, self-focusing is likely to 

occur at input powers close to critical (Figure 2-11). If the numerical aperture is higher than 0.1, in 

order to get self-focusing the input power has to be much higher than critical (Pin > 10Pcr) (Figure 

2-11). However, the calculations do not account for plasma generation, and also loses its validity 

when the incident power is much larger than the critical power (Pin > 100Pcr). 

On the other hand, when the laser beam is self-focused, the intensity increases and eventually 

reaches the medium ionization threshold. The generated plasma density (𝑁) contributes a negative 

refractive index change [59], 

𝑛 = 𝑛0 −
�

?4d�§
, (2-18) 

where 𝑁D = 𝜔?𝜀0𝑚 𝑒?⁄  is defined as the characteristic plasma density with its frequency equal to 

the laser frequency, 𝑚 and 𝑒 are the electron mass and charge, respectively. As a result, the plasma 

generation cancels the positive refractive index change and causes the subsequent defocusing. 

This phenomenon is important from a laser engineering and processing perspective, as the overall 

specifications of the beam must be incorporated into the design of the experiment.  

2.5 Summary 

Having established a theoretical background for the laser matter interaction leading to the 

permanent material modification, the next chapters proceed to discuss in details ultrafast laser 

induced anisotropy and its possible applications. 
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Chapter 3: Ultrafast laser induced anisotropy 

The main objective of this thesis is to study the material anisotropic nanostructuring by ultrafast 

laser irradiation. In this chapter the basic concepts of the form birefringence and stress induced 

birefringence, and quantitative birefringence measurement system are discussed. Further, the brief 

literature review on the fabrication of surface and volume periodic structures is given. Although the 

nature of nanograting formation is still debatable, the discussion on various formation models done 

by other groups including the identification of structural and optical properties, and the subsequent 

implementations are provided. 

3.1 Form birefringence 

Ultrafast laser induced nanostructures, often referred as nanogratings, with subwavelength 

periodicity behave as a uniaxial birefringent crystal where the optical axis is oriented parallel to the 

direction of laser polarization, and the phenomenon is known as form birefringence [60–62]. The 

slow axis of such gratings is oriented parallel to the nanoplanes, and follows the ordinary axis (TE 

mode). The produced birefringence is negative as the ordinary refractive index is always higher than 

the extraordinary refractive index. The resultant form birefringence can reach much higher values 

than natural anisotropic crystals and is usually designed by controlling the periodicity and duty cycle 

of the nanogratings.  

Propagation of optical waves in such periodic media can thus be described by the effective 

refractive indices coming from the effective-medium theory [60]. This means that the electric field 

oscillating along (TE mode) and perpendicular (TM mode) to the layered medium obtain a different 

amount of phase shift. For a specific periodic system, the Bloch wave analysis [60] can be employed 

to examine the TE and TM waves propagating in the medium. The eigenmodes of propagation are 

the Bloch waves expressed as:  

𝐸 = 𝐸Q(𝑦)exp(−𝑖𝛽𝑧 − 𝑖𝐾𝑦 + 𝑖𝜔𝑡), (3-1) 

where 𝛽 and 𝐾 are the z and y components of the Bloch wave vector, with 𝐾 corresponding to the 

wave vector of the periodic structure. The dispersion relation between 𝜆 and 𝐾 for the TE and TM 

waves propagating in media (1 and 2) with refractive indices 𝑛q and 𝑛? of the corresponding layers 

a and b with periodicity of Λ = 𝑎 + 𝑏 (see Figure 3-1) is given by [60]: 

𝑇𝐸:	 cos(𝐾Λ) = cos�𝑘q½𝑎� cos�𝑘?½𝑏� − 0.5 �
Jl¾
J¿¾

+
J¿¾
Jl¾
� sin�𝑘q½𝑎� sin�𝑘?½𝑏�, (3-2) 
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𝑇𝑀:	cos(𝐾Λ) = cos�𝑘q½𝑎� cos�𝑘?½𝑏� − 0.5 �
4¿lJl¾
4llJ¿¾

+
4llJ¿¾
4¿lJl¾

� sin�𝑘q½𝑎� sin�𝑘?½𝑏�, (3-3) 

with 

𝑘q½,?½ = ao?�4¿,l
�

s
?
− 𝛽?, (3-4) 

𝛽 = ?�
�
𝑛U,T, (3-5) 

where 𝑛U,T are the related ordinary and extraordinary (i.e. effective) indices of refraction for TE and 

TM waves, respectively. 

 

Figure 3-1. The light wave (b) propagation along the lamella-like structures. Optical and slow axes 

of the designed birefringent element are perpendicular and parallel to the grating 

planes, respectively. The periodicity of such structure is defined as L = a + b, where a 

and b corresponds to the width of materials with refractive indices of n1 and n2. 

When the periodicity of nanogratings is much smaller than the wavelength of the incident light, the 

lowest order approximation {𝑂[(Λ/𝜆)?]	expansion}  of Eqs. (3-2) and (3-3) can be used [63], 

leading to: 

𝑇𝐸:	 Q
l

4dl
+ Ål

4dl
= o?�

�
s
?
, (3-6) 

𝑇𝑀:	
𝐾?

𝑛0?
+
𝛽?

𝑛T?
= �

2𝜋
𝜆
�
?

. (3-7) 

The resulting effective refractive indices defined by: 
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q
4Æl
= �

Ç
q
4¿l
+ È

Ç
q
4ll

, (3-8) 

𝑛U? =
�
Ç
𝑛q? +

È
Ç
𝑛??. (3-9) 

Then, the form birefringence of such structures is related to the nanograting properties by: 

𝑛0? − 𝑛T? =
�È�4¿l°4ll�

l

Ç��4llmÈ4¿l�
. (3-10) 

The layered medium, with Λ ≪ λ, optically behaves as a uniaxial material with the birefringence 

being always negative, i.e. Δ𝑛 = 𝑛T − 𝑛U < 0. Also, from Eq. (3-8) and (3-9) the periodic medium 

do not depend on the wavelength of light, except on the intrinsic material dispersion of 𝑛q and 𝑛?. 

Under some particular processing conditions, it was evaluated that 𝑛q~0.676 ∙ 𝑛? [64]. However, 

if the periodicity is comparable to the wavelength, the approximations become invalid. Thus, the 

dispersion of the periodic structure has to be considered adding a higher order 

approximation [63,65], and the accurate estimate of Eq.(3-10) is written as: 

𝑛0? − 𝑛T? = 4 �È
Çl
Í(𝑛? − 𝑛q)? +

(È°�)(4l°4¿)Î

Ç4l
Ï + 𝑂((𝑛? − 𝑛q)Ð). (3-11) 

As a result, the phase retardation of transmitted light can be directly determined by the thickness 

(𝑑) of the nanogratings and its possessed form birefringence: 

𝜑 = 𝑑 ∙ (𝑛𝑜 − 𝑛𝑒). (3-12) 

Birefringent modification can be characterized by two parameters, such as retardance and slow axis 

orientation. These parameters are independently controlled during the direct laser writing 

experiments, which will be discussed in further chapters of this thesis. 

3.2 Stress induced birefringence 

Under certain laser processing conditions, femtosecond laser induced nanogratings lead to a net 

volume expansion [66] which correlates with the formation of porous structures inside the 

nanogratings [67]. This volume expansion further results in the build-up stress around the laser 

affected zones [66]. The stress distribution in the vicinity of the laser exposed area depends on the 

laser polarization that controls the orientation of nanogratings [68]. The multiscale model to 

describe this orientation dependence summarizes both nanoscale and microscale behaviour, that 

is the influence of nanograting orientation along a single line, assuming that only the laser affected 

part of the nanograting expands, and the stress distribution between lines for the full pattern are 
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simulated [68]. Depending on the laser exposure, the overall stress can be enhanced or 

minimized [69]. Typically, the stress induced birefringence values have a range from~10°Ñ  to 

~10°¡ [70,71]. 

The stress induced birefringence influences the optical properties of modifications and causes the 

formation of undesired cracks. Therefore, it leads to more complicated and unreliable writing 

procedure where the stress should be considered or eliminated.  

3.3 Quantitative birefringence measurements 

The polarization light microscope has been a versatile tool to reveal the anisotropic fine structure 

of living organisms in non-invasive way [72]. The complex birefringent samples can be measured 

with a PolScope microscope, which is essentially the polarization microscope with polarizer and 

analyser (Figure 3-2). In the PolScope system, a circular polarizer simplifies the extraction of data 

and excludes the possibility of undefined measurements as the polarization plane is oriented along 

the slow or fast optical axis. The analyser with a liquid crystal universal compensator, which is made 

of variable retarder plates (LCA and LCB) and a linear polarizer, are used.  

 

Figure 3-2. Schematics of typical birefringence characterization system PolScope. The optical set-

up is based on a traditional light microscope and an analyser for circular polarized light: 

band-pass filter for 546 nm (F); linear polarizer (P); quarter-wave plate (l/4); 

condenser lens (C); specimen (S); objective lens (O); polarization state analyser made 

of liquid crystal devices LCA and LCB, and analyser (A); imaging lens (L) and camera 

detector (CCD) [72]. 

The PolScope also requires monochromatic light, thus the circular polarizer is combined with an 

interference filter. The intensity recorded by the detector is: 

 

𝐼(𝛼, 𝛽, 𝑥, 𝑦) =
1
2
𝐼0(𝑥, 𝑦)

⋅ [1
+ cos 𝛼 sin𝛽 cos 𝜑(𝑥, 𝑦)
− sin𝛼 sin𝛽 cos 2𝐴(𝑥, 𝑦) sin𝜑(𝑥, 𝑦)
+ cos 𝛽 sin2𝐴(𝑥, 𝑦) sin𝜑(𝑥, 𝑦)] + 𝐼bF4(𝑥, 𝑦). 

(3-13) 
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Here 𝐼0  is the distribution of light intensity after the sample, 𝐼bF4  is the distribution of the 

depolarized background arising from the imperfections of the polarizers. The α and β are the 

retardance values for LCA and LCB retarders, respectively. Finally, the characterization of sample 

with its intrinsic retardance 𝜑(𝑥, 𝑦) and azimuth of the slow axis direction 𝐴(𝑥, 𝑦) are performed 

by measuring a series of intensity images for various α and β values, and extracting the 𝜑(𝑥, 𝑦) and 

𝐴(𝑥, 𝑦) values [72]. 

Several algorithms that use between two to five recorded intensity frames allow to optimize 

measurements for speed, sensitivity, and accuracy. It is expected to obtain the noise level of 

0.036 nm when the 5-frame and 4-frame algorithms are used [72]. To compare the PolScope 

measurements, processed using its original software, raw PolScope measurements recalculated 

using Matlab and commercially available PolScope based Abrio measurements, a set of polarization 

sensitive structures was printed (Figure 3-3). Star pattern with varying slow axis orientation and the 

squares with different periodicity of 2 µm, 1 µm and 0.5 µm lines with the same scanning interline 

distance (100 nm) allow to qualitatively evaluate the optimum measurement method, as the 

quantitative data provides the same retardance result in the range of ±2 nm. One can be seen from 

the Abrio measurement that the hue determined by orientation of the birefringent structure also 

depends on the absolute value of retardance making it brighter compared to PolScope processed 

image. Measurement can be manually recalculated from raw intensity images using Matlab 

allowing faster process of larger amounts of data. 

 

Figure 3-3. Processing of birefringent patterns using different softwares. (left) Patterns taken and 

processed using Abrio microscope: (top) retardance and (bottom) slow axis orientation 

images. (right) Comparison of birefringent pattern imaged using 4- and 5-frame 

algorithms based PolScope software while processing (top) PolScope and (bottom) 

Matlab software. Pseudo colours indicate the orientation of the slow axis. Colour bars 

are linear retardance scales in nanometres. 
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Another method to measure birefringence relates to basically the same principle, where instead of 

liquid crystal universal compensator, the matrix of half-wave plates, polariser and quadrant 

detector are used as an analyser (Figure 3-4). The intensity distribution is calculated using Jones 

matrices and linked to the pins provided by quadrant detector (Thorlabs). Two axis and the phase 

of polarization ellipse generated in the path of the measurement system can be expressed as: 

 

⎩
⎪
⎨

⎪
⎧𝑥 =	

1
2√𝑃3 + 𝑃2 − 𝑃1;

𝑦 = 		
1
2√𝑃3 + 𝑃1 − 𝑃2;

cos 𝑓 = −
𝑃1 + 𝑃2
4𝑥𝑦 ;

 (3-14) 

where P1,P2,P3 are detector pins, x, y – the amplitude of the electric field in x and y directions, 𝑓is 

the phase of electric field.  

Then the retardance ∆0 and the slow axis orientation 𝜙0 of the birefringent element is calculated 

as follows: 

 cos
∆0
2 =

√2
2 ∙ (𝑥 − 𝑦 sin𝑓); (3-15) 

 sin2𝜙0 =
√2𝑥 − cos ∆02

sin∆02
 (3-16) 

The possibility to obtain real-time polarization measurements is based on the analogue of Bayer 

mask, and has been demonstrated in several works [73–75]. While many commercialized 

birefringence measurement systems require electrically controlled retarders and several intensity 

images to retrieve birefringence distribution (e.g. PolScope), the method using the matrix of half-

wave plates can be potentially used for fast polarization sensitive imaging. 

 

Figure 3-4. Schematics of birefringence characterization system using quadrant detector. The 

optical set-up is based on a traditional light microscope and an analyser for circular 

polarized light; quarter-wave plate (l/4); condenser lens (C); specimen (S); objective 

lens (O); polarization state analyser made of 4 half-wave plates (4xl/2) oriented at 

particular angle, linear polarizer (P), imaging lens (L) and quadrant detector (QD). 
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Alternatively, when the orientation of the nanogratings is known, the cross-polarized transmission 

microscopy can be used for sample characterization as a contrast enhancing tool. The traditional 

configuration prepared to measure birefringence is represented in Figure 3-5. The transmitted 

intensity of light is measured when the polarizer before the sample is fixed at -45° with respect to 

the nanograting orientation, while the polarizer after the sample is fixed at -45° (parallel) or 45° 

(crossed). The retardance dispersion 𝜑(𝜆) is then defined by: 

𝜑(𝜆) = acos �
𝐼2�E�55T5 − 𝐼DEUÛÛTÜ
𝐼2�E�55T5 + 𝐼DEUÛÛTÜ

� ×
𝜆
2𝜋

= Δ(𝜆) ×
𝜆
2𝜋
. (3-17) 

This measurement system evaluates the anisotropy of the material in the whole spectral range of 

the incident light, and is limited by the sensitivity of the micro-spectrometer. 

 

Figure 3-5. Schematic configurations of retardance spectra measurement set-up. The phase 

retardation is calculated from the transmittance of light measured when the linear 

polarizer before the sample was fixed at -45° with respect to the nanogratings 

orientation while the linear polarizer after the sample was fixed at 45° (parallel) or −45° 

(cross-polarized).  

3.4 Laser induced periodic surface structures 

Laser induced periodic surface structures (LIPSS) are a universal phenomenon and can be generated 

on virtually any type of media including metals, semiconductors and dielectrics upon irradiation 

with linearly polarized light [5,42–45]. The ripples can be formed with wavelengths ranging from 

the mid-infrared to the blue end of the visible spectrum and at pulse durations from continuous 

wave operation to femtosecond laser systems [45,76]. The first example of TiN surface 

nanostructures formed by femtosecond pulses is shown in Figure 3-6. 

For normal incidence, the period of surface structures was known to be close to the wavelength of 

the light and oriented perpendicular to the laser beam polarization [77]. For oblique incidence and 
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TM polarization (electric field is oriented parallel to the plane of incidence) the ripples occur with 

one of two possible periods [78]: 

Λ = �
q±Þßàá

, (3-18) 

where 𝜃 is the angle of the incident of laser beam, and the negative or positive signs correspond to 

the forward and backward scattering, respectively. If the laser beam is moved with respect to the 

sample, the ripples can coherently extend over the scanned area. 

 

Figure 3-6. Periodic surface structures formed on TiN surface by 100 linearly polarized ultrashort 

laser pulses with 130 fs pulse duration, 800 nm wavelength, repetition rate of 2 Hz, 

and fluence of 0.3 J/cm2, focused via a plano-convex lens with F = 60mm [6]. 

Lately, ultrashort laser pulses were observed to induce two types of periodic surface structures 

depending on the period of the structure [79]: above single pulse damage threshold – ripples with 

a period close to the wavelength (~𝜆), and below single pulse damage threshold – subwavelength 

ripples with periods down to 30 nm (𝜆 10⁄ ) [5,80]. Here, the period was found to be dependent on 

the number of pulses and the subsequent carrier density [5,47,81], where the final subwavelength 

structure is formed only after tens or even thousands of pulses. 

In general, the understanding of formation of LIPSS is a challenging task as this involves a complex 

sequence of inter- and intra-pulse physical processes [82]. It is generally accepted that low-spatial 

frequency LIPSS (LSFL), are generated by the interference of the incident laser beam with an 

electromagnetic wave scattered at the rough structure and may involve the excitation of surface 

plasmon polaritons (SPPs), particularly important when irradiating with femtosecond laser 

pulses [81,83–86]. The surface wave driven periodic modulation of the electromagnetic field along 

the laser polarization gives anisotropy in the following modification processes. It is assumed that 

the further steps are governed by the fast (non-thermal) and slow (thermal) phase 

transitions [11,87–95]. Interestingly, the early stage ripples upon a subsequent pulse irradiation 

modulates the light-matter interaction and reduces the periodicity of the final pattern. 
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In contrast, the high-spatial frequency LIPSS (HSFL) exhibit several features: (i) are formed at 

fluencies very close to the damage threshold of the irradiated material; (ii) have spatial periods 

significantly smaller than the irradiation wavelength; (iii) are usually observed for irradiation with 

ultrashort laser pulses (iv) predominantly for below band-gap excitation of transparent materials 

and (v) hundreds to thousands of laser pulses per irradiation spot. However, the origin of the HSFL 

is still under debate [6,83,85,96,97]. Within the interpretations proposed in previous 

studies [11,98], the early stage laser induced unstable nanostructures, during the relaxation of a 

highly non-equilibrium surface, tend to self-organize into HSFL patterns. 

 

Figure 3-7. Practical applications of laser induced periodic surface structures: (a) colour 

marking [99], (b) creating superhydrophobic surfaces. Water droplets on flat (left) and 

processed (right) silicon surface treated with fluorosilane [100]. (c) Alignment of 

mammalian cells on nanostructured polystyrene [101]. 

As a result, the nanostructuring in a single-step process provides a practical way of designing 

functional surfaces towards the controlled optical [99,102], mechanical and chemical [100] 

material properties, which could be used for various applications such as colorizing, dewetting, 

aligning of mammalian cells shown in Figure 3-7. The manufacturing process can be implemented 

either serially or parallel and can be done in air avoiding cost-expensive and time-consuming 

vacuum technologies or additional chemical procedures. The optical anisotropy of LIPSS has been 

reported in a few studies so far, and only the periodic volume nanogratings induced in glass were 

explored widely in the field of light manipulation [39]. This will be briefly discussed in the following 

sections. 

3.5 Self-organized nanogratings in silica glass 

The interaction of femtosecond pulses with silica is known to induce self-assembled nanostructures 

with lamellae-like oxygen deficient regions oriented perpendicular to the incident beam 

polarization [7,8], shown in Figure 3-8. A decade ago, Bricchi et al. demonstrated that such 

thermally stable nanostructures due to the sub-wavelength periodicity behave as a uniaxial 

birefringent material where the optical axis (slow axis) is parallel (perpendicular) to the orientation 
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of the laser polarization [9,103]. Here the negative birefringence of ∆𝑛 ≈ −4 × 10°¡, and of the 

order comparable to the natural birefringence of uniaxial crystals such as quartz, ruby and sapphire, 

was reported. Some works suggested these regions being a composition of parallel planar 

nanocracks [65] or nanoporous planes filled with decomposed SiO2 and oxygen [104]. 

 

Figure 3-8. Periodic structures formed in silica glass by ultrafast laser system operating at a 

wavelength of 800 nm and delivering pulses of 150 fs at repetition rate of 200 kHz. 

Train of pulses with energy of 1 µJ was focused inside silica via 0.95 NA objective [7]. 

The formation of the periodic nanostructures in transparent dielectrics remains under debate. 

However, most of the studies agree that the seeding processes governed by the randomly 

distributed inhomogeneity are taking place [7,65,105–109].  

For example, the single isolated nanoplane was achieved in porous silica prepared from the phase-

separated alkali-borosilicate glass  [54–56]; and combining the experimental results with the 

concept of the surface plasma wave excitation, the significance of the seed structure was proposed. 

In addition, the constructive interference of scattered light was considered to explain the extreme 

reduction down to sub-100 nm of the nanogratings period. This correlates very well with the 

formation of surface ripple, when experimentally is proven that the period depends on the number 

of pulses [5]. 

One of the first models for nanograting formation was based on the interference of the bulk 

electron plasma longitudinal wave propagating in the plane of light polarization with the incident 

light [7]. The early stage coupling is triggered by inhomogeneities induced along with the motion of 

free carriers. The periodic structure results due to the interference, enhances the coupling and 

generates a periodic modulation of the plasma concentration (>1021 cm−3). As a result, this 

modulation is further frozen and depicted through the material structure. Conversely, the model 

does not work in the case of subcritical plasma concentrations. Further, this model was adjusted by 

assuming two-plasmon decay [110]. The two-plasmon decay is the parametric process in which the 

incident photon is separated into two plasmons, i.e. two electron plasma waves. The interference 

between two plasmons of the same frequency propagating in opposite directions produce periodic 
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subwavelength modulations (Cherenkov mechanism of momentum conservation). The 

characteristic generation of the 3/2 harmonic may be observed due to the decay process. Although 

the model is valid for plasma concentrations lower than critical (~1020 cm−3), experimentally this 

was never confirmed by independent research groups. 

The most accepted model for nanogratings formation is based on nanoplasma [65,105]. More 

specifically, the generation of defects inside silica matrix is followed by the formation of 

inhomogeneous plasma. Under the multipulse regime, the plasma spots evolve into spherically 

shaped nanoplasma. Due to the local field enhancement at the boundaries, the polarization 

sensitive growth of initially spherical nanoplasma will occur. When the electron concentration is 

below critical, the electric field is enhanced at the equator leading to nanoplane formation. The 

final pattern leads to the period of 𝜆 2𝑛⁄ . However, if the plasma concentration is too high, the 

dominant enhancement at poles would be initiated, and nanogratings would not be produced. 

Recently, the nanoplasmonic model has been elaborated by introducing the randomly distributed 

inhomogeneities in fused silica [108]. Within the increase of the seed concentration, two types of 

nanoplanes oriented perpendicular to the polarization were identified. If the nanospheres are 

widely separated, the low spatial frequency nanoplanes with the period of > 𝜆 𝑛⁄  are formed, and 

attributed to the interference of the incident and the inhomogeneity scattered light waves. For high 

concentrations of nanospheres, the mechanism changes as the mutual enhancement induced by 

the multiple scattering from nanoplasmas becomes dominant. The nanoplasmas develop from 

random inhomogeneities into the highly ordered high spatial frequency pattern, with the 

characteristic period of 𝜆 2𝑛⁄ . In fact, the periodicity may decrease drastically with the further 

increase of inhomogeneities until the nanoplanes merge i.e. generated plasma uniformly 

distributes over the irradiated region. Indeed this model could be adapted explaining not only 

volume nanogratings, but also surface ripples. Furthermore, the nanograting formation is very 

sensitive to the processing conditions and usually is affected by other effects such as heat 

accumulation and further local temperature increase. Although the periodic structure is formed 

within hundreds of picosecond after the irradiation, under high local temperatures the self-

organized nanostructure can relax to its initial state before the resolidification takes place [111].  

The model based on attractive interaction and self-trapping of exciton–polaritons was suggested to 

explain the periodicity of nanogratings in the direction of light propagation [107]. The two 

dispersion branches of exciton–polaritons are excited simultaneously by multi-photon absorption. 

As a result, the interference of propagating exciton–polaritons results in the polarization grating. 

After the relaxation process (< ps) to indirect states decoupled from light, the excitons can be 

trapped freezing the grating pattern formed by the exciton-polariton interaction with light [112]. 
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The process is followed by the generation of molecular oxygen and nanoporous structure that 

originate the formation of nanogratings.  

The ultrafast laser nanostructuring in silica is a nonlinear process, thus this makes the technique 

very flexible in terms of materials and ability to implement three-dimensional geometries with 

subwavelength precision. This turned the technique into an ideal low-cost platform for product 

engineering. The induced modifications serve as a perfect candidates for designing numerous 

optical elements such as Fresnel zone plates [113], lens-based spin filters [114], polarization 

gratings [39], polarization, special beam and high-order laser mode converters [39,115–117], 

explored in the fields of beam shaping and manipulation (Figure 3-9). Also, multi-dimensional 

optical data storage has been demonstrated [12,107,118–120]. 

 

Figure 3-9. Practical implementations of ultrafast laser nanostructured silica glass: (left to right) 

Fresnel zone plate, radial polarization and Airy beam converters, computer generated 

geometric-phase Fourier hologram, single beam optical vortex tweezers, polarization 

grating [39,113,117,121]. 

Another interesting property of the laser modified glass is highly selective wet etching [122,123]. 

The etchant such as hydrofluoric acid or potassium hydroxide efficiently tackles the stress affected 

and Si-rich porous structure, while the pristine SiO2 matrix remains unetched. This was successfully 

implemented for fabrication of microfluidic channels, mechanical flexures, and preforms for 

molds [124–127]. Together with positive refractive index change, the technique can be used 

designing lab-on-a-chip platforms [128–130]. 

3.6 Summary 

The basic theory regarding form birefringence and stress induced birefringence, and quantitative 

measurement systems are given. The laser induced periodic structures on the surface and in the 

volume of transparent materials with possible applications are discussed. Further in the thesis, the 

main focus is dedicate to multidimensional data storage based on nanogratings, introducing the 

initial demonstrations, the place of silica storage among the other high density data storage 

techniques and possible methods to increase its performance.  
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Chapter 4: High density data storage techniques 

Demand for data storage is growing exponentially, and the capacity of existing storage media is not 

keeping pace. Current methods of data storage and archiving primarily rely on magnetization-based 

storage technologies, such as hard disk drives and magnetic tapes, and optical media [131]. 

However, the capacity of these units are far below the requirements of next generation information 

storage. Ultra-high density/capacity, ultrahigh writing and reading throughputs, as well as ultra-

long lifetime should be addressed to elevate current and newly proposed technologies to be 

implemented in the near future. Most of approaches tackle several issues at a time or share the 

particular type of medium, therefore, subchapters are listed to stress the pioneering techniques in 

the field of data storage. 

4.1 Organic material based data storage 

Synthetic DNA sequences have long been considered a potential medium for digital data 

storage [132]. Using DNA to archive data is attractive mainly because it is extremely dense with a 

theoretical limit of 1 EB/mm3, or eight orders of magnitude denser in comparison to magnetic 

tape [132], and long-lasting, with the observed half-life of over 500 years in harsh 

environment [133]. Since the first demonstration of a 23 character message in 1999 [134], 

researchers have improved the technology to store digital versions of works of art, including high-

definition music videos, books, and the non-profit Crops Trust’s seed database [135]. 

The write process for DNA storage maps digital data into the four nucleotide bases of a DNA strand 

— (A)denine, (C)ytosine, (G)uanine and (T)hymine, then synthesizes (manufactures) the 

corresponding DNA molecules, and stores them away. Reading the data involves sequencing the 

DNA molecules and decoding the information back to the original digital data. Both synthesis and 

sequencing are standard practice in biotechnology, from research to diagnostics and 

therapies [133].  

However, several challenges have to be overcome to explore system design and architectural 

implications. The DNA synthesis is far from perfect providing the error rates on the order of 1% per 

nucleotide. Sequences can also degrade while stored, and special encoding schemes have to be 

applied. Another challenge is to access data in DNA randomly, what makes the overall read latency 

much longer than the write latency [136]. Future work is expected to focus on compression, 

redundant encodings, parity checks, and error corrections to improve density, error rate and safety. 
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Other polymers or DNA modifications will be considered to maximize reading, writing and storage 

capabilities [132].  

4.2 High-parallel data storage 

Holography has long held promise as a tool for data storage technology with the potential of vast 

capacity (around several hundreds of GByte per 130-mm-diameter disc) and high data transfer rates 

(around several hundreds of Mb/s) [137]. The two main aspects that makes holographic data 

storage different from conventional technologies are massively parallel manner of writing and 

readout, and recording through the full depth of the medium [137,138]. Storing digital data and 

recovering as million-bit blocks rather than as single bits enable ultrafast data-transfer rates which 

is crucial to potential archiving technology. 

In holographic storage, light from a coherent laser source is split into two beams, the signal (data-

encoded) and reference beams. These two beams are recombined to overlap through the volume 

of the recording medium (Figure 4-1(a)). The overlapped beams produce an optical interference 

pattern, which contains information about each beam and is typically imaged as a modulation in 

the refractive index of the storage medium. In digital holographic storage [139] information is 

encoded in the form of binary data pages, which include modulation channel coding, data 

interleaving, and error correction. Bragg selectivity of volumetric gratings allows a multitude of 

holograms to be superimposed in virtually the same volume through angular [140], 

wavelength [141], shift [142], and correlation multiplexing techniques [143]. 

 

Figure 4-1. Holographic recording and reading process. (a) Signal beam modulated with digital data 

through SLM is used to write on the storage medium. (b) A reference beam is shone 

onto the storage medium and the modulation of the diffracted light is detected to 

reconstruct the original data. Image source: [137].  

The data are read out by diffracting the reference beam off the recorded hologram (Figure 4-1(b)). 

The data page is regenerated and captured by an array detector, where each pixel of the detector 
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corresponds to a pixel on the spatial light Information stored by the two overlapping light beams 

possesses a unique volume address provided by the reference beam [137]. Using this technique the 

optical data transfer rate of 10 Gb/s has been successfully demonstrated [144]. 

First holographic data storage activities were focused on advanced research in suitable recording 

materials, both inorganic photorefractives and photopolymers [145]. Many attributes, such as high 

dynamic range, high photosensitivity, dimensional stability, high optical quality, environmental 

robustness, readout durability and manufacturability, are required to generate a fully functional 

and reliable holographic recording medium. After several decades of developing, holographic data 

storage products are making their way to the market offering to store 300 GB per 130-mm diameter 

disk with the lifetime of 50 years and have a data-transfer rate of 160 Mb/s [137,146]. 

4.3 Superresolution data storage 

Another technique effectively parallelized using accurate phase manipulations assisted by spatial 

light modulators offers three-dimensional recording with significantly smaller information bits of 

the size of tens of nanometres and data rates toward gigabits per second [147]. The nanoscopy is 

based on superresolution photoinduction-inhibited nanolithography (SPIN) [148] and combines it 

with the multifocal array techniques [149] to achieve high-resolution fast writing. 

 

Figure 4-2. Demonstration of dynamic ultrafast recording by superresolved multifocal arrays. For 

comparison, the SEM images of recorded patterns by (a) the 2´2 superresolved 

multifocal array and (b) the multifocal array of the induction beam only. The bit 

separation is set at 200 nm. Each letter is recorded by one of the focal spots in the 2´2 

multifocal array. The scale bars are 1 μm. Image source: [147]. 

In general, during recording SPIN is achieved by employing two beams with different frequencies 

enduing different functions. Gaussian beam is responsible for photoinduction, and the other beam 

with spatially modulated intensity distribution (usually doughnut shape) inhibits photoinduction 

everywhere in the focal region except its centre. Therefore, the effective focal spot becomes much 

smaller that the diffraction resolution limit. The comparison of recorded pattern by the 
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superrosolved multifocal array and multifocal array of the single induction beam is shown in Figure 

4-2. In superresolved multifocal array printing, bits with separation of 200 nm can be easily 

achieved corresponding to capacity of 30 TB [147].  

4.4 Multidimensional data storage 

The nonlinear light-matter interaction at the nanoscale enables the enrichment of the physical 

dimensions used for encoding, therefore providing an avenue toward ultra-high density optical data 

storage [1]. Instead of recording binary information, each voxel can store multiple values by varying 

intensity of the laser beam [150], wavelength [151], polarization [152], or spatial dimensions [153]. 

Several of these approaches have been integrated into a single technique for the first time enabling 

five-dimensional information recording with a potential to increase the capacity by orders of 

magnitude [154]. 

It was demonstrated that light can couple to surface plasmons, the collective oscillations of free 

electrons in metallic nanoparticles, which yield deterministic spectral responses with their sizes and 

shapes [155]. Following this, based on the principle of light-induced shape transition, two-state 

polarizing and three-color spectral encoding by using gold nanorods has been demonstrated with 

the equivalent capacity of 1.6 TB per a single disc [154]. The principle of the technique is shown in 

Figure 4-3. The proposed approach is fully compatible with existing drive technology, allowing to 

reach the recording speed up to 1 Gb/s when a high repetition rate laser is used [154].  

 

Figure 4-3. (a) A schematic illustration of the patterning mechanism. The patterning is governed by 

photothermal reshaping of the gold nanorods in the focal volume of the focusing 

objective; this reshaping is selective in terms of aspect ratio and orientation. A linear 

polarized laser pulse will only be absorbed by gold nanorods that are aligned to the 

laser light polarization and which exhibit an absorption cross-section that matches the 

laser wavelength. Top, s-polarized laser light with a wavelength of 840nm will only 

affect the nanorods with an intermediate aspect ratio that are aligned to the laser 

polarization (the reshaped rod is indicated). Bottom, p-polarized laser light with a 



Chapter 4 

33 

wavelength of 980nm only reshapes the high- aspect-ratio gold nanorods aligned to 

the laser light polarization (reshaped rod is indicated). (b) Normalized extinction 

spectra of the gold nanorod solutions. Insets show transmission electron micrographs 

of the gold nanorods on a copper grid. Scale bars are 50nm. Each recording layer in the 

multi-layered sample is doped with a mixture of these gold nanorods to form an 

inhomogeneously broadened extinction profile. (c) When illuminated with unpolarised 

broadband illumination, a convolution of all patterns will be observed on the detector. 

When the right polarization and wavelength is chosen, the patterns can be read out 

individually without crosstalk. Image source: [154].  

Fluorescence based optical data storage was also demonstrated in commonly used plastics 

eliminating the need of complex and expensive preparation of the sample. Clear plastics such as 

polymethylmethacrylate (PMMA), polycarbonate (PC), polydimethylsiloxane (PDMS), and 

polystyrene (PS) do not fluoresce in the visible spectrum. Irradiation by an ultrafast laser results in 

chemical changes followed by rearrangement leading to the formation of permanent defects. Upon 

excitation with a read laser these defects emit fluorescence whose intensity represents 32 grey 

levels corresponding to 5 bits. Adjusting the read laser power and detector sensitivity storage 

capacities up to 0.2 TB can be potentially achieved in a standard 120mm disc [156]. 

4.5 Optical data storage in silica 

It is well known that CDs, DVDs, magnetization-based HDD techniques have a limited lifetime of up 

to tens of years, and therefore frequent data migration is needed to avoid possible data loss [1]. An 

optical disc technology M-Disc has been recently introduced claiming archival media longevity of 

1000 years [157]. However, permanent laser-induced physical changes, such as voids in glass 

material [41], provide an approach to even longer lifetime storage without information 

degradation. It was shown that, in principle, nanostructures in glass can withstand temperatures of 

up to 1000°C and potentially maintain data stability and readability for billions of years [103,158].  

 

Figure 4-4. Binary 3D data pattern stored in fused silica by femtosecond laser. (a) The first 

demonstration of multi-layer void based data storage [41] and (b) the recent 
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demonstration of recording 100 layers in the volume of silica [159]. Scale bars are 

10 µm. 

The demonstrated physical changes of glass including voids and nanostructures (Figure 4-4) are 

limited by a low density as the physical size of each bit cannot be smaller than a diffraction limited 

barrier. On the other hand, the ultrahigh capacities in glass can be achieved using multiple layer 

inscription [159,160], or multiplying number of bits per modification spot [107,118]. The 

combination of both as multiplexed data storage recorded in multiple layers was 

demonstrated [158] potentially leading to ultralong lifetime and ultrahigh capacity optical data 

storage.  

In recent demonstration of 5D digital data recording [158] experiments were performed with an 

Yb:KGW based femtosecond laser system (Pharos, Light Conversion Ltd.) operating at 1030 nm and 

delivering 6.3 µJ pulses at 200 kHz repetition rate and pulse 280 fs duration. Three modification 

layers were inscribed with a femtosecond laser 130-170 µm below the surface of a fused quartz 

(SiO2 glass) sample by a 1.2 NA (×60) water immersion objective. In the recording procedure, groups 

of birefringent dots were simultaneously imprinted at the designated depth (Figure 4-5).  

Each group, containing from 1 to 100 dots, was generated with a liquid crystal based spatial light 

modulator (SLM) and 4f optical system. The holograms for the SLM were generated with an adapted 

weighted Gerchberg-Saxton (GSW) algorithm, which enabled discretized multi-level intensity 

control [161]. The discretized multi-level intensity control enabled data multiplexing via retardance. 

By using the adapted GSW algorithm, several discrete levels of intensity could be achieved with a 

single hologram [161]. However, the algorithm controls only the relative ratio of different intensity 

levels. As the number of dots varies from one hologram to another, the absolute intensity of each 

spot varies. Thus, the corresponding intensity levels generated by different holograms are different 

and create fluctuations of the retardance value from one hologram to another. The problem is 

resolved by introducing a negative feedback loop into the algorithm, which redistributes the surplus 

of energy out of the modification region, fixing each intensity level generated by all holograms to 

the certain value. The excess energy is blocked by an aperture (AP) placed after the half-wave plate 

matrix (HPM) and does not affect data recording. 

For the fast polarization control a laser imprinted half-wave plate matrix (see HPM in Figure 4-5(a) 

made of 4 segments) was added to the 4f optical system. In the focus plane of the first Fourier 

lens, where the half-wave plate matrix was placed, several beams with different intensity 

distributions were projected by the hologram displayed on the SLM. After passing through the 

segments of the half-wave plate matrix, beams with different polarizations were obtained. 

Subsequently, the plane of the half-wave plate matrix that contains predefined intensity and 
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polarization distribution is reimaged directly into the sample by the microscope objective. In the 

recording process was depicted inside a 3×3 dot region (yellow square in Figure 4-5(b)). The whole 

region could be completely filled after four laser exposures. Simultaneously, additional dots with 

information were printed outside of this 3×3 dot region, thus effectively making the data 

recording rate much higher. After synchronizing the movement of the sample with the refresh 

rate of the SLM, multiple birefringent dots with four slow axis orientations and various phase 

retardance levels can be simultaneously imprinted. The information was encoded into two states 

of retardance and four states of slow axis orientation. Thus, each birefringent dot contained 3 bits 

of information and one character was encoded into 3 birefringent dots. 

 

Figure 4-5. The schematic illustration of data storage by the femtosecond laser direct writing 

technique. (a) Ultrafast writing setup. FSL and FL represent femtosecond laser and 

Fourier lens, respectively. SLM and HPM represent spatial light modulator and half-

wave plate matrix. AP and WIO are the aperture and water immersion objective (1.2 

NA). Linearly polarized (white arrows) light with different intensity levels propagate 

simultaneously through each half-wave plate segment with different slow axis 

orientation (black arrows). The colours of the beams indicate different intensity levels. 

(b) The digital data is encoded in spatially variant polarization states of modification 

spots and divided into the regions whose size is defined by the number of spots and 

its density. The half-wave plate designed of four sub-regions with different 

orientations of optical axis (red, green, violet and blue) is fabricated and placed before 

the objective lens. Changing the computer generated holograms, the multi-beam 

patterns are formed and specific sub-regions of the wave plate are illuminated. 

Simultaneously controlling the spatial position of the substrate, the target distribution 

of spots is written in glass. Black spots indicate the original polarization state of the 

beam. Numbers indicate the specific region of the spots matrix. 
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The readout of the recorded information encoded in nanostructured glass was performed with a 

quantitative birefringence measurement system (Abrio, CRi Inc.) integrated into an optical 

microscope (BX51, Olympus Inc.). Typical values of the retardance measured in the experiments 

was 40 nm. Using this system, three birefringent layers separated by 20 µm in depth could be 

easily resolved (Figure 4-6(a) and (b)). The phase retardance (Figure 4-6(c)) and slow axis 

orientation (Figure 4-6(d)) was extracted from the raw data, then normalized (Figure 4-6(e) and 

(f)) and discretized before the final result was achieved (Figure 4-6(g) and (h)). 

 
Figure 4-6. 5D optical storage readout. (a) Birefringence measurement of the data record in three 

separate layers. (b) Enlarged 5×5 dots array. Pseudo colour indicated the orientation 

of slow axis. (c) Retardance distribution retrieved from the top data layer. (d) Slow axis 

distribution retrieved from the top data layer. Enlarged normalized (e) retardance and 

(f) slow axis matrices with its corresponding (g), (h) retrieved binary data. 

The information was decoded by combining two binary data sets retrieved from the phase 

retardance and the slow axis orientation. Out of 11664 bits, which were recorded in three layers, 

only 42 bits errors were obtained (Figure 4-7). Most of the errors were recurring and can be 

removed by additional calibration procedures, which accounts for the retardance dependence on 

polarization. 

The idea of the optical memory based on femtosecond laser writing in the bulk of 
transparent material was first proposed in 1996. More recently ultrafast laser writing of 
self-assembled nanogratings in class sa3 proposed for the polarization m5ltiplexEd 
optical memory, where the information encoding would be realized by means of two 
birefringencm parameters, i.e. the slgw axis orientation (4th dimension) and s42ength of 
retardance (5th dimension), )f addition to three spatial coordinates. The slow 
axi{ orientation ánd the retardance can be controlled by polarization and intensity of 
the`incidenô beam respectively. The unprecedented parameters including 360 TB/disc 
data capacity, thermal stability 5p to 1000°C and practically unlimited lifetime. However 
the implementation of digi4al d!4a storage, whibh is a crucaal step tkwards the real 
world applications, has not "een demonst2ated by ultraf!st laser sriting.Here we 
successnully recorded and`retrievgd a`dioiual copy �f the text æile in 5D using 
polarization controlled semf-assembled`ultrafaót laser nano{pructuring in silica glass. 

Figure 4-7. Retrieved text from 5D optical data. The letters with errors are bolded. 
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A paragraph of 1kB data from Encyclopedia Britannica about Sir Isaac Newton was recorded in 

the volume of silica glass within four modification layers, separated by 5 µm. In order to reduce 

the crosstalk between layers, generate less stress and increase the optical storage capacity, the 

dots were arranged similarly to a body-centred cubic geometry (Figure 4-8(a)). When the 

birefringence measurement microscope was used to focus on the specific layer, the other layers 

were out of focus and did not affect the measurement values. This arrangement scheme increases 

the capacity four times in comparison to the one with 20 µm layer separation. The first word in 

this recorded Encyclopedia Britannica paragraph is illustrated indicating how the optimization 

influenced the final readout results (Figure 4-8(b)). By using the readout method modified 

according to the experimental results, the error rate was reduced to 0.22% (19 out of 8696 bits) 

compared to 0.36% previously.  

 

Figure 4-8. (a) Four layers of laser-induced birefringent spots distributed in a body-centred cubic 

lattice. Measured retardance value is normalized to maximum. (b) Readout the data 

without and with optimization, where the retardance reference value is set differently 

according to the slow axis orientations. 

Using the same technique a digital copy of a 310 kB file in PDF format was also successfully recorded 

across three layers [158]. However, the demonstrated technique is limited to the hardware of the 

writing system, that is the SLM, and is restricted due to the need of large amount of pre-calculated 

holograms for each set of modification spots.  

4.6 Summary 

This chapter has provided an introduction to various high density data storage techniques starting 

from the rather exotic DNA based data storage, high-parallel holographic data storage, super-

resolution data storage, and moving towards multidimensional data storage and optical data 

storage technique implemented in glass. The chapter gives the detailed review on the promising 5D 
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data recording in fused silica glass. Further in this thesis, all chapters present the different writing 

manner for multidimensional data storage, the optimization of the polarization sensitive structure, 

and suggest possible ways to advance nanostructuring and elevate the technique to higher level in 

terms of control, speed and density.  
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Chapter 5: 5D data recording 

Throughout this thesis the presented experimental work involves modification of optically 

transparent media by femtosecond laser pulses. This chapter describes the experimental setup 

used for the material processing, and how to improve hardware towards higher writing speeds. It 

also provides the basic concept of the encoding and decoding. 

5.1 Experimental setup 

All the experiments described in this thesis were done using a ytterbium-doped potassium 

gadolinium tungstate (Yb:KGW) based mode-locked regenerative amplified femtosecond laser 

system PHAROS (Light Conversion Ltd.) operating at a wavelength of 1030 nm (photon energy 

~1.2 eV) with the repetition rate varying up to 500 kHz. The pulse duration was tuned in the range 

of 300 fs to 5 ps. 

 

Figure 5-1. Typical experimental set-up for direct-write ultrafast laser nanostructuring of 

transparent solids.  

The laser beam was focused on the surface or inside the substrate via optics varying from 0.05 NA 

for single lens to 1.2 NA for water immersion objective. The sample was mounted on a XYZ linear 

air-bearing translation stage (ABL1500, Aerotech Ltd.) with the repeatability of 50 nm. The pulse 

energies used in experiments were kept below 2 μJ. Power and polarization of laser pulses were 

controlled via half-wave plates mounted on rotation stages (Aerotech Ltd) and synchronized with 

the ultrafast laser system and XYZ translation stages. The fabrication process was always monitored 

with the imaging system working in the transmission mode. More detailed specifications of the 

setup and laser material processing are given separately at the beginning of each section. 
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5.2 Hardware & speed 

There are two independent parameters describing laser-induced form birefringence: slow axis 

orientation and strength of retardance, which are independently manipulated by the polarization 

and the amount of energy deposited. Therefore, in order to encrypt the data in extra 4th and 5th 

dimensions, that is slow axis orientation and strength of retardance, the data writing setup should 

be able to change the polarization states and energy levels sufficiently fast. To get a better 

understanding of how to improve the writing speed, a simple equation for optical data writing is 

given: 

𝑆 = �ã¦äå∗�çèäå
Kçèälçèäm�ké¥åÆå/ê¥ëåÆ¨mKåäèk

, (5-1) 

where 𝑆 (unit bits/s) is the speed of data writing; 

𝑁ÈFKÛ represents the amount of data multiplexed per dot;  

𝑁ÜUKÛ- the number of dots imprinted at a time;  

𝑡ÜUK?ÜUK  – time required for stages to move from one dot to another; 

𝑁2ì5ÛTÛ – the number of pulses per laser exposure; 

𝑓5�ÛTE – the laser repetition rate; 

𝑡ÛKU2  – the pause before each laser exposure.  

By increasing the number of retardance levels and slow axis orientations, 𝑁ÈFKÛ can be increased 

accordingly. In addition, multiple birefringence spots can be printed per one laser exposure (𝑁ÜUKÛ) 

in order to increase the overall writing speed. Other variables are determined by many factors 

including the synchronization of hardware, the minimum number of pulses required to induce a 

nanograting, the sensitivity of modification to external vibrations, the acceleration/deceleration of 

stages, the modulation rate of polarization and energy, etc.  

There are many different configurations of the recording system, however they all have their 

particular limitations. For example, the spatial light modulator (SLM) can offer thousands of laser 

exposures per shot using the laser direct writing setup, on the other hand, the liquid crystal 

response time (>150 ms) is very high limiting the modulation rate to relatively small number (<6 Hz 

for 60 Hz device). The conventional control using polarization optics turns the manipulation of 

polarization and intensity into a slow serial process. The rotation of half-wave plate takes a 

relatively long time to accelerate/decelerate (>100 ms) and considerably reduces writing speed. 
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5.2.1 Current achievement 

Using our current writing system several approaches have been tested in order to increase the 

writing speed. The initial point-by-point printing included stops before each laser exposure to avoid 

jitter of stages and to ensure that individual dots are positioned at the right place. In this case, the 

rotation stage controlling the orientation of the half-wave plate is a limiting factor of the speed. For 

this reason, the data in every single layer was coded into four different tracks for each polarization 

state and written separately improving writing speed by almost four times (~ 84 bits/s) compared 

to the initial printing approach.  

 

Figure 5-2. The progress chart of the speed within three years of research. Different approach (red, 

italic) marks achieved printing speed and largest document printed.  

To remove the rotational polarization optics the electro-optic modulator (EOM) (Trek driver up to 

1 kHz) in combination with a quarter-wave plate for the fast polarization control was introduced 

(Figure 5-2). Depending on the input voltage (from -2.5 kV to +2.5 kV), the linear polarization can 

be rotated from 0 degrees to 180 degrees. Proper synchronization of the hardware including stages, 

polarization control and laser increased the writing speed by more than 20 times. Further increase 

of the repetition rate of the electro-optic modulator (Leysop driver up to 10 kHz) resulted in 20 kb/s 

writing speed. Such writing speed is close to the maximum possible with the current Lab equipment, 

and will be discussed in more details in Chapter 9. 

5.2.2 Possible system configurations 

To improve the current writing speed which is limited by hardware, software and nanograting 

formation time, a recording system based on high-precision rotational stage (>1000 rpm) could be 

adapted. With synchronization of the polarization modulator and laser systems two orders of 

magnitude higher speed could be reached.  
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Further increase in speed requires the single shot approach. The sufficient number of pulses to 

produce nanogratings should be combined in a way that is delivered at the same recording time 

and place. In this case the burst of pulses has to be used with the sub-microsecond delivery time 

(Figure 5-3). 

 

Figure 5-3. Experimental set-up for fast scanning direct-write ultrafast laser nanostructuring of 

transparent solids. Power and polarization of each set of pulses are independently 

controlled via half-wave plates mounted on rotation stages and synchronized with the 

ultrafast laser system and rotation stage. The fabrication process is monitored with 

camera detector. 

To increase the number of dots per laser exposure, hundreds of beam spots could be used for 

modifying a spinning fused silica disc. The development of multiple parallel beams would be based 

on beam splitting optics, dynamic SLM and/or static Phase optics elements. The generated spots 

would be positioned along the straight line in order to fit the rotation disc (Figure 5-4). The disc 

could be separated into many concentric tracks, which are the smallest write/read data blocks for 

the optical storage. The polarization and intensity manipulation could be achieved by using a set of 

electro-optic modulators (EOMs). Another possible solution for massive parallel independent beam 

control is to use dynamic SLM to change intensity, and static spatially variant wave-plate matrix for 

polarization. Intensity and polarization could also be controlled by single pass or multiple pass 

dynamic SLM (digital micro-mirror devices, micro-mirror arrays, liquid crystal based spatial light 

modulators, etc.). The beams could be focused inside silica by high numerical aperture (NA) 

microscope objective or array of high NA micro-lenses. 
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Figure 5-4. Experimental set-up for fast scanning direct-write ultrafast laser nanostructuring of 

transparent solids using multiple beams controlled with electro-optic modulators 

(EOM). Power (attenuator) and polarization of each set of pulses are independently 

controlled via half-wave plates mounted on rotation stages and EOMs, respectively, 

and synchronized with the ultrafast laser system and rotation stage.  

5.3 Encoding & decoding 

While we read any paragraph of the text and analyse it as a visual information, computer actually 

see them as a binary data. Therefore, the characters within the text must be represented by 

numeric codes. In general data is encoded in 8 bits per character giving 256 different symbols in 

total. Having two different levels of retardance and four different states of polarization, it would 

make overall 3 bits per dot. In this case, any symbol would be coded into 3 dots. In order to increase 

the capacity of data printed within the same area, mostly used characters including upper case 

letters, numerals and punctuation were encoded into 2 dots, that is 6 bits (64 different characters) 

using the Matlab programming environment. All functions to generate the sequence of dots from 

the plain text are provided in Appendix I. To simplify the use of the text encoding the graphic user 

interface was built (Figure 5-5) allowing to define the Archimedean spiral parameters (distance 

between dots, inner spiral width and separation distance between turns), and the format of the 

output data. The laser printed key for encoded characters is shown in Figure 5-5. Every two dots 

represent specific character above it. 
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Figure 5-5. Single window GUI software for data encoding. (Right) The key used to code the data. 

Every two dots stand for one character. Top image shows the distribution of slow axis 

orientation and bottom image shows the different level of retardance. 

The readout of the recorded 5D data is performed using a quantitative birefringence system as it 

was described in Chapter 3.3. The principle scheme of retrieving information from raw 

measurements can be divided into several steps (Figure 5-6). Once the peak value of the retardance 

(ν) in the printed dot region is found, according to its coordinates the slow axis orientation (δ) is 

attained. In the figure, n is the reference value predefined to separate the retardance values into 

two levels, and θ1-4 is used to distinguish slow axis orientations into four different states. When 

more than two levels of retardance and four states of polarization are implemented into coding, 

additional reference values are required. 

 

Figure 5-6. Basic principle of retrieving 5D data coded into 3 bits per dot. 

The main target of the first procedures of 5D data recording experiments was to imprint 

information with high accuracy. This means that the ratio of correct values of the readout and the 

all printed data should reach 100%.  



Chapter 5 

45 

Data written with laser parameters fixed at 100 nJ pulse energy, 500 kHz repetition rate, 600 fs 

duration pulses focusing via 0.55 NA objective written data was successfully retrieved (Figure 5-7). 

It is shown that using 1000 and 8 pulses, the two levels of retardance (in described case, 20 nm and 

40 nm) as well as the orientations of slow axis can be easily separated. Thus, extra polarization and 

retardance states can be added to increase bits per dot. 

 

Figure 5-7. The distribution of the readout data depending on the slow axis orientation and the level 

of retardance. Red and blue dots indicate the modifications done by 1000 and 8 pulses 

respectively. 

While trying to achieve higher recording speed or to increase the density of printed information 

changing the distance between dots, the readout process becomes more complicated as additional 

stress occurs. It is also important to note that at some processing conditions retardance values vary 

depending on the angle of the incident polarization [162], therefore retardance reference value is 

different for each polarization.  

 

Figure 5-8. Histograms of the retardance distribution for four different polarizations. 
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For example (Figure 5-8), the reference value for 1 - 3 polarization states is fixed to 25 nm, while 

the 4th polarization requires the value of 18 nm. It can also be noticed that values of lower state of 

the retardance are concentrated near the mean value (1st pol - 4÷15 nm, 2nd pol – 12÷22 nm, 3rd – 

12÷21 nm, 4th - 5÷14 nm) while values of higher state of retardance are scattered in wide region (1st 

pol - 35÷55 nm, 2nd pol – 36÷63 nm, 3rd – 27÷59 nm, 4th - 19÷48 nm). Higher number of laser pulses 

inscribed in the sample induce larger birefringent region. As the readout procedure depicts the 

maximum value (one pixel) of defined region in the image, the retardance values deviate. 

5.4 Summary 

In this chapter the description of the experimental setup for nanostructuring of optically 

transparent media by femtosecond laser pulses has been given. Also, possible system 

configurations to elevate the current setup for fast data printing have been provided suggesting (1) 

to achieve single shot printing, and (2) to develop multiple parallel beam printing. The principles of 

encoding and decoding are shown as this will be used further in the thesis to analyse the data. 
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Chapter 6: Materials for polarization sensitive recording 

The formation of polarisation sensitive structures inside transparent materials by femtosecond 

laser pulses is an evidence of material to self-organize at the nanoscale. This structure 

rearrangement is governed by the direct coupling between light and matter.  

Various models have been proposed suggesting the excitation of plasma waves in ionized dielectrics 

or the anisotropic rearrangement of localized plasma domains [7,105]. While the first model 

requires definite excitation conditions involving the radiation wavevector, the second model 

involves a local mesoscopic response to the laser field. Same hypothesis employing the localized 

plasma was proposed in materials with intrinsic porosity [56]. More recently, the nanoplasma 

model has been supplemented by introducing the scattering of laser light on dense scattering 

centres and interference between these waves [163,164]. Under certain laser processing conditions 

the material is photo-ionised initiating the local excitation enhancement and formation of 

nanoplasmas. These ionized scattering centres govern the evolution and shape of the nanoplasma 

in transverse and longitudinal directions. With the formation of these structures, the superposition 

of multiple far-field scattered waves determines the permanent pattern imprinted in the material. 

Such induced scattering centres are able to initiate the formation of nanogratings.  

Furthermore, in materials with large bandgap (9eV for silica) and rather a rigid structure, close to 

the damage threshold, voids can be formed. The process seems less likely in multicomponent 

glasses (such as BK7 borosilicate), which ends up with a rarefied material but without its 

breakdown. This explains the formation of multiple voids and cracks in fused silica with easily 

ionisable interfaces [109,165–167]. Thus, if material dependencies are observable in the formation 

of nanogratings, the physical characteristics of the induced nanostructures depend on the 

processing conditions.  

6.1 Aerogel, porous glass and fused silica 

Despite many hypotheses to explain the mechanism of the peculiar self-organization, the formation 

of the periodic nanostructures remains under debate giving the ideas of seeding processes 

governed by the randomly distributed inhomogeneity [7,56,65,105,107–109,168]. Therefore, 

intuitively it could be expected that the higher degree of porosity of the substrate could promote 

the growth of the periodic structure by lowering the number of pulses. Recently, a single isolated 

nanoplane was demonstrated in porous glass fabricated from the phase-separated alkali-
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borosilicate glass and combining the experimental results with the concept of the surface plasma 

wave excitation, the significance of the seed structures was suggested [54–56]. 

It is interesting to exploit the possibility of nanograting formation in highly porous silica materials 

such as silica aerogel [169]. More than a decade ago, it was demonstrated that due to the ultra-low 

thermal conductivity aerogel can be precisely ablated by the femtosecond pulses [170]. However, 

despite recent demonstrations of aerogel-based optofluidic waveguides [171], systematic studies 

of ultrafast laser induced modifications in aerogel and in particular a nanograting induced 

birefringence have not been reported. 

In this section, femtosecond laser induced modifications in silica glasses with different densities 

including fused silica, porous glass, and aerogel are compared. Experiments were carried out with 

(1) commercially available synthetic fused silica (Shin-Etsu, Viosil) with mass density of 

r0 = 2.2 g/cm3, Young modulus Y = 74.5 GPa, and 1.45 index of refraction; (2) high-silica (96%) 

porous glass (Corning, Vycor) with mass density of r0 = 1.5 g/cm3, Young modulus Y = 17.5 GPa, 1.33 

index of refraction, and pores size less than 5 nm; (3) silica aerogel glass with mass density of 

r0 = 0.25 g/cm3, Young modulus Y = 10 MPa, and 1.05 index of refraction; (4) sol-gel derived porous 

silica glass (Geltech, Gelsil) with pores size of 2.5 nm, 7.5 nm and 20 nm. Optical transmission higher 

than 95 % is measured for all pristine glasses at the wavelength of 1030 nm. 

Samples were irradiated with a femtosecond laser system PHAROS (Light Conversion Ltd.) operating 

at a wavelength of 1030 nm with the repetition rate of 200 kHz. In the case of single dot 

modification, from single pulse to trains up to 100 pulses with the pulse duration of 320 fs and 

energy varying from 0.02 μJ to 0.8 μJ were focused via a 0.55 NA objective lens 100 μm below the 

surface of a silica sample, which was mounted onto an XYZ linear air-bearing translation stage 

(Aerotech Ltd.). In the case of scanned (line) modification, maintaining the same focusing conditions 

and pulse density of ∼100 pulses per spot size, 50 μm long lines were imprinted at a constant 

translation speed of 2 mm/s.  

Single-pulse imprinting of dots. The formation of laser-induced periodic nanostructures and 

related birefringence is an accumulative process requiring multi-pulse irradiation. In the single 

pulse regime, the diameter of the dots induced by 320 fs pulses with the energy of 0.2 µJ in silica 

aerogel is roughly six times larger than the spot diameter of the focused laser beam (Figure 6-1(a)). 

The energy is absorbed in a small volume producing a pressure which subsequently drives a shock 

wave and stress exceeding the Young modulus of the material. The strong spherical shock wave 

starts to propagate outside the centre of symmetry of the absorbed energy region compressing the 

material [167,172–176]. At the same time, a rarefaction wave propagates to the centre of 

symmetry decreasing the density in the area of the energy deposition. The shock wave stops when 
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the pressure behind the shock front becomes comparable with the Young modulus. The diameters 

of the void Dv and shock affected Da regions were depicted from the cross section plane normal to 

the direction of light propagation. 

Considering the measurement of optical path difference (OPD) (Figure 6-1(a) right) and the relevant 

axial cross section of the structure induced in silica aerogel, the refractive index of the densified 

area and the central part of the void exhibit values of ~1.07 and ~1.03, respectively, which is in a 

good agreement with the calculation of refractive index based on material density [177]. In addition, 

the granular pearl-like structure of the shell, similar to that observed in water splash, confinement 

fusion or supernova explosion, is believed to be the result of Rayleigh instability [178–180]. 

 

Figure 6-1. Laser-induced modification in silica glasses. (a) Optical transmission (left) and optical 

path difference (OPD) (right) top view images defining the laser affected region Da and 

the lateral void region Dv in silica aerogel induced by a single pulse irradiation. (b) The 

diameter of Da (closed symbols) and Dv (open symbols) as a function of laser pulse 

energy. Black, red and blue colours represent the modification in aerogel, porous glass 

and fused silica, respectively. Fitting dependences (solid lines) were calculated using 

Eq. (6-1). (c) Optical transmission (i) top view and (ii) side viewed images of single dot 

modification in silica aerogel, porous glass and fused silica, induced by 1 pulse and 100 
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pulses irradiation. The laser beam in (c,ii) was propagating from top to bottom. The 

pulse energy in (a) and (c) was set to 0.2 µJ. Scale bars are 5 µm. 

Here, the process of the rarefaction and densification is based on the mass and energy conservation. 

The distance at which the front of the shock wave effectively stops can be determined by assuming 

that the internal energy of the material with volume of 4 3î 𝜋𝑟¡ is nearly equivalent to the absorbed 

laser pulse energy: 4 3î 𝜋𝑌𝑟ÛKU2¡ ≈ 𝐸�ÈÛ. Then the laser affected region𝐷� ≈ 2𝑟ÛKU2  (𝐷� ≈ 𝑐 × 𝐷�) 

with the void diameter Dv are fitted to experimental values (Figure 6-1(b)) using the above 

arguments by the following formula [173,181]: 

𝐷� =
q
D
añ�ek

�òÈ

Î
, (6-1) 

where 𝑎  represents the fraction of the pulse energy Ep absorbed by the material; Y is Young 

modulus; b shows the ratio of diameter and length of the affected region. 

If the Young modulus remains constant over the processing time, the corresponding energy density 

indicates that the material has to be fully ionized in order to induce modification [173–175,181]. 

However, theoretical and experimental studies on femtosecond laser pulses induced damage and 

propagation in fused silica dispute this assumption as void formation could happen in the regions 

where electron density is below critical  [17,182]. In this scenario, the strength (Young modulus) of 

the solid has to decrease due to the softening of the heated material, where the ordinary cavitation 

or compaction based on thermomechanical processes could take place. The value of local 

temperatures after the single pulse irradiation is still questionable [183,184], and therefore the 

dynamics of the void formation is out of the scope in this work. 

Young modulus for silica aerogel is almost four orders of magnitude lower than for fused silica. Thus, 

if ~100% of the pulse energy is absorbed, it follows from Eq. (6-1) that the void diameter will be 20 

times larger in silica aerogel than in fused silica. However, the experimental ratio of 8:1 (Figure 

6-1(b)) clearly indicates that the absorbed energy is significantly lower. The transmission was 

measured to be 30% in fused silica, 25% in porous glass and 55% in silica aerogel at pulse energy of 

0.5 µJ. Assuming that the Young modulus does not change over the processing time, we estimate 

that only ~10%, ~20% and ~0.5% of the pulse energy is absorbed to produce the corresponding void 

structure in fused silica, porous glass and silica aerogel, respectively. However, if the Young modulus 

decreases over the processing time, the fitting dependences of void diameter (Eq. (6-1)) will be 

valid only proportionally reducing the absorbed energy. 

Interesting to note that in porous glass the part of the energy absorbed and consumed to produce 

modification is twice higher than in fused silica. The modification in fused silica appears before the 
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focus (Figure 6-1(c)). A fraction of the energy is absorbed to induce the cavitation, while the 

majority of the energy is absorbed and scattered in the large volume. On the other hand, in lower 

density silica glasses the void geometry follows the intensity profile. This indicates that most of the 

energy in aerogel and porous glass is delivered close to the focus, and due to the lower volume, 

density and Young modulus the smaller fraction of the pulse energy is used for cavitation. 

After the modification, glass initially confined in a volume with diameter Da resides in an ellipsoidal 

layer in between Da and Dv, which has a density of 𝜌 = 𝜌0𝛿 with 𝛿 > 1  [173]. Thus, the ratio of Da 

and Dv can be expressed as: 

𝑐 = a õ
õ°q

Î
. (6-2) 

Applying the experimental values of 𝑐�TEUIT5 ≈ 1.4  and 𝑐2UEUìÛ ≈ 1.8 , the densified material 

shows ~1.6 and ~1.2 times higher density than the pristine silica aerogel and porous glass, 

respectively. Whereas, the typical compression ratio of 1.14 is reported for fused silica [173]. 

Multi-pulse imprinting of dots. In the multi-pulse regime, the subsequent irradiation of aerogel 

does not affect the radius of the modification induced by the first pulse, confirming that the initial 

pulse induces a void larger than the irradiated volume. The size of the laser affected region remains 

the same with the diameter of ~5.5 µm and length of ~10 µm continuously delivering up to 100 

pulses with a pulse energy of 0.2 µJ (Figure 6-1(c)). However, in the case of porous glass and fused 

silica, the size of the modification increases with the number of pulses. The change of diameter 

from 2.2 µm to 3 µm and length from 8.5 µm to 10 µm in porous glass, and diameter from 0.5 µm 

to 1 µm and length from 8.5 µm to 12.5 µm in fused silica were observed (Figure 6-1(c), Figure 6-2). 

Within the decrease in energy applied to modify the material, the length of the structures decreases 

for all glasses. 

 

Figure 6-2. Optical transmission side view images of laser-induced modification in different porosity 

silica glasses induced by 1 pulse to 100 pulses. The laser beam was propagating from 

top to bottom. Scale bars are 5 µm. 
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Distinctive behavior of number of pulses implemented in aerogel is observed. While the first 

delivered pulse creates the void structure, the following ones are guided to the bottom of the 

structure. A commercial-grade simulator based on the finite-difference time-domain (FDTD) 

method is used to perform the numerical calculations of electric field propagation in aerogel when 

the first two pulses are being delivered. [185] A broadband plane wave source is incident on the 

aerogel glass, and the electric field is presented by a numerical monitor from the side.  

The simulated electric field distribution at the time of aerogel processing within first and second 

pulse shows that it is reasonable to expect that all subsequent pulses modifies aerogel at very 

bottom of the induced structure. The initial pulse pushes the material away from the focal region 

compressing it and making higher refractive index shell. The additional pulse guided to the bottom 

of the structure inducing the additional cavity with the radius much smaller than the initial void 

(Figure 6-3). 

 

Figure 6-3. Electric field distribution at the time of aerogel processing within (left) first pulse and 

(right) second pulse. Insets: optical transmission side view images showing the 

resultant modification. The laser beam was propagating from top to bottom. Colour 

bar shows the normalized Electric field. Scale bars are 5 µm. 

Based on the quantitative birefringence measurements, the retardance of a single dot modification 

in all glasses was mapped as a function of pulse energy and number of pulses (Figure 6-4 and Figure 

6-5). The resulting retardance maps can be divided into several regions with different types of 

modification. In fused silica (Figure 6-4(a)), when energy varies from 0.04 µJ to 0.1 µJ, the uniform 

anisotropic structure such as nanogratings oriented perpendicular to the incident laser beam 

polarization are formed (region (i)). Such structures with retardance of up to 5 nm are observed 

after the irradiation with 5 pulses. However, the consistent slow axis orientation requires 8-12 

pulses.  

At energy greater than 0.1 µJ, the nanograting is accompanied by a crack oriented perpendicular to 

the incident laser beam polarization, and at energy greater than 0.2 µJ, two cracks are formed in 

the direction parallel and perpendicular to the incident laser beam polarization (region (ii)). In this 
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regime, the highest values of retardance are achieved reaching up to 50 nm with irradiation of 100 

pulses. When the pulse energy exceeds the value of 0.3 µJ, the cavity induced by the first pulse is 

too large to be re-organized into the polarization sensitive structure by the subsequent pulses. 

Specifically, the material is pushed away from the focal region. Thus, at energies higher than 0.3 µJ, 

symmetric voids (region (iii)), and at energies higher than 0.7 µJ, voids with randomly oriented 

cracks (region (iv)) are formed. Same symmetric cavities are induced at all energies higher than the 

modification threshold if irradiating with less than 5 pulses. Such structure holds only edge and/or 

stress-induced birefringence, which is subtracted from the retardance maps. 

 

Figure 6-4. Femtosecond laser-induced modification in different density silica glasses: (a) fused 

silica, (b) porous glass (Vycor), and (c,d) silica aerogel. Colour maps on the left in (a-c) 

show the resulting retardance of polarization sensitive structures as a function of pulse 

energy and number of pulses. Colour bars are linear retardance scales in nanometres; 

the value of zero corresponds to the voids, i.e. polarization independent structures; 

black colour indicates the condition below the modification threshold. Edge and stress-

induced birefringence are not considered. In (a), red dotted line marks the regions with 

a different type of modification: (i) – nanogratings, (ii) – nanogratings with polarization 
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sensitive cracks, (iii) – voids, (iv) – voids with randomly oriented cracks. In (b), the red 

dotted line indicates the boundary between the laser-induced void accompanied by 

the anisotropic structure and its transition to the uniform anisotropic material, i.e. 

nanogratings. On the right in (a-c), top view images of the corresponding retardance 

(top) and its slow axis (bottom) of structures induced by 100 pulses at a certain 

constant pulse energy. (d) Aerogel sample irradiated by 100 pulses with pulse energy 

increasing from 0.02 μJ to 0.38 μJ. Red arrow defines the polarization state of the 

incident laser beam. Colour bars are linear retardance scales in nanometres. Pseudo 

colours (bottom insets) indicate the orientation of the slow axis. Scale bar is 5 µm. 

In porous glass (Figure 6-4(b) and Figure 6-5(a)), the smooth transition from void structure to 

uniform birefringent material with the optical axis (slow axis) oriented parallel (perpendicular) to 

the incident laser beam polarization is observed. Close to the modification threshold (>0.035 µJ), 

this transition takes around 2-3 pulses (Figure 6-5(b)), while at energies higher than 0.5 µJ the 

transition from void to uniform anisotropic material requires tens of pulses. In fact, the less dense 

porous glass, the more pulses have to be delivered. Moreover, if the pores size is increased, e.g. to 

~20 nm, the parameter window of the induced birefringent structure shrinks significantly (Figure 

6-5(a)).  

 

Figure 6-5. (a) Retardance maps of polarization sensitive structures induced in sol-gel derived 

porous glass with pores size of 2.5 nm, 7.5 nm, and 20 nm. Red dotted lines show the 

approximate boundary between the laser-induced void accompanied by the 

anisotropic structure and its transition to the uniform anisotropic material, i.e. 

nanogratings. Colour bars are linear retardance scales in nanometres; the value of zero 

corresponds to the void, i.e. polarization independent, structure; black colour indicates 
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the condition below the modification threshold. Stress and edge induced birefringence 

are not considered. (b) Evolution of the optical anisotropy in silica sample with the 

pores size of 2.5 nm, for two orthogonal polarizations. Images indicate retardation (top) 

and its slow axis (bottom) induced by 1 to 10 pulses when the pulse energy was fixed 

at 0.06 µJ. Insets represent the slow axis of 3x magnified structures induced by 1 and 

10 pulses. Red arrows define the polarization state of the incident laser beam. Colour 

bars are linear retardance scales in nanometres. Pseudo colours (bottom insets) 

indicate the orientation of the slow axis. Scale bar is 5 µm. 

This clearly indicates that the modification process is strongly dependent on the void diameter 

induced by the first pulse, as the diameter is changing with the glass density. When the size of pores 

increases from 2.5 nm to 7.5 nm and 20 nm, the consistent anisotropic structure with the maximum 

retardance tends to form at lower energies, around 0.11 µJ, 0.07 µJ and 0.06 µJ for each porosity 

respectively. Operating close to the threshold energy, the size of modification in porous glass 

becomes comparable to the one in fused silica, though the value of retardance in porous glass is 

twice higher reaching the value up to 120 nm for pores size less than 5 nm (Figure 6-4(b) and Figure 

6-5(a)). This value drops to 30 nm as the porosity is increased (Figure 6-5(a)). No stress generated 

at any conditions was observed, what could be beneficial for potential applications in three-

dimensional printing. 

In silica aerogel no modification is observed below the energy of 0.1 µJ; above this threshold, the 

void structure is formed (Figure 6-4(c)). The shell of the compressed silica exhibits low birefringence 

with the azimuthally variant slow axis, what corresponds to the edge birefringence. Despite the 

diameter change, qualitatively the structure does not depend on the pulse energy and number of 

pulses. This clearly indicates that the subsequent pulses do not interact with the initially modified 

material. In this case, we have introduced a direct densification experiment to avoid the cavitation 

effect in aerogel. We used a sequence of 100 laser pulses with linearly increasing pulse energy 

(Figure 6-4(d)), keeping the total deposited energy the same as was used for 100 pulses with 

constant energy of 0.2 µJ (Figure 6-4(c)). Starting with the first low energy pulse (0.02 µJ), which is 

insufficient to produce any observable modification, the pulse energy was increased up to 0.38 µJ. 

Thus, the material is gradually densified, and later the form birefringence is induced. The uniform 

anisotropic structure with retardance as high as 15 nm and slow axis oriented perpendicular to the 

incident laser beam polarization is produced. 

Single and multi-scan laser writing. In the case of scanned (line) modification, top and side view 

images of silica aerogel demonstrate that the first pulse always produces a void similar to that 

observed in the case of single dot modification (Figure 6-6). Due to the sample translation, the 



Chapter 6 

56 

subsequent incoming pulses always interact with the already modified region, thus causing the 

transition from void to polarization sensitive structure. In all glasses including silica aerogel, porous 

glass and fused silica the maximum induced retardance is 1.25-1.8 times higher compared to the 

dot modification with the same pulse density. This could be attributed to the seeding effect when 

every further pulse effectively continues the formation of pre-defined structure.  

In silica aerogel the void is frozen at the beginning of the line, in porous glass the void is not clearly 

expressed as it is transformed into the anisotropic structure, and in fused silica it is transformed 

into the anisotropic structure and reproduced at the end of the scanned line imitating the dragging 

effect (Figure 6-6(a, b)). Despite an order of magnitude difference in the measured retardance 

value, the side view images of the scanned lines induced in porous and aerogel glasses are virtually 

same as the retardance is spread along the modification area (Figure 6-6(c, d)). In fused silica higher 

retardance value is localized at the top part of the line modification correlating with the results of 

the single dot modification. 

 

Figure 6-6. (a,c) Optical transmission and (b,d) retardance, (a,b) top and (c,d) side view, images of 

laser written lines in silica aerogel, porous glass and fused silica. The laser beam in (c,d) 

was propagating from top to bottom. The pulse energy and pulse duration were fixed 

at 0.2 µJ and 320 fs. The sample translation speed was set to 2 mm/s. Inset (i) indicates 

the movement of the laser-induced cavity inside fused silica. Top view snapshots were 

taken at t1, t2, t3 points in time during the writing process. Colour bars are linear 

retardance scales in nanometres. Black and red arrows indicate the writing direction 

and polarization state of the incident beam, respectively. Scale bar is 10 µm. 

As the density in silica aerogel is lower compared to fused silica and porous glass, micrometre size 

voids are produced along the scanned line. One can see that when the polarization is perpendicular 

to the writing direction (Figure 6-7(a)), the single void of about 5 µm length is formed with a sharp 

2 µm plane structure at the top and a dull 0.8 µm plane at the bottom part of the structure. In case 
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of the polarization oriented parallel to the writing direction, the void with the length of 3 µm, and 

additional plane at the top with the length of 2.5 µm are observed (Figure 6-7(b)). We also identify 

that the induced plane structures are oriented perpendicular to the incident polarization. The width 

of the voids is ~0.8 µm, which is an order of magnitude wider than the observed in porous 

glass [54]. Same polarization sensitive structuring is observed when the scanned lines overlap 

(Figure 6-7(c, d)). The length of the modification is around 7 µm, including 2.5 µm planes located at 

the top and bottom of the structure. It should be noted that the morphological features of the 

modified aerogel was directly displaced under a SEM after cleavage of the sample, and no chemical 

wet etching was used. 

 

Figure 6-7. SEM side views images of the lines written in silica aerogel. The interline distance was 

set to (a,b) 10 µm and (c,d) 0.5 µm. The incident polarization was oriented 

perpendicular (red arrow in (a,c)) and parallel (blue cross in (b,d)) to the writing 

direction (normal to image plane). The laser beam was propagating from top to bottom. 

The pulse energy and pulse duration were fixed at 0.2 µJ and 320 fs. White open circles 

mark the regions with polarization sensitive structures. Scale bars are 5 µm. 

To compare the scanned lines in silica aerogel, porous glass and fused silica, the retardance maps 

as a function of pulse energy and pulse duration were plotted on a logarithmic scale (Figure 6-8(a)). 

Both porous glass and fused silica exhibit threshold energy of 0.04 µJ and 0.06 µJ at 320 fs, 

respectively, while silica aerogel shows the increased threshold energy of around 0.15 µJ. The 

retardance maps for aerogel and porous glass can be identified as having high and low-value regions 

depending on the pulse duration. Retardance starts dropping at around 1-2 ps, showing the highest 

values of 30 nm in silica aerogel and 140 nm in porous glass at 320 fs. In the picosecond regime, the 
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retardance drops significantly to less than 20%. This is most likely due to the heating taking place 

during the picosecond timescale that can lead to excessive stress and the collateral damage of the 

material  [10,57]. Such processes could hinder the porosity of the glass, making it difficult to induce 

regular structures. 

In fused silica, the induced retardance is almost constant over the full range of pulse durations with 

the maximum value of 80 nm at around 2.5 ps (Figure 6-8(a)). However, in the picosecond regime, 

the uniformity of the structure in fused silica as well as in lower density glasses drops. The VIS-NIR 

transmission of 80-90% at 320 fs decreases to less than 40-60% at 1 ps. In this case, the retardance 

value is compensated by stronger modification typical for picosecond pulses. 

 

Figure 6-8. (a) Laser-induced retardance in silica aerogel, porous glass (Vycor) and fused silica as a 

function of pulse duration and pulse energy. The retardation values were retrieved 

from the lines written with an interline distance of 10 µm. Polarization of the incident 

beam was oriented perpendicular to the writing direction. The colour bar is retardance 

scale in nanometres; black colour indicates the condition below the modification 

threshold. (b) Threshold intensity dependence on pulse duration of the laser beam 

focused on samples. The graphs were extracted from the retardance maps. 

Threshold intensity dependence on pulse duration shows similar behaviour in all three glasses as 

the value decreases exponentially with the increase of pulse duration, though on average about 

three-fold higher pulse intensity is required to induce birefringent structures in silica aerogel (Figure 

6-8(b)), which could be caused by the light scattering. 

6.2 GeO2 glass 

It has been demonstrated that the parameter window for nanograting formation and the induced 

birefringence in GeO2 glass are comparable to or even superior to fused silica [186–188], which 

could ensure better performance of fabricated micro-devices. In addition, GeO2 glass exhibits 

higher transparency in the mid-infrared region and a higher nonlinearity compared to fused 
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silica [189,190], which promises novel applications in the near-/mid-infrared region. Nevertheless, 

much fewer attempts have been carried out on implementing the femtosecond laser induced 

nanogratings in GeO2 glass. 

In this section, the birefringence with polarization dependent slow axis induced by ultrafast laser in 

GeO2 glass and the effects of various parameters are systematically investigated. The GeO2 glass 

sample was prepared from GeO2 powder (99.999% purity), which was melted at 1600°C in a 

platinum crucible for 2 hours. The melt in the crucible was then cooled to room temperature in air. 

The formed glass was annealed at 500°C for 3 h to release any residual stress. The prepared 

transparent bubble-free sample was polished for laser processing and further characterization. The 

sample was stored in a desiccator in between the experiments because of the hygroscopic 

properties of this glass. For comparison a commercially available UVSIL silica glass plate was used 

in the experiments. 

Femtosecond laser modification of transparent materials can be performed in stationary irradiation 

(dots) or in scanning mode (lines). In previous work reported by Asai et al. [188], the nanogratings 

and structure evolution in GeO2 glass induced by stationary irradiation was studied. It should be 

noted that a large number (2.5 ´ 106) of pulses was delivered in each spot while the induced 

retardance was relatively small i.e. less than 100 nm. This phenomenon raises a discussion whether 

the nanogratings induced by stationary irradiation and by scanning are the same. To move this 

further, we quantitatively compare the retardance induced in both modification regimes. 

Figure 6-9 shows a set of dots and a corresponding set of lines imprinted with pulse energy varying 

from 30 nJ to 600 nJ (from right to left) and same pulse density of 2500 pulses/dot for dots and 

2500 pulses/μm for lines. It should be noted that in the optical microscope image the light intensity 

transmitted by the dots is lower than that transmitted by the lines, indicating the higher scattering 

caused by the induced structures by static irradiation. In addition, the side view images revealed 

that dots consist of several separated dark regions along the laser propagation direction while the 

structure of the lines along the laser propagation direction is dominated by nanogratings and 

visually are more continuous and bright. The separated dark regions could be caused by 

inhomogeneous distribution of laser intensity along the propagation direction close to the focus, 

which is similar to the generation of void chains reported in other transparent materials [191]. 

Using the quantitative birefringence measurement system, it is revealed that the slow axis of the 

induced birefringence is always perpendicular to the laser polarization direction regardless of the 

applied pulse energy, which manifests itself as form birefringence originated from formation of 

nanogratings. Under the same processing conditions, the induced retardance in lines is 
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approximately two times stronger, which is further confirmed by quantifying the induced 

retardance as shown in Figure 6-9(c).  

 

Figure 6-9. Comparison of ultrafast laser induced scanned and stationary modification. (a) Natural 

light optical microscope image, (b) quantitative retardance microscopy image, where 

the colour bar is a linear retardance scale in nm, (c) retardance as a function of pulse 

energy of dots and lines imprinted at pulse densities of 2500 pulses/dot and 2500 

pulses/μm in GeO2 glass, (d) and the retardance profiles of line start and line end. 

Repetition rate is 25 kHz, pulse duration is fixed at 600 fs, the slow axis azimuth is the 

same and in the direction perpendicular to laser polarization. Insertion shows the 

enlarged dots and beginning of the lines. Distance between lines is 30 μm. 

The analysis of retardance indicates that the nanograting formed by the laser scanning is more 

uniform than that formed by static irradiation under the same parameters. The difference is most 

likely caused by the translation of the beam focus. In dynamic writing, the front part of the laser 

beam preheats the unmodified front side along the scanning direction and pre-seeded some 

defects that can enhance nanograting formation, while the rear part of laser beam could give an 

extra effect on the modification at the frontier and incubates the formation of nanogratings when 

it passes by. This process is continuous in the dynamic writing, providing a more uniform 

distribution of energy along the writing direction. However, the energy distribution during 

nanograting formation in the static case is governed by the Gaussian distribution leading to a less 

uniform structure. The proposed mechanism is partially evidenced by the start of the lines (inset in 

Figure 6-9(b)) and the retardance profile of the line start along writing direction (Figure 6-9(d)), 

indicating the transition between static irradiation and dynamic writing. Two peaks are observed in 

the retardance profile of line end, which can be ascribed to the formation of void-like structure at 

the end of lines [192], as also shown in the previous section. 
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In order to optimize the laser parameters for the induction of higher birefringence by laser scanning 

in GeO2 glass, dependence of retardance on different combinations of pulse duration and pulse 

energy was studied for GeO2 glass as well as for fused silica at a fixed pulse density of 1000 

pulses/μm and a repetition rate of 200 kHz (Figure 6-10). It was observed that within the same 

processing parameters, the induced maximum retardance values for the two glasses are similar. 

However, the pulse energy required to achieve maximum retardance of around 150 nm in GeO2 

glass (at ~200 nJ) is lower than that in fused silica (at 500-600 nJ), which makes it possible to obtain 

nanogratings of better resolution and higher quality when less energy is deposited into the glass.  

 

Figure 6-10. (a, b) Pseudo colour plots of retardance induced by scanning the laser beam in two 

polarization states (‘//’ for parallel, ‘+’ for perpendicular to scanning direction) as a 

function of pulse energy and number of pulses for GeO2 glass and (c, d) fused silica. 

Parameters: Pulse repetition rate is 200 kHz, and the pulse density is 1000 pulses/μm. 

Colour bar is a linear retardance scale in nm. 

More importantly, the optimum pulse duration for maximum retardance in GeO2 glass lies within 

femtosecond region (typically 500 fs, E // v) while in fused silica it lies in the picosecond region 

(typically 2 ps, E // v), which means nanogratings with higher quality could be obtained in GeO2 

glass with femtosecond pulses. In addition, a strong dependence of retardance on laser polarization 
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direction is revealed. The retardance plots extracted from the set of scanned lines under the pulse 

density of 1000 pulses/μm show that the laser polarization parallel (E // v) to the scanning direction 

gives higher retardance than the polarization perpendicular (E + v) to the scanning direction (Figure 

6-10), which is in agreement with the previous observations reported by Gecevicius et al. [193]. 

Moreover, it is also apparent that formation threshold of nanogratings reflected by retardance in 

GeO2 glass is around two times lower than in fused silica, which may be associated with difference 

of the band-gaps of the two glasses i.e. ~4 eV for GeO2 glass and ~ 9 eV for fused silica. The Keldysh 

parameter γ calculated with the setting of parameters is beyond 1.5, indicating that multiphoton 

ionization is dominant during nanograting formation near threshold. Thus, a 4-photon process for 

GeO2 glass and an 8-photon process for fused silica would be expected triggering nanograting 

formation, leading to a different threshold. 

For the further studies of the formation threshold of nanogratings and its relation to pulse duration, 

lines imprinted with pulse energy varying from 10 nJ to 100 nJ at various pulse durations were 

analysed by the quantitative birefringence measurement system. The retardance image of the lines 

(Figure 6-11(a)) shows that the minimum pulse energy sufficient to induce retardance in GeO2 glass 

is of several tens of nanojoules, and is dependent on the pulse duration, i.e. the amount of energy 

necessary for nanogratings formation increases with increasing the pulse duration with a focusing 

lens of 0.55 NA. The minimum pulse energies at which retardance arises were regarded as energy 

threshold for nanograting formation by different pulse durations, which were plotted in Figure 

6-11(b). The energy threshold exhibits a linear increase as a function of pulse duration, indicating 

nonlinear processes triggering the formation of nanogratings, which needs to be further clarified 

by sophisticated experiments and calculations. 

 

Figure 6-11. (a) Quantitative birefringence microscopy image of lines imprinted by pulses of various 

pulse durations with pulse energy from 10 to 100 nJ, and (b) dependence of 

nanograting threshold on pulse duration for GeO2 glass. Repetition rate is 200 kHz, 

pulse density is 1000 pulses/μm. Scale bar is 50 μm. 
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It is well known that the repetition rate of femtosecond pulses is one of the key parameters that 

can affect the formation of nanogratings in glass. Previous studies have shown that the window of 

parameters for nanograting formation in fused silica is significantly narrowed down at higher 

repetition rates due to the presence of heat accumulation effect [194,195]. In addition, Corbari et 

al. noticed a reverse on the dependence of retardance on polarization direction as repetition rate 

increases when processing with 600 fs pulses at a fix pulse density [57]. To get better control of the 

induced birefringence in GeO2 glass for practical applications, evolution of retardance as a function 

of pulse density as well as pulse energy at various repetition rates was analysed, as shown in Figure 

6-12. The growth trends of retardance with respect to pulse density under all repetition rates are 

similar and saturated at a pulse density of ~2000 pulses/μm. The saturated retardance decreases 

with increasing repetition rate, and the difference is enlarged above 200 kHz, in accordance to 

previous observations [195]. Surprisingly, the transition of dependence of retardance on 

polarization direction is observed at 200 kHz and 500 kHz (Figure 6-12(c, d)), and a totally reversed 

polarization dependence of retardance is observed for lower repetition rates, i.e. ≤100 kHz (Figure 

6-12(a, b). For 200 kHz and 500 kHz, the induced retardance in parallel polarization case is higher 

than that in perpendicular polarization case at a relatively low pulse density before the saturation. 

However, the dependence of retardance on polarization is reversed when it reaches saturation at 

higher pulse densities. For lower repetition rates (≤100 kHz), the induced retardance in 

perpendicular polarization case is always higher than in parallel polarization case, which is against 

the explanation based on the effect of the polarization dependent Fresnel reflection at the 

boundaries of an induced structure [196]. 

 

Figure 6-12. (a-d) Dependence of laser induced retardance on pulse density at a fixed pulse energy 

of 0.25 μJ for various repetition rates in two polarization states, and (e) plots of 

retardance versus pulse energy at a fixed pulse density of 2500 pulse/μm for different 

repetition rates. Polarization direction: ‘//’ for parallel, ‘+’ for perpendicular to 

scanning direction. 
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It is also worth noticing that the dependence of retardance on pulse energy changes with repetition 

rate (Figure 6-12(e)). At an optimized pulse density of 2500 pulse/μm, the retardance induced at 

25 kHz and 50 kHz increases monotonously with the pulse energy increase in the window of 50-

800nJ. When the repetition rate is increased to 100 kHz and higher, the induced retardance 

increases firstly and then decreases with the increasing pulse energy, which can be assigned to the 

material thermal heating at larger pulse energies. These results indicate that the induced 

birefringence can be manipulated in a relatively wide range of energies with the femtosecond 

pulses operating at low repetition rates.  

6.3 Multicomponent glass 

In this section it is demonstrated that nanogratings can be formed in alkali-free aluminoborosilicate 

AF32 glass (Schott). Under optimized experimental conditions, the retardance reaches values in 

excess of 200 nm (an equivalent of quarterwave for 800 nm) comparable to the values typical for 

silica glass. Samples selected for the ultrafast laser processing were cut from 1 mm thick plane-

parallel plates of commercial AF32 glass (Schott) and polished to an optical grade. For comparison, 

we also used plates of commercially available UVSIL silica glass and Borofloat 33 glass (Schott). 

Modification of glass samples was carried out with an Yb:KGW-based regeneratively amplified 

femtosecond laser system (Pharos Light Conversion, Ltd.) operating at the wavelength of 1030 nm 

emitting pulses with a duration variable from 300 fs to 10 ps at an adjustable repetition rate up to 

500 kHz. Pulse energy was controlled by the combination of a half-wave plate and a Glan polarizer 

and measured after an objective focusing the beam into glass samples. Additional half-wave plate 

was used to control an orientation of linear polarization of the laser beam, which was focused inside 

the glass samples with 0.35 or 0.55 numerical aperture aspheric lenses. The structural analysis of 

glass samples was performed with a scanning electron microscope (SEM) (TESCAN Vega 3 LMU) 

operating in a secondary electron imaging mode. The laser modified regions were exposed for the 

SEM analysis by polishing and subsequent etching in 0.5 wt. % hydrofluoric acid for 7 min. 

A set of lines was inscribed by translating a sample perpendicularly to the laser propagation 

direction. In this experiment, an aspheric 0.35 NA lens was used for focusing the laser beam 50 µm 

below the surface. The pulse duration was varied from 300 fs to 5 ps, and the repetition rate was 

set to 100 kHz. The optical characterization of the irradiated structures in AF32 glass revealed the 

presence of laser induced birefringence with a well-defined slow axis orientation. Similarly to silica 

glass, the slow axis in the imprinted structures was always perpendicular to the polarization of the 

writing laser beam.  
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The secondary electron image (Figure 6-13(a)) of the area irradiated with 600 fs, 150 nJ pulses at a 

100 kHz repetition rate with a 5000 pulse/µm density using a 0.45 NA objective revealed a 

nanograting with a period of about 100 nm. Unexpectedly, this value is much smaller than the 

period reported for nanogratings induced in silica glass, which is typically above 200 nm at the 

irradiation wavelength of 1030 nm [197]. On the other hand, the obtained period is slightly larger 

than a 60 nm period reported for the nanogratings in Borofloat 33 glass [198,199]. 

 

Figure 6-13. (a) Secondary electron image of AF32 glass surface after exposing and relieving of laser-

imprinted structure (E is the orientation of electric field in the laser beam, and S is the 

scanning direction). Pseudo colour plots of retardance as a function of pulse energy 

and duration for (b) fused silica , (c) AF32, and (d) Borofloat 33 glasses at 3 µm/s laser 

scanning speed and 100 kHz pulse repetition rate, which is equivalent to nearly 8 ´104 

pulses per dot. Colour bars are a linear retardance scale in nanometres. 

Retardance dependence on the pulse duration and pulse energy was measured for AF32, 

Borofloat 33 and silica glasses for the same irradiation conditions (Figure 6-13(b-d)). Both AF32 and 

silica glasses exhibited a similar energy threshold above which birefringence could be observed. In 

the case of AF32, the dependence of retardance on the pulse duration is more complicated, 

exhibiting a local maximum at 1–2 ps and a minimum at 2.5 ps followed by slow growth up to 5 ps. 

This trend is even more pronounced for Borofloat 33 glass which manifested comparatively strong 

and narrow retardance maximum shifted towards shorter pulse durations as compared to AF32 

glass. With respect to pulse energy, both lower and upper thresholds for Borofloat 33 of 
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birefringence are shifted upwards in comparison to AF32 glass (Figure 6-13(d)). The maximum value 

of retardance induced with a certain pulse energy increases, and the retardance peak position shifts 

to longer pulse durations with increasing pulse energy. Interestingly, a previous study [20] on 

nanogratings in Borofloat 33 glass revealed a similar dependence of retardance on pulse duration 

with maximum retardance measured at about 150–200 fs. Our observations complement this result 

within different ranges of pulse energy and duration. 

Additionally, we observed strong polarization dependence on the induced retardance. For all of the 

studied glasses, a beam polarized perpendicularly to the writing direction resulted in nearly 20%–

25% higher values of retardance than in the case for parallel polarization in agreement with a 

previous study [193]. To avoid this effect, we continued our experiments in static irradiation 

conditions, where a series of dots were written using a stationary beam focused with a 0.55 NA 

aspheric lens 30 µm below the glass surface. The first set of dots was written with fixed pulse energy 

of 21 nJ and a number of pulses increasing by a factor of 2 from dot to dot in the range from 4 to 

262144 (218). Analogous sets were written with a pulse energy being increased by a factor of 1.18 

from set to set up to 213 nJ. Retardance of the laser-imprinted birefringent structures in AF32, 

UVSIL, and Borofloat 33 glasses was measured as a function of the energy and number of pulses at 

a fixed pulse duration of 600 fs and repetition rate of 200 kHz (Figure 6-14). 

 

Figure 6-14. Pseudocolor plots of retardance induced by the stationary beam as a function of pulse 

energy and number of pulses for (a) Borofloat 33, (b) AF32, and (c) silica glasses at 

600 fs pulse duration and 200 kHz pulse repetition rate; (d) plots of retardance versus 

pulse energy for silica (1/▼ – 262144 (218) pulses; 2/▲ – 32768 (215) pulses), AF32 

(3/� – 262144 (218) pulses; 4/¢– 32768 (215) pulses) and Borofloat 33 (5/► – 262144 

(218) pulses; 6/◄ – 32768 (215) pulses) glasses.  

Unlike in silica glass where retardance is observed after 10–20 pulses for larger pulse energy (Figure 

6-14(c)), strong retardance in AF32 glass was induced after a significant number of pulses, typically 

larger than 3´104. However, weak but measurable retardance could be detected after several 

hundred of pulses. Interestingly, with 600 fs laser pulses, the birefringence in AF32 could be induced 
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only within a comparatively narrow range of pulse energies of about 40–170 nJ with the highest 

retardance values at about 95 nJ pulse energy. For Borofloat 33 glass, weak retardance was 

measured throughout the whole range of energies and number of pulses used in the experiments.  

 

Figure 6-15. (a) Retardance in AF32 glass induced by the stationary beam vs. number of pulses at 

different pulse repetition rates (pulse energy 107 nJ; pulse duration 600 fs); maximal 

retardance obtained vs. pulse repetition rate for AF32 and Borofloat 33 glasses is 

shown in the inset. (b) Pseudo colour plots of retardance induced by the stationary 

beam as a function of pulse energy and number of pulses for Borofloat 33 at different 

pulse repetition rates (pulse energy 107 nJ; pulse duration 600 fs). Colour bar is a linear 

retardance scale in nanometres. 

Similar trends were obtained for the different repetition rates (25 kHz, 100 kHz, 200 kHz, 300 kHz, 

and 400 kHz) but absolute values of retardance varied to a certain degree depending on the 

selected rate (Figure 6-15). Generally, the strongest retardance observed in AF32 glass was 

measured at repetition rates of 100 kHz and 200 kHz (Figure 6-15(a), inset). Analysing AF32 glass, 
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we also observed two small peaks of retardance at about 2´102 and 8´103 pulses for 100 kHz, 

200 kHz, and 300 kHz.  

Borofloat 33 glass also showed weak dependence of retardance on the pulse repetition rate, but 

the signal-to-noise ratio was too small to draw any conclusions (Figure 6-15(a, inset); and Figure 

6-15(b)). However, it can be speculated that the required number of pulses decreases and the 

energy window expands with the decrease of laser repetition rate. This could be attributed to the 

less accumulated heat in the nanostructuring region resulting in less melting, cavitation, etc. that 

could disturb the self-organization processes.  

In contrast to silica glass, the experiments reveal that nanogratings with significant retardance in 

multicomponent glasses can only be obtained within comparatively narrow ranges of pulse energy 

and pulse duration. In each particular case, there is a specific range of optimal processing 

parameters, which appears to be narrower for Borofloat 33 than for AF32. General trends for these 

two glasses are: (i) a pronounced intensity threshold below which nanogratings cannot be induced; 

(ii) much higher number of pulses, which is about 104 –105, is required to obtain a noticeable 

retardance as compared to silica glass. In the context of our experimental results, AF32 glass seems 

being an intermediate case between Borofloat 33 and silica glasses in terms of the nanograting 

formation. 

Comparing the chemical composition of these glasses can provide some useful information for 

understanding this difference. The chemical composition of AF32 glass is in the range of 55%–65% 

SiO2, 15%–20% Al2O3, 5%–10% B2O3, 10%–15% alkaline earth oxides, whereas Borofloat 33 consists 

of 81% SiO2, 13% B2O3, 4% Na2O/K2O, and 2% Al2O3 [199]. Glass transition temperatures are 525°C, 

717°C, and 1250°C for Borofloat 33, AF32, and silica glass, respectively. Despite, AF32 contains 

much less silicon oxide than Borofloat 33, an addition of Al2O3 provides a fairly more rigid structure 

increasing its transition temperature. Thus, the presence of alkaline cations rather than amount of 

silica oxide seems to have a more significant effect on nanograting formation. Moreover, high pulse 

repetition rates can lead to a diffusion of alkaline and alkaline earth cations out of the centre of the 

irradiation zone in silicate glasses as was demonstrated by examples of Na [200] and Ca [201]. Large 

number of pulses required to induce nanogratings in the studied glasses might indicate that slow 

diffusion of alkali ions cations could precede the appearance of a nanograting.  

6.4 Thin films (ITO) 

Recent experimental investigations revealed two orders of magnitude higher birefringence in 

amorphous silicon [202,203] and silicon carbide [204] films, suggesting that the high-refractive-

index materials could be used for fabricating anisotropic surfaces. However, high intrinsic losses of 
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materials and low quality of induced LIPSS prevent the realization of efficient optical elements. This 

challenge can be overcome by using materials with a transparency window in the visible spectrum, 

and achieving precise direct-writing of high-frequency nanostructures. 

Indium-tin-oxide (ITO) substrates have been widely used for optoelectronic devices such as solar 

cells, flat panel displays, thin-film photovoltaics, organic light emitting diodes and smart windows 

due to their high transparency and excellent conductivity caused by its highly degenerate behaviour 

as an n-type semiconductor with a large band gap of around 3.5 to 4.3 eV [205,206].  

Experiments are carried out with 145±10 nm thick ITO film deposited on float glass by sputtering, 

prepared by Thin Film Devices (TFD Inc., California). Samples are irradiated with ytterbium-doped 

potassium gadolinium tungstate (Yb: KGW) based mode-locked regenerative amplified 

femtosecond laser system PHAROS (Light Conversion Ltd.) operating at a wavelength of 1030 nm 

(photon energy ∼1.2 eV) with the repetition rate of 500 kHz and the pulse duration tuned in the 

range of 0.4-1 ps. The laser beam is focused via a 0.03 NA, 0.16 NA and 0.65 NA objective lenses on 

the surface of sample, which is mounted on a XYZ linear air-bearing translation stage (ABL1500, 

Aerotech Ltd). Local orientation of induced nanostructures i.e. the azimuth of slow-axis of laser 

induced form birefringence, is continuously controlled by rotating the half-wave plate mounted on 

the motorized rotational stage before the objective lens (Figure 6-16. SEM top view images of 

femtosecond laser nanostructured ITO film. The orientation (red arrows) of the linearly polarized 

incident laser beam was controlled by rotating the half-wave plate (l/2) placed before the objective. 

White arrows indicate the writing direction. Processing conditions: 0.68 µJ pulse energy, 0.4 ps 

pulse duration, 500 µm-1 pulse density, focusing via 0.03 NA lens, 1 mm/s scanning speed. Scale bar 

is 500 nm.Figure 6-16), where 0°/90°  orientations are perpendicular/parallel to the writing 

direction. For scanned modification, the sample translation speed varies from 1 mm/s to 0.1 mm/s, 

which corresponds to 500-5000 µm-1 pulse density. The interline writing distance of 4 µm, 1 µm 

and 0.5 µm, and pulse energy less than 1 µJ, 0.05 µJ and 0.03 µJ are fixed for each objective lens 

with 0.03 NA, 0.16 NA and 0.65 NA, respectively. 

Multi-scan laser writing. At the pulse energies slightly above the ablation threshold, the ITO film is 

modified along its depth organizing into periodic structure that is qualitatively dependent on the 

laser material processing conditions. Under the processing conditions used to scan large area of ITO 

film (Figure 6-16. SEM top view images of femtosecond laser nanostructured ITO film. The 

orientation (red arrows) of the linearly polarized incident laser beam was controlled by rotating the 

half-wave plate (l/2) placed before the objective. White arrows indicate the writing direction. 

Processing conditions: 0.68 µJ pulse energy, 0.4 ps pulse duration, 500 µm-1 pulse density, focusing 

via 0.03 NA lens, 1 mm/s scanning speed. Scale bar is 500 nm.Figure 6-16), the nanostructure with 
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periodicity of ~120 nm and duty cycle of roughly 10-20% of the nanogrooves oriented perpendicular 

to the incident laser polarization is formed. Such high spatial frequency structure has period 

significantly smaller than the irradiation wavelength (~𝜆/9), and in general is observed after 

modification by ultrashort laser pulses under tens to thousands of laser pulses per irradiation spot. 

The origin of induced structures is still controversially discussed in literature considering the pre-

seeding and accumulation effects, near-field enhancement, interference between surface waves 

and incident laser beam, self-organization of nanostructures during the relaxation of a highly non-

equilibrium surface [6,11,83,85,96–98,108], as well as the subsequent transformation of ITO 

atomic lattice may possibly be involved [207]. 

 

Figure 6-16. SEM top view images of femtosecond laser nanostructured ITO film. The orientation 

(red arrows) of the linearly polarized incident laser beam was controlled by rotating 

the half-wave plate (l/2) placed before the objective. White arrows indicate the 

writing direction. Processing conditions: 0.68 µJ pulse energy, 0.4 ps pulse duration, 

500 µm-1 pulse density, focusing via 0.03 NA lens, 1 mm/s scanning speed. Scale bar is 

500 nm. 

The nanostructured ITO might be considered as a metamaterial that possesses the properties 

capable of manipulating electromagnetic waves. Depending on the modification conditions, the 

induced structure diverges from highly patterned nano-ripples to fully ablated glass substrate, 

changing the resultant quality and thickness of the film. Thus, it is very important to operate close 

to the modification threshold in order to produce debris- and fracture-free nanostructures with the 

elevated optical properties. 

The internal transmittance of pristine ITO film is expected to be more than 99%, where the 

absorption is less than 1%. Thus, the measured transmission spectra and optical losses are mainly 

governed by the surface reflections. After the laser irradiation, the overall transmission in the visible 

spectral range of >87% was measured (ITO band gap ~4 eV [205]). Moreover, the nanostructured 

film exhibits the increase of optical transmission by 5% at 750 nm wavelength giving the total 

transmission value of 93% (Figure 6-17(a)).  
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The light wave in such subwavelength structure behaves the same way as that in the uniaxial 

anisotropic material with negative form birefringence [60–62,208]. Propagation of optical waves in 

such periodic media can thus be described by the effective refractive indices originating from the 

effective-medium theory [60]. This means that the electric field oscillating along (TE mode) and 

perpendicular (TM mode) to the grooved medium obtain a different amount of phase shift. As a 

result, the phase retardation (𝜑) of transmitted light can be directly determined by the thickness 

(𝑑) of the nano-ripples and its possessed form birefringence (∆𝑛 = 𝑛𝑇𝐸 − 𝑛𝑇𝑀): 

𝜑 = 𝑑 ∙ ∆𝑛. (6-3) 

The resulting form-birefringence can exceed the value of natural birefringence of uniaxial crystals, 

and is usually designed by controlling the refractive index, periodicity and duty cycle of the periodic 

nanostructures. Assuming that the nano-ripple is uniform along its depth, the value of achieved 

birefringence can be estimated from the measured retardance value and film thickness.  

 

Figure 6-17. Optical characterization of nanostructured ITO film. Processing conditions: 0.68 µJ 

pulse energy, 0.4 ps pulse duration, 500 µm-1 pulse density, focusing via 0.03 NA lens, 

1 mm/s scanning speed. (a, top) Measured (open symbols) and simulated (solid line) 

optical transmission spectra of pristine and modified ITO thin film. The illumination 

was unpolarised. Inset shows a large-scale 12x12 mm scanned area. (a, bottom) 

Measured (open circles with solid line) retardance spectrum of modified ITO. Inset 

represents the large-scale 12x12 mm modified region imaged under crossed polarized 

light. White and blue arrows indicate the polarization orientation before the sample 

and after the analyser placed before the detector. (b) Simulated electric field 
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propagation (𝜆 =700 nm) through the 3D structure modelled rendering SEM image 

(Figure 6-16, left). The colour of the vectors represents its angular orientation in space. 

(c) Distribution of input and output magnitude of the electric field vectors plotted in 

polar coordinates. The magnitude is normalized to the source (input) magnitude. (d) 

Electric field intensity distribution for two orthogonal polarizations: perpendicular and 

parallel polarization to the orientation of laser-induced nano-ripples. Thickness of the 

numerically simulated structures is normalized to the thickness of the pristine ITO film. 

The dispersion analysis of retardance performed in the spectral region from 500 nm to 750 nm 

reveals a chromatic behavior of the imprinted elements (Figure 6-17(a)). The retardance value 

varies from 33 nm to 45 nm, and linearly decreases with the wavelength increase corresponding to 

~0.18𝜋 rad phase retardation at 500 nm wavelength and	~0.09𝜋 rad phase retardation at 750 nm 

wavelength. 

A commercial-grade simulator based on the finite-difference time-domain (FDTD) method is used 

to perform the numerical calculations of electric field propagation [185]. A broadband plane wave 

source is incident on the ITO film from the glass side, and the transmission spectrum is measured 

by a numerical monitor from the air side. A 2D monitor is used to capture the E-field distribution as 

a function of wavelength. The refractive index spectra for ITO is taken from literature [209]. The 

corresponding total electric field distribution is obtained simulating its propagation through the 3D 

structure reconstructed rendering the SEM image (Figure 6-17(b)). The simulated transmission 

spectra for pristine and modified ITO are in a good agreement with the spectra observed 

experimentally (Figure 6-17(a)). However, in order to fit the measured spectra, the thickness of the 

3D structure has to be increased by a factor of 1.5 (Figure 6-17 (d)). This suggests that under the 

conditions slightly above the modification threshold the material is periodically pushed away from 

the initial position forming the nanogrooves and a greater thickness ITO. From Eq.(6-3), assuming 

that the average thickness is around 200 nm, laser induced birefringence as high as ∆𝑛 ≈ −0.2 is 

achieved. 

At a fixed point in XY space, the linearly polarized (45°) input electric field	𝐸 after passing the ITO 

nano-ripples traces out an ellipse in the X-Y plane (Figure 6-17(b,c)). The polarization is rotated from 

linear to elliptical with the axes ratio of 	|𝐸|� Ð⁄ |𝐸|°� Ð⁄⁄ ≈ 0.17 . Then the retardance can be 

expressed as 

𝜑 = 𝑎𝑐𝑜𝑠�𝐼22 − 𝐼D2 𝐼22 + 𝐼D2⁄ � × 𝜆 2𝜋⁄ , (6-4) 

where 𝐼22  and 𝐼D2  are the electric field intensities for polarizations oriented parallel and 

perpendicular (cross-polarized) to the input polarization. The estimated retardance value at 700 nm 
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wavelength is slightly higher than 35 nm, which correlates well with the measured retardance 

plotted in Figure 6-17(a). 

In addition to the optical transmission, the simulations confirm that the fabricated structure 

behaves similar to a wire grid polarizer or an array of subwavelength slits [210], when the light 

polarized parallel (TE) to the nanogrooves does not feel the structure and is transmitted or reflected 

almost in the same way as in pristine film, and the light polarized perpendicular (TM) shows the 

enhanced interaction with the structure (Figure 6-17 (d)). In this case, the excited groove cavity 

modes are expected to increase the overall optical transmission. 

 

Figure 6-18. Form-birefringence of ultrafast laser nanostructured ITO film. (a) Laser-induced 

retardance as a function of pulse energy. The film was processed by 0.4 ps laser pulses 

with polarization oriented perpendicular to the writing direction (top-down) and pulse 

density of 5000 µm-1 at 0.1 mm/s scanning speed, under weak focusing conditions 

(0.03 NA). (i) Retardance and its corresponding (ii) slow axis orientation images of 

squares (0.25´0.25 mm) printed at various pulse energies. (b) Normalized retardance 

dependence on different focusing conditions and various orientations of incident 

linearly polarized laser beam. The pulse energy was set to 0.74 µJ (0.03 NA), 0.04 µJ 

(0.16 NA) and 0.014 µJ (0.65 NA). (c) Retardance dependence on pulse duration and 

(d) pulse density, at a fixed processing conditions. 

When designing high performance polarization sensitive elements by laser direct writing, it is 

important to ensure the optimum processing condition for imprinted nano-ripples. In general, the 

ultrafast laser nanostructuring is a multi-pulse induced process [192,211], and the local fields as 

well as the final patterns both for scanning and stationary irradiation are always affected by the 
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previously induced structure. Thus, the effect of such accumulative processes is strongly dependent 

on the deposited pulse energy, focusing conditions, pulse density and pulse duration. Under weak 

focusing conditions (0.03 NA) and pulse energy of 0.64 µJ (Figure 6-18 (a)), the film is modified 

along its depth and periodically organized into nano-ripples oriented perpendicular to the laser 

beam polarization. The anisotropic structure with highest transmission is produced reaching the 

retardance value of ~37nm, which is maximized to 50 nm at 0.74 µJ pulse energy. The further 

energy increase is accompanied by the removal of ITO leading to the retardance decrease. As a 

result, the retardance value drops by 70% to 15 nm at 0.9 µJ. Qualitatively the same behavior of 

retardance as a function of pulse energy is observed under all processing conditions including tight 

focusing of up to 0.65 NA, pulse durations from 400 fs to 1 ps, and by an order of magnitude lower 

pulse densities. 

The retardance value is highly dependent on the focusing conditions (Figure 6-18 (b)). The transition 

from 0.03 NA to 0.65 NA causes almost 80% retardance drop for polarization perpendicular to 

writing direction, and 40% for polarization parallel to writing direction. The polarization effect 

comes from s- and p-polarizations, when the light polarized perpendicular to the modification front 

(p-polarization) is transmitted into the film more effectively. The weak dependence on pulse 

duration, when the value of retardance changes only by 6%, i.e. from 43 nm to 40.5 nm, with the 

variation of pulse duration from 0.4 ps to 1 ps at a fixed pulse energy, is observed (Figure 6-18 (c)). 

However, if the pulse duration is increased to 5 ps, the modification threshold changes drastically 

exceeding the energy range indicated in Figure 6-18 (a). Both for scanning and stationary cases the 

nano-ripples formation requires multi-pulse irradiation, thus the final modification is always 

influenced by the structure induced within the first pulses. If the pulse energy is slightly above the 

nanostructuring threshold but is not sufficient to remove the film, the gradual growth of retardance 

is initiated within every delivered pulse. Under certain scanning conditions (Figure 6-18(d)), tenfold 

increase in pulse density leads to the increase of retardance value only by 10%, indicating the 

saturation of the nanostructuring process. 

Multi-pulse imprinting of dots. The quantitative and qualitative analysis of the single dots induced 

under stationary printing conditions have been performed (Figure 6-19). The matrix of dots is 

printed using 1-100 pulses with pulse energy of up to 0.02 µJ and pulse duration of 0.4 ps focused 

via 0.65 NA lens. If the energy of the first pulse is sufficient to remove the ITO film (>5 nJ), a 

symmetric crater shape structure is produced. The observed threshold energy is roughly ten times 

lower than in silica glass under the similar processing conditions [192]. The subsequent irradiation 

does not affect the radius of the ablated region, but generates nano-ripples located at periphery. If 

the energy of the pulse is in the range of approximately 3-4 nJ, the first pulse does not induce any 

observable modification. However, due to the accumulative processes the single nanogroove with 
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consistent slow axis orientation perpendicular to the incident laser beam polarization is formed 

within 7-14 pulses. The size and number of grooves increase with the subsequent pulses. 

Based on the quantitative birefringence measurements, retardance value is maximized at around 

15 nm after delivering 100 pulses with 3 nJ pulse energy, and 18 pulses with 4 nJ pulse energy. The 

retardance decreases within the further irradiation as the central region is removed. As a result, 

the induced nano-ripples are always accompanied by the ablated central region, and the measured 

retardance value drops by 50% within 100 pulses at the pulse energy of 4 nJ. Therefore, the mapped 

retardance (Figure 6-19, left) can be divided into three different regions (Figure 6-19, right): (1) no 

modification when the pulse energy and number of pulses are below the modification threshold; 

(2) highly organized nano-ripples; and (3) damage or ablated structures followed by the nano-

ripples. 

 

Figure 6-19. Retardance map (left) as a function of pulse energy and number of pulses extracted 

from the matrix of dots printed in ITO film. (Right) Schematic map of the threshold 

energies with its structuring regimes. Insets show the SEM images of the laser induced 

ripples and damage with/without anisotropic structure. Scale bar is 1 µm. Black region 

indicates the conditions when the modification was not observed. Processing 

conditions: 0.4 ps pulse duration, 0.65 NA lens. Colour bar is a linear retardance scale 

in nanometres. 

6.5 Conclusions 

The polarization sensitive nanostructuring of various density glasses including fused silica, porous 

glass, and silica aerogel is demonstrated. In single pulse regime, the decrease of substrate density 

from fused silica (r0 = 2.2 g/cm3) to porous glass (r0 = 1.5 g/cm3) and to silica aerogel 

(r0 = 0.25 g/cm3) results up to tenfold increase in the laser affected region with the formation of 

symmetric void surrounded by the densified glass and pearl like structures, similar to water splash 
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or supernova explosion. If the modified region is irradiated by the subsequent pulses, the transition 

from void to laser induced polarization sensitive structure with an orientation perpendicular to the 

incident polarization is observed. It was identified that the transition process takes from two to tens 

of pulses, and strongly depends on the initial modification caused by the first pulse. Thus, such 

transition is sensitive to the density of the silica substrate and could be optimized to 2-3 pulses in 

porous glass with pores smaller than 5 nm. As a result, the increase of retardance up to two times 

in porous glass compared with silica glass is demonstrated. Such ultrafast laser nanostructuring with 

minimized number of pulses and with significantly reduced stress could be an ideal low-cost 

platform for rapid prototyping, which could be explored in various fields including multi-

dimensional data storage and optical component fabrication. 

Taking into account all the experiments carried out in GeO2 glass, the retardance induced by laser 

scanning is two times higher than that by stationary irradiation under similar conditions. The energy 

threshold of nanograting formation exhibits a linear increase as a function of pulse duration. The 

favourable pulse energy for optimized retardance in GeO2 glass is ~65% lower than in fused silica at 

200 kHz. The optimum pulse duration for optimized retardance in GeO2 glass lies within sub-

picosecond region, i.e. typically around 500 fs, while in fused silica it is in the picosecond regime at 

around 2 ps. A reversed dependence of form birefringence on polarization direction, which is 

repetition rate related, is observed in GeO2 glass. These results lead to successful GeO2 glass 

implementation as a medium for elements manipulating light. 

Analysing form birefringence exhibited by nanostructures formed in AF32, silica, and borosilicate 

Borofloat 33 (Schott) glasses, it is noticed that stronger measured retardance correlates with higher 

glass transition temperature rather than with higher content of SiO2 in glasses. AF32 manifests 

measurable laser induced birefringence in a comparatively narrow pulse energy range after 

extended laser irradiation. However, retardance in AF32 glass obtained at optimal irradiation 

conditions is of the same order of magnitude as observed in silica glass. 

The femtosecond laser direct nanostructuring of indium-tin-oxide results in highly organized 

surface ripples with the subwavelength modulation (period down to 120 nm) of the material with 

refractive index changing from 𝑛 ≈ 1.9 for ITO to 𝑛 ≈ 1  for grooves exhibit an enhanced form 

birefringence (|∆𝑛| ≈ 0.2), which is almost two orders of magnitude higher than in femtosecond 

laser nanostructured fused quartz. Under energies slightly above the modification threshold, the 

transmission of nanostructured ITO exceeds the transmission of pristine film. Such engineered 

optical properties of the material could be implemented in fabrication of polarization sensitive 

elements, what is demonstrated later in this thesis.  
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Chapter 7: Processing conditions for 5D data storage 

All the experimental results in this chapter briefly describe the recording conditions of 5D data 

storage in commercially available fused silica glass. The main parameters such as repetition rate, 

pulse duration, number of pulses, wavelength and focusing conditions required for high-

performance information recording are addressed. 

7.1 Repetition rate 

The repetition rate determines the mean energy deposition rate and therefore governs the heat 

accumulation. If sufficient energy is delivered to the focal region, localized melting may occur [212]. 

Nevertheless, to achieve high writing throughputs (>Mb/s), the repetition rates up to several MHz 

are required for polarization sensitive nanostructuring. 

 

Figure 7-1. (a) Retardance dependence on number of pulses for different repetition rates. Laser 

parameters were fixed at 600 fs pulse duration, 1 µJ pulses energy. 200 pulses were 

delivered focusing via 0.16 NA. (b) Retardance and azimuth images of single dots 

printed with 5 MHz. Laser parameters were fixed at 240 fs pulse duration, 66 nJ pulses 

energy. Ten shots of 10 pulses were delivered focusing via 0.65 NA. Colour bar is a 

linear retardance scale in nanometre. Pseudo colours indicate slow axis orientation. 

To test the dependencies of the anisotropic nanostructure on the repetition rate, 200 pulses with 

the pulse energy of 1 µJ (0.16 NA) with the pulse duration of 600 fs were delivered to ensure the 

stable and uniform slow axis orientation nanogratings (Figure 7-1(a)). Induced form birefringence 

showed tendency to saturate at several hundred of pulses. The same behaviour was reported 

explaining it by total depletion of oxygen inside the nanograting corrugation [118]. The higher 
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repetition rate results into nanograting with lower retardance mainly because of the thermal 

effects. The heat is accumulated and the local temperature in the focal region exceeds the melting 

point, which in fused silica glass is of around 1700°C. The induced structure relaxes (is being erased) 

before the re-solidification. 

Within 1 microsecond after irradiation of silica glass the temperature still exceeds the annealing 

temperature [111]. In order to minimize the heat accumulation, sufficient temporal distance 

between pulses should be ensured for efficient thermal diffusion and material cooling. Therefore, 

repetition rates lower than 1 MHz have to be used. For higher repetition rates the energy window 

shrinks drastically as the damage threshold for material with lower viscosity goes down  [213]. 

Alternatively, other approaches that reduce the heat accumulation should be considered. In Figure 

7-1(b) birefringent dots produced with laser operating at 5MHz are shown. The processing with ten 

shots of 10 pulses was used in order to minimize the level of temperature accumulated from pulse 

to pulse, and leaving the time gap of 2 microseconds for heat to diffuse after each set of 10 pulses. 

Potentially this method could be exploited for higher repetition rates as well, e.g. using arbitrary 

intensity and temporal distance of pulses inside the sub-microsecond burst. 

7.2 Comparison of 5D printing using different pulse durations 

For short pulses (<200 fs), the pulse energy threshold for nanostructuring increases with decreasing 

the pulse duration [33]. This could be attributed to nonlinearities, such as Kerr effect and self-phase 

modulation which distort the beam, or the low efficiency of lattice thermalization, when the 

material modification would require more energy to be deposited. However, for longer pulses 

(>200 fs), the dependence flips, and the energy threshold increases with the increase of pulse 

duration (Chapter 6). Here the efficiency of thermalization increases, but the modification starts 

following pulse intensity and heat diffusion. 

For the reasonable comparison of modifications induced using 300 fs and 600 fs pulse duration, all 

the other processing parameters were kept the same, i.e. 10 and 1000 pulses for low and high 

retardance levels with the pulse energy of 100 nJ at 500 kHz were delivered focusing via 0.55 NA 

objective lens. Two levels of retardance and four orientations of slow axis were recorded (Figure 

7-2).  

Even if the energy threshold is lower for 300 fs pulses, the higher values of retardance are achieved 

using 600 fs pulses. Due to stronger thermal effects at longer pulses, the lower intensity irradiation 

results in stronger modification with more defined slow axis. However, the repeatability of the 

retardance values is poor. On the other hand, the 300 fs modifications show the decent gap 

between two different levels of retardance as the structures tend to grow with higher repeatability 
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having more pulses delivered under these processing conditions. The overall readout is as high as 

91% and 98% for 300 fs modification and 600 fs modification, respectively. 

 

Figure 7-2. Readout of a 117 character sentence coded in retardance and slow axis orientation and 

printed using (left) 300 fs pulse duration and (right) 600 fs pulse duration. 10 and 1000 

pulses with the pulse energy of 100 nJ at 500 kHz repetition rate was delivered 

focusing via 0.55 NA objective lens. The distance between dots were 1µm. The readout 

for 300 fs and 600 fs case was 91% and 98% respectively. Red numbers mark the issues 

to be addressed in the recording procedure: 1 – retardance value for low level dots are 

comparable to the background; 2 – purity of slow axis orientation; 3 – distribution of 

retardance levels. The inset in the right block shows magnified retardance map of the 

laser printed spiral after readout procedure. 

However, it should be noted that the longer pulse duration produces rougher structure which 

causes more scattering. This leads to more complex procedures to retrieve data when multilayer 

stacks are recorded. Also, processing conditions for using 300 fs can be optimized to achieve more 

accurate readout. For example, nanostructuring closer to the modification threshold would ensure 

less irregularities to the modification [192] and less deviated orientation of slow axis. 

7.3 Number of pulses 

The formation of nanogratings is a multi-pulse process, and currently up to hundreds of pulses are 

required to induce a stable self-organized nanostructure, that is a single dot of 

information [109,192]. 

Different levels of retardance can be achieved by changing the pulse energy or using different 

number of pulses. The pulse energy in our experimental setup is controlled by rotating a half-wave 

plate. Thus, its rotation time (>10 ms) significantly limits the writing speed. Also, the energy window 

to obtain uniform polarization sensitive structures is relatively small (Figure 6-4). Apart from that, 

the modification induced using different energies might have different focal positions making the 
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overall readout complicated. Therefore, to induce different levels of retardance, the different 

number of pulses is used. 

If the polarization modulation is up to 1 kHz, a maximum of 200 pulses at a laser repetition rate of 

200 kHz can be fitted in one period. Slightly less pulses than maximum possible should be fired in 

order to leave the gap between voxels. Under certain processing conditions, more than 4 levels of 

retardance can be realized giving more than 2 bits of information per voxel (Figure 7-3). With eight 

polarization states the overall 5+ bits of information could be encoded per single irradiation spot. 

Even for 10 kHz polarization modulation, up to 20 pulses can be fitted using 200 kHz laser repetition 

rate. At least two levels of retardance can be imprinted, and total 4+ bits of information encoded. 

In this case optimum 8 bits per two voxels could be used. 

 

Figure 7-3. Polarization sensitive structures printed using different number of pulses. A laser 

repetition rate of 200 kHz was used. 

The increase of planar length of voxels by using variable numbers of pulse is another limiting factor 

towards the high-density data storage. For example, in the case of 200 kHz laser repetition rate and 

10 mm/s scanning speed, the train of 160 pulses is delivered within 8 microns distance. To keep the 

voxel size less than 1 micron, the writing speed has to be decreased or laser repetition rate 

increased at least ten times. However, by changing the speed or repetition rate, the pulse density 

is also changed readjusting the map of retardance levels. Usually, the retardance saturates within 

less than 100 pulses per spot size, and the high pulse densities would be used inefficiently. 

In near future it is expected to enhance nanogratings formation by inducing defects in the glass 

matrix, which according to our recent study could act as a precursor for the nanostructures 

formation. The pre-seeded transparent materials such as porous and/or doped glasses could be an 

option (Chapter 6). Another possible way to tackle the problem is by engineering the writing set-up 
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to deliver burst of pulses with the controlled shift in time and space. The ability to control self-

assembly process by seeding, and efficient energy deposition will allow to induce nanostructures 

with several pulses increasing data writing speed by one to three orders of magnitude. 

7.4 Wavelength 

Polarization sensitive structuring has been tested at different wavelengths (Figure 7-4). For better 

comparison, particular patterns were printed to achieve target retardance value of 35 nm for each 

writing conditions. Therefore, the printing parameters were set to the repetition rate of 500 kHz, 

pulse duration of 300 fs, and pulse energy of 40 nJ and 80 nJ for wavelengths of 515 nm and 

1030 nm, respectively, focusing via a 0.65 NA lens. The width of the printed lines in three printed 

squares was fixed at 2 µm, 1 µm and 0.5 µm with the same interline distance (100 nm) as explained 

in Figure 3-3.  

It is evident that shorter wavelength gives more pronounced and uniform structure, high contrast 

printing, and no observable accumulation. Periods of 2 µm and 1 µm are easily distinguishable, 

whereas scanning with a 0.5 µm interline period leads to a merged modification. As the shorter 

wavelength provides a smaller focal spot, the induced modification is more confined. There are no 

accumulated retardance at the beginning or end of the scanned lines. This could be attributed to 

the generation of more uniform distribution of defects or seeds. Due to a higher intensity gradient, 

the excitation is more localised resulting into more efficient nanostructuring process. 

 

Figure 7-4. Polarization sensitive structures printed using different laser wavelength: left – 1030 nm; 

right – 515 nm. Parameters fixed @500 kHz, 300 fs, 0.65 NA, 40 nJ (515nm); 80 nJ 

(1030nm) for the same retardance value of 35nm. Pseudo colours indicate the slow 

axis orientation. 

The same trend is expected for stationary dot printing. A smaller spot size leads to a smaller 

modification that potentially could lead towards higher density data storage (Figure 7-5). The 

readout results of the spirals coded into 2 levels of retardance and 4 states of polarization were 

successfully retrieved with accuracy of 100% for both printing wavelength when the dot-to-dot 

distance was set to 5 µm. Decreasing the dot-to-dot distance to 1 µm and 0.7 µm, a slight decrease 
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of 9% and significant decrease of 60% in the read-out are observed for longer wavelength (1030 

nm). When shorter wavelength (515 nm) was used for printing data with 1 µm dot-do-dot distance, 

the values were retrieved with 100% accuracy. However, the dot-to-dot distance of 0.7 µm printing 

lead to 52% readout.  

 

Figure 7-5. The comparison of retrieved values of retardance and slow axis orientation when 

polarization sensitive nanostructuring was done using different laser wavelength. 

Processing conditions: (left) 300fs 100nJ 500kHz 0.55NA 1030nm, and (right) 300fs 

60nJ 500kHz 0.55NA 515nm. 

In addition, using a shorter wavelength for nanostructuring, a decrease of energy threshold is 

observed. The similar quality recording for 515 nm wavelength required 40% less energy compared 

to 1030 nm. There are multiple factors including different excitation processes, different focusing 

conditions, etc., that should be studied further to confirm this. 

7.5 Focusing optics 

Several objective lenses have been tested to the limit of the optical resolution for ultrafast laser 

nanostructuring (Figure 7-6). Analysing printed squares, it has been observed that two microns and 

one-micron size features are distinguishable for all tested objective lenses, however, the structures 

printed using 1.2 NA (water immersion) objective exhibit higher contrast. Also, the 0.5-micron size 

lines with the same size interline distance tend to merge in all cases. As the estimated beam spot 

size decreases from 0.5 µm to 0.3 µm of 0.65 NA to 1.2 NA, respectively, due to nonlinear effects 

the modification size in the focus could be larger. Thus, it is reasonable to expect that the lines 

merged. Nevertheless, the demonstration of the high-resolution printing depends on the 
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measuring method. Our readout system is based on the transmission optical microscope operating 

at 546 nm wavelength, and features smaller than that can hardly be resolved.  

The star pattern induced using both 0.65 NA and 0.8 NA objectives demonstrated uniformity within 

the modified area, whereas using 1.2 NA the star pattern exhibits strong edges, which show that 

the birefringence accumulates during the writing process. The tightly focused pulses firstly induce 

random and isotropic modification inside material that further works as a precursor for nanograting 

formation. However, if the intensity gradient is too high, the modification region (voids, defects, 

pores, etc.) could be large enough that more pulses or longer distance to write are needed for 

material to self-organize into periodic pattern. Also, towards the middle of the star, the stress 

accumulates as the pulse density increases.  

 

Figure 7-6. Polarization sensitive nanostructuring in fused silica glass using three different numerical 

aperture objective lenses: (from left to right) 0.65 NA (Newport), 0.8 NA (AplanoXX) 

and 1.2 NA (water immersion, Olympus). Wavelength of 1030 nm was used. Pseudo 

colours indicate the slow axis distribution. 

However, by using high NA focusing inside a medium there appear essential spherical aberrations 

reducing the light energy concentration and lowering the physical resolution. The deeper and 

tighter focusing, leads to the stronger aberrations and light scattering. Thus, in order to design large 

number of memory layers collar correction or other tools such as phase corrections by spatial light 

modulators have to be implemented. 

7.5.1 Spherical aberrations due to refractive index mismatch 

Spherical aberrations caused by the refractive index mismatch can significantly degrade the optical 

data recording performance [214]. As the light is refracted at the interface between two media with 

different refractive indices, the adjacent part of the beam is focused deeper into the sample 

compared to the central part. As a result, a shift occurs in the position of the focus where the focal 

spot is extended in the propagation direction [215,216]. In order to minimize spherical aberrations, 

it is important to evaluate how strongly the laser beam is distorted while focusing it into the volume 

of the sample. 
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To estimate this effect, the point spread function is calculated where the electric field distribution 

in glass can be expressed as  [217]  

𝐸(𝜌, 𝑧) = ø tcos𝜑q sin𝜑q �𝜏Û + 𝜏2 cos𝜑?�𝐽0(𝑘0𝜚𝑛q sin𝜑q)𝑒𝑥𝑝(𝑖Φ
ý

0
+ 𝑖𝑘0𝑧𝑛? cos𝜑?) 𝑑𝜑q, 

(7-1) 

where 𝜙 = asin𝑁𝐴 is the half angle of the light convergence cone, 𝑘0 =
?�
�

 is the wave number in 

a vacuum, 𝜌 = t𝑥? + 𝑦? is the radial coordinate in cylindrical coordinate system, 𝜑q and 𝜑? are 

the angles of incident and refracted ray respectively, which are related through Snell’s law: 

𝜑? = asin�
𝑛q
𝑛?
sin𝜑q�. (7-2) 

The coefficients 𝜏Û and 𝜏2 are the Fresnel transmission coefficients for s and p polarizations. J0 is 

the zero order Bessel function. The function Φ is the spherical aberrations function which is used 

to describe the effect of the refractive index mismatch: 

Φ = −𝑘0𝑑(𝑛q cos𝜑q − 𝑛? cos𝜑?), (7-3) 

where d is the distance between the sample surface to the geometrical focus.  

In the calculations 0.55NA objective lens is used to focus the laser beam into the volume of fused 

silica at different depths (Figure 7-7). 

 

Figure 7-7. Modelled intensity distribution of the laser beam focused with 0.55 NA objective into 

fused silica glass at different focusing depth d. 0 position on the z axis shows the focus 

position if there is no spherical aberrations (0->d). 
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It becomes evident that the central part of the focused beam intensity distribution spreads along 

the beam propagation direction when increasing focusing depth. What is more important, the 

intensity decreases when the beam is focused deeper into the sample (Figure 7-8). 

 

Figure 7-8. Modelled intensity distribution of the laser beam at 1030nm focusing through 0.55NA 

objective into different depths of fused silica. 

Using higher numerical aperture objectives even at small focusing depth (50 µm) (Figure 7-9), the 

intensity at the focus decreases significantly and the focal spot is widespread along the propagation 

of the laser beam. 

 

Figure 7-9. Modelled intensity distribution of the laser beam focusing through 0.55 NA, 0.7 NA and 

0.9 NA objective 50 µm below the surface of fused silica glass. 
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To make spherical aberrations relevantly low, reasonable focusing depth should be chosen as well 

as the laser irradiation level should be kept to the light induced damage threshold  [215,217]. 

7.5.2 Focusing via an aberration-free objective 

The solution to compensate spherical aberration for deep high NA focusing (for example from 

surface to 2 mm inside fused silica with 0.8 NA without immersion) is suggested in the form of the 

aplanatic objective of patent pending optical design (AdlOptica Optical Systems GmbH). Composed 

from air spaced lenses, the objective provides diffraction limited on-axis and off-axis focusing at 

different depths through setting movable components in optimum for particular depth reciprocal 

positions. Then, exact compensation of spherical aberration and coma by focusing inside a 

transparent medium is provided for 0.8 NA without immersion [218]. 

 

Figure 7-10. Focusing the laser radiation (300fs, 200kHz, 300nJ, 1030nm) in fused silica using 0.8 NA 

objective at depths: (a), (b) – 50 µm, (c), (d) – 200 µm and (e), (f) – 400 µm. Views of 

calculated spots and microphotographs of processed areas: (left) no compensation of 

spherical aberration induced by deep focusing, (right) with aberration compensation. 
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The inset shows the layout of pulse groups. Values d80% are spot diameters where 80% 

of energy is concentrated, wRMS are RMS wave aberration. 

The central magnified image shows processed areas by 2 groups of 10 and 1000 pulses, 3 multi-

pulse shots in each group (Figure 7-10). Processing was done for focusing depths from 25 µm to 

400 µm with a 25 µm step. The set of processed areas, on the left from the black line, is done by 

focusing without compensation of spherical aberration. The stepwise set of processed areas, on the 

right from the black arrow, is created by focusing with compensation of spherical aberration using 

optimum settings on the aplanoXX objective for particular depths. The sets of optical transmission 

images and calculated spot views on left and right from the central transmission image are enlarged 

processed areas for characteristic depths: 50 µm, 200 µm and 400 µm. The spot views contain also 

calculated values of spot diameters d80% where 80% of energy is concentrated and RMS (root-mean-

square) wave aberration wRMS, for performance evaluation using the Maréchal criterion (Optimum 

reciprocal position of two movable lens groups in the objective is defined by minimization of 

spherical aberration in such a way that the RMS of residual wave aberration does not exceed l/14). 

Comparing the processed areas and calculated spots, the rapid degradation of focusability at depths 

more than 50 µm is observed when the beam is focused without aberration compensation. By 

focusing with compensated aberration, the modifications visually look the same at all depth, as the 

stable focusability over the whole focusing depth range is ensured.  

 

Figure 7-11. Optical transmission images (grey) of laser printed spirals with different dot-to-dot 

distance using the laser power in the range of 0.1-0.2 W at focusing depth of (left) 

100 µm and (right) 100 µm. The processing parameters were fixed at 300 fs pulse 

duration and 200 kHz repetition rate focusing with 0.8 NA objective. The insets show 

polarization sensitive images of spirals with data retrieved with 100% accuracy. 



Chapter 7 

88 

To test the quality of printed modifications for optical data storage at different depths, the spirals 

with different dot-to-dot distance were printed (Figure 7-11). The information was encoded into 3 

bits per dot having 2 levels of retardance and 4 states of polarization. One can be noted that 

modification exhibits similar threshold at 100 µm and 400 µm, and qualitatively gives the same 

results. The experiments confirm workability of the design approach applied for compensation of 

spherical aberration at different focusing depths. 

7.6 Conclusions  

All the experimental work described in this chapter on different processing conditions for 

polarization sensitive data printing suggests working close to modification threshold at shorter 

wavelengths and higher numerical aperture objective lenses. This would ensure the uniform 

structure leading to higher planar density data storage at effectively lowest energies.  

As the formation of nanogratings is the multi-pulse process, to achieve high writing throughputs, 

there is a need to deliver pulses with the highest possible repetition rate. Here, the tested repetition 

rate of up to 5 MHz shows that it can be explored for fast data printing. Also, under stationary 

printing conditions, nanogratings tend to saturate at hundreds of pulses. Under continuous fast 

movement, different number of pulses can be used to explore additional bits per printed 

modification.  
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Chapter 8: Lifetime of nanostructured medium 

Researchers have made promising progress towards optical memory with potentially high densities 

reaching up to several petabits/mm3, writing speeds reaching gigabits per second, and 

unprecedented longevity of billions of years at elevated temperatures [12,119,132,156,219–222]. 

Ultralong lifetime optical data storage is of high interest due to high operational costs and frequent 

data migration in currently used magnetization based HDD techniques [1]. In this chapter, an 

advanced study on the lifetime of ultrafast laser nanostructured optical materials is presented. A 

part of lifetime experiments can be found in M. Gecevičius’ Thesis [222]. 

Recent works suggested that a nanograting is composed of parallel planar nanocracks or 

nanoporous planes [104,223] filled with decomposed SiO2 and oxygen [224] and embedded in the 

defect-rich nanograting. In the long-term the nanocomposite will collapse and the birefringence of 

the modified regions will vanish. However, precise numerical evaluation of thermally activated 

processes and their effect on the stability of laser produced nanostructures require detailed 

experiments. At room temperature thermally activated processes in glass are too slow to be directly 

observed. Consequently, the decay rates must be measured at elevated temperatures and 

extrapolated using the Arrhenius law to the target conditions [225]. In this chapter the thermal 

stability of the retardance value of nanogratings by high temperature annealing is extensively 

analyzed. Two cases are investigated: (1) samples with scanned squares, and (2) stack of multiple 

layers of single-dot modifications. The experimental results allow estimating the lifetime of the 

structure by monitoring the evolution of retardance. 

Experiments were carried out with synthetic quartz glass (Viosil-SQ, Shin-Etsu Chemical Co., Ltd; 

annealing point 1090°C). The substrate was irradiated with ytterbium-doped potassium gadolinium 

tungstate (Yb: KGW) based mode-locked regenerative amplified femtosecond laser system PHAROS 

(Light Conversion Ltd.) operating at a wavelength of 1030 nm (photon energy ∼1.2 eV). The 

substrate was mounted on a XYZ linear air-bearing translation stage (Aerotech Ltd). Local 

orientation of the induced nanostructures, i.e. the azimuth of slow-axis of laser induced form 

birefringence, was controlled by rotating the half-wave plate mounted on the motorized rotational 

stage before the objective lens. The fabricated samples were annealed at temperatures from 950°C 

to 1150°C for up to 48 hours, and cooled down at room temperature. 

The nanostructured glass was optically characterized using the VIS/NIR micro-spectrometer CRAIC 

(integrated in Olympus microscope BX51). The laser induced birefringence, i.e. retardance and its 

slow axis, was analysed and visualized with the quantitative birefringence measurement system 

(CRi Abrio; Olympus BX51) operating at 546 nm. To reveal the morphology of structures, the 
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irradiated glass samples were lapped and polished/etched; and imaged using a scanning electron 

microscope (SEM) Zeiss Evo50, ME15 and optical transmission microscope Olympus BX51. 

8.1 Lifetime of scanned modification 

The first batch of 25 identical samples consisting of scanned squares was prepared using the laser 

system operating at repetition rate of 200 kHz. The laser beam was focused 300 µm inside the bulk 

of glass via a 0.16 NA lens. In order to increase the resulting retardance, the pulses with duration 

of 700 fs were used. Each sample consisted of 8 squares (0.5 mm ´ 0.5 mm) written with 1-1.75 μJ 

pulses polarized parallel (0deg) or perpendicular (90deg) to the writing direction. Writing speed was 

set to 1 mm/s with interline distance of 1 μm. After the irradiation the substrate was cut into 25 

identical samples, and annealed for different time length at temperatures up to 1100°C (Figure 8-1). 

 

Figure 8-1. Schematic diagram of 25 identical samples written inside the fused silica for the set of 

annealing experiments (temperature T and time t). Laser tracks are indicated as solid 

blue arrows. On the right, the microscopic image of retardance of laser written squares 

(0.5´0.5mm). The white arrows show the direction of electric field of incident laser 

beam. Colour bar indicates the retardance scale in nanometres. 

After annealing, the retardance value was expected to decrease exponentially:  

𝑅(𝑡) = 𝑅0 × 𝑒
°Kp, (8-1) 

where R(t) – retardance value, τ – decay time. However, the value of retardance of the samples 

annealed at 1000° C drops by about 40% within the first hour for each laser processing condition. 

The further decay slows down and does exhibit the expected exponential decay rate (Figure 8-2(a)). 

This indicates that annealing is a bi-exponential decay process that is composed of at least two 

decay terms, τ1 and τ2, which independently contribute to slow and fast decay:  
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𝑅(𝑡) = 𝑅q × 𝑒
° K
p¿ + 𝑅? × 𝑒

° K
pl. (8-2) 

The fast process can be attributed to annealing of the laser induced defects and stress which 

partially annihilates at low temperatures [7], whereas the slow process reflects the morphological 

slow changes of the annealed nanogratings.  

 

Figure 8-2. (a) The decay of retardance value over time during the annealing process at 1000° C. (b) 

The decay of retardance value over time at different annealing temperatures. 

Structure was processed with 1 µJ laser pulses; laser beam was polarized parallel to 

the writing direction. Horizontal dashed line indicates R0/e value. 

In order to analyse the slow component of the decay and eliminate the fast term, all 25 samples 

were pre-annealed for 1 h. The retardance values were measured and set as a new reference point 

(R0) for the further experiments. 

The pre-annealed samples were subsequently heated at four different temperatures, 950°C, 

1000°C, 1050°C and 1100°C, for a specific period of time. The retardance values for the squares 

written with 200 mW average laser power and the polarization parallel to the writing direction were 

normalized (R(t)/R0×100%) and plotted on a logarithmic scale (Figure 8-2(b)). The decay of the 

retardance was exponential for all temperatures. Once the behaviour of the structure at high 

temperatures is characterized, the lifetime at the room temperature can be extrapolated. 

Thermally activated decay time τ at the certain temperature can be evaluated by Arrhenius law: 

1
𝜏?
= 𝑘 = 𝐴 × exp �−

𝐸�
𝑘V𝑇

�, (8-3) 

where k is the decay rate, Ea – the activation energy, A – the frequency factor, T – the absolute 

temperature and kB – the Boltzmann constant. More specifically, the equation gives the 

quantitative relationship between the activation energy, i.e. the minimum energy to start the 

annealing process of nanogratings, and the rate at which the reactions take place. And the 

frequency factor represents the frequency of collisions between the molecules of modified silica. 
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As a result, the lifetime of retardance value at the room temperature (30°C) of all 8 squares with 

four laser writing powers and two polarizations were extrapolated (Figure 8-3). 

 

Figure 8-3. (a) Arrhenius plot of the laser induced nanogratings for the lifetime of the retardance 

value. Top left inset illustrates the difference between two polarizations used for the 

femtosecond laser modification when the laser power is fixed at 200 mW; bottom right 

inset shows the zoomed in region of the Arrhenius plot at room temperature. 

The obtained lifetime values at room temperature vary from 10?þ±q  to 10¡¢±q  years (Figure 

8-3(inset), and Table 1).  

Table 1. Retardance lifetime values at room temperature with its fitting parameters for all laser 

writing conditions used in this work. 

Average 
power 
(mW) 

Angle (°) 
Retardance 

lifetime 
(year) 

Activation 
energy 

(eV) 

Frequency 
factor 
(MHz) 

200 mW 

0° 

10
29±1

 2.54 0.19 

250 mW 10
31±2

 2.65 0.50 

300 mW 10
31±1

 2.69 0.69 

350 mW 10
32±1

 2.71 0.69 

200 mW 

90° 

10
37±1

 3.15 38.0 

250 mW 10
36±1

 3.06 21.1 

300 mW 10
36±1

 3.02 14.8 

350 mW 10
35±1

 3.01 12.7 

The variation strongly depends on the processing parameters such as power and polarization. The 

retardance value before the annealing is higher for parallel polarization, while the estimated 
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lifetime at room temperature is at least 4 orders larger for perpendicular polarization. It suggests 

that the strength of laser induced retardance is not a key factor defining the lifetime of the 

structure. With the laser power increase the lifetime value for the parallel polarization increases 

while for perpendicular polarization it decreases, asymptotically approaching ~1034 years (Table 1)). 

For the processing conditions specified above, the retardance exhibited by the nanogratings 

exceeds the value of 175 nm (Figure 8-2). The lowest laser power (200 mW) used in the experiments 

is close to the modification threshold, and therefore to get the sufficient tunability of retardance 

the power control is not enough. Other controlling parameters such as focusing conditions, writing 

speed or pulse duration should be also exploited. Thus, the annealing procedure can be employed 

as a post-fabrication treatment for tuning printed retarders. Depending on the annealing 

temperature and time, the retardance value was gradually reduced from over 175 nm to ~60 nm 

(Figure 8-2(b)). With such a process, any value down to zero can be achieved. 

In order to directly monitor the annihilation of birefringent structures at high temperatures, one 

side of the sample with the plane of nanogratings parallel to the written single line was cut and 

lapped/polished in a way to reveal the cross section of nanogratings. Surface imaging before and 

after the annealing process for both chemically etched and not etched samples was performed with 

a SEM, and optical transmission microscope (Figure 8-4).  

The study was carried out using SEM operating in secondary electron (SE) mode, and variable 

pressure/environmental scanning electron mode (VP-ESEM) collecting the luminescence signal by 

excitation-relaxation and electron-ion recombination of molecules in a gaseous chamber [226]. 

Using the VP-ESEM mode the gas molecules are ionized via interaction with primary, backscattered 

and secondary electrons. After short time (nanoseconds timescale), the excited molecules relax to 

the neutral ground state emitting photons. Such transition is caused by a short lifetime of the 

excited state and electron-ion recombination when the electrons emitted from the specimen or 

generated in the gas cascade are captured by ions. Due to strong electric field in the chamber, 

ionized gas molecules are attracted to the sample and recombined with the surface electrons 

mapping its insulator/conductor properties via a luminescence signal. The better insulator we have, 

the more electrons are built-up and the more electrons are emitted [226]. As a result, the regions 

with more constrained electrons in the VP-ESEM image appear brighter and vice versa. 

Nanogratings were scanned with a sub-30 nm resolution giving the grating nanoplanes as dark 

regions in a non-annealed sample (Figure 8-4). However, after the annealing at 900 °C for 1 h, the 

nanogratings in the SEM images disappeared. The optical transmission images do not demonstrate 

the drastic change in its structure after the annealing process (Figure 8-4). This means that the 

annealing procedure changes the modification in a way that it becomes invisible to the VP-ESEM 
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imaging even though it barely changes optically. Knowing that the laser induced defects in a SiO2 

matrix annihilate at high temperatures [227], we attribute these oxygen deficient regions as the 

basis for the observed surface conductivity map. 

 

Figure 8-4. Optical (orange) and SEM (grey) images of the cross-sectioned laser single tracks before 

and after annealing without and with KOH (1M, 24h) etching. Laser power was fixed at 

200 mW. Scale bar is 5 µm. 

To ensure that the laser induced structure remains after the annealing process, the etching 

procedure before SEM imaging was performed. The presence of nanograting is clearly observed for 

the annealed and not annealed samples after etching for 24 h in potassium hydroxide (KOH, 1 

mol/L, 20°C) (Figure 8-4, right). The tendency of electrons to localize in the higher density at the 

surface edges of etched grooves causes the electrons build-up. Therefore, in the etched samples 

the nanoplanes are displayed bright [228] and the imaging corresponds to the surface topography 

rather than defects mapping like in Figure 8-4. The annealed structures are less visible in 

comparison to the non-annealed. The ongoing etching of the annealed sample is determined by the 

remained ºSi–Siº defects and almost unaffected by the structural morphology. At the initial stage 

of annealing process the laser induced defects annihilate leading to the conductivity contrast and 

etching selectivity decrease while at the further stage the annihilation of laser induced 

morphological change takes part. This can also explain the retardance decay process which is 

composed of two independent fast and slow decay components (Figure 8-2). The fast decay 

component of retardance is related to the annealing of laser induced defects and the laser induced 

morphological change corresponds to the slow decay component. 
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8.2 Lifetime of random data 

The second batch of 25 identical samples consisting of 20 layers of printed dots was inscribed on a 

single substrate using the laser system operating at a repetition rate of 500 kHz with the pulse 

duration of 350 fs. The laser beam was focused from 75 µm to 360 µm deep inside the bulk of glass 

via a 0.65 NA lens. Each layer consisted of 100´100 dots separated by 5 µm (0.5 mm ´ 0.5 mm). To 

induce two different levels of retardance, 30 (ret level 1) and 200 (ret level 2) pulses with pulse 

energy of 0.13 μJ were used. After the irradiation the substrate was cut into 25 identical samples, 

and further annealed under different conditions (Figure 8-5). 

 

Figure 8-5. (a) The set of 25 samples consisting of identical stacks of dots written inside the fused 

silica. Each sample was used for the annealing experiments (different temperature T 

and time t). Single layer is made of 100´100 dots with 5 µm dot-to-dot distance. (b) 

Schematic diagram of the stack of 20 layers, where the top-right image shows the slow 

axis orientation and the bottom-right image shows the retardance map of the 

imprinted dots before annealing. Pseudo colours represent the orientation of slow axis, 

and colour bar is a linear retardance scale in nanometres. 

The full control of form birefringence including strength of retardance and orientation of slow axis 

was used to encode digital information. In this work, the random data is encoded into four different 

orientations and two different levels of retardance allowing to store 3 bits of information per each 

birefringent dot. In this case, two dots can be used to encode 64 different characters. More bits 

could be added by increasing the number of levels both for the retardance and orientation of the 

slow axis, or parallelizing the writing system, where the same laser nanostructuring could be used 

to store 1 Byte of the information or more within the single laser shot [229]. Thus, in addition to 

the lifetime estimate, the readout of random digital data was also monitored for each sample. 

It is known that the formation of nanostructures is accompanied by compaction and rarefication 

processes affecting the surrounding medium and leading to the stress induced birefringence [68]. 
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Such birefringence has radially distributed optical axis around each dot, and therefore distorts the 

readout of the encoded data. This effect is extremely severe for multi layered structures where the 

random azimuth values of surrounding birefringence are accumulated increasing noise in the read-

out data. As mentioned earlier, the fast process of annealing is attributed to the laser induced 

defects and stress. Thus, the annealing of samples for 24h at 950°C, 6h at 1000°C, 2h at 1050°C, 

and 1h at 1100-1150°C fully eliminates the stress (Figure 8-6). As the annealing of nanogratings is 

governed by the slow decay term (Eq.(8-2), form birefringence is still present, thus the quality of 

the readout data is drastically improved. Under the extreme annealing conditions, i.e. temperature 

is close or above the glass annealing point (1090°C for Viosil-SQ), crystallization of the substrate 

takes place. For 24h at 1050°C, 6h and 24h at 1100°C, and 6h at 1150°C the surface of the samples 

is crystalized but the data is still retrievable, while for 24h at 1150°C the sample is fully crystallised 

and no data observed. 

 

Figure 8-6. Retardance images of the samples before and after the annealing experiments. Red-

marked images indicate the samples annealed under the conditions sufficient to 

initiate the crystallization of the substrate. The scale bar is a linear retardance scale in 

nanometres.  

Both the lifetime and data readout were acquired analysing the retardance and its slow axis of dots 

of the 10th of 20-layer stacks. The retardance as a function of annealing time and temperature are 

plotted for two retardance levels, and averaged for all four polarizations states (Figure 8-7(a)).  

Similar to the multi-scan laser writing (Figure 8-2(a)), the value of retardance of printed dots 

annealed for 1 hour at temperatures from 950°C to 1150°C drops for about 40%. To minimize the 
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influence of the fast decay term, further lifetime studies were performed monitoring the relative 

retardance change, where the sample annealed for 1 hour was selected as the reference.  

 

Figure 8-7. (a) Retardance dependence on annealing time and temperature. (b) Arrhenius plot of 

the laser induced different levels of retardance (red – high values, black – low values) 

for the lifetime approximation at the room temperature. The inset shows the zoomed 

in region of the Arrhenius plot fitted to experimental values at high annealing 

temperatures. 

The subsequent annealing from 2 to 6 hours exhibited an increase in the retardance, and in some 

cases, e.g. 1050°C, the growth was by as much as 27% compared to the reference. This behaviour 

is attributed to the erasure of stress when the birefringence with radially distributed optical axis is 

eliminated enhancing the overall value of retardance. Finally, for all samples annealed for 24h the 

retardance was decreased, e.g. at 1000°C the value drops by roughly 20%. This tendency was also 

observed for multi-scan writing indicating similar thermal stability for both scanned squares and 

printed dots. 

Table 2. Retardance lifetime values at room temperature with its fitting parameters for two levels 

of retardance. 

 
Retardance 

lifetime 
(year) 

Activation 
energy 

(eV) 

Frequency 
factor 
(MHz) 

ret level 1 10
29±2

 2.07 0.0002 

ret level 2 10
47±2

 3.49 21.72 

Based on Eqs.[(8-1)-(8-3)] and the relative retardance change after the annealing from 1h to 24h at 

950-1100°C, the decay times, activation energy and frequency factors are approximated to room 
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temperature for two different levels of retardance (Figure 8-7(b), Table 2). The lifetime for low 

retardance level is 10?þ±? years, and for high retardance level is 10Ð¢±? years. The nanogratings 

formation inside the fused silica is a multi-pulse process [108,109,192]. If the pulse energy is below 

the damage threshold and the heat accumulation from pulse-to-pulse is low, the more pulses are 

delivered, the higher uniformity of the nanogratings is achieved. Therefore, the higher level of 

retardance is expected to withstand more extreme temperatures. 

In the case of scanned squares (Figure 8-1 - Figure 8-3)), the retardance values are controlled by 

changing the pulse energy while the pulse density is kept the same. The retardance increase for the 

same polarizations is followed by the more rough structure filled with micro-cracks, 

inhomogeneities, etc. Thus, the overall relationship between the retardance value and its lifetime 

cannot be defined. The morphology of the structure for each laser material processing conditions 

should be discussed. 

8.3 Conclusions 

The annealing of ultrafast laser nanostructured fused silica is demonstrated. By monitoring the 

anisotropy, it is shown that the thermal treatment can be employed for controlling the magnitude 

of retardance, and eliminating the stress induced birefringence. This gives additional degree of 

control as well as improves the readability of imprinted digital information. The laser induced 

structure is thermally stable up to 1150°C for 6 hours. According to Arrhenius law, at room 

temperature the lifetime of nanostructured medium is varying from 10?þ±? to 10Ð¢±? years. Our 

study neglects influence of the temperature variation over long period of time, glass corrosion, 

water hydrolysis and penetration, subcritical crack growth and nanocracks, glass relaxation, and 

other effects, which cannot be easily evaluated. On the other hand, it is clear that if the temperature 

does not increase drastically, we would have the optical medium with very long lifetime. 
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Chapter 9: Advanced data recording 

Numerous research activities have been discussed in previous chapters on optimizing the 

processing conditions and materials used for optical data storage. However, in order to elevate the 

recording to a higher level, other directions should be also considered. Exploiting the volume of the 

recording media for multilayer memory, as well as the enrichment of the possible encoding states 

for both retardance and/or polarization directly lead to the increase of storage capacity. In this 

chapter the brief discussions on various advancements including extra degrees of freedom, record 

number of layers, calibration of retardance levels, etc., and potential ideas for further research and 

development are given. In addition to the enhanced form birefringence of laser induced periodic 

surface structures in ITO thin films already discussed in Chapter 6, possible future applications of 

ITO in optical data storage, flat optics and liquid crystal alignment are presented. 

9.1 Multilayer stacks and its readout 

To test the quality on the nanostructuring for data storage in multilayer in terms of higher capacity, 

we printed several 20-layer stacks with different dot-to-dot distance.  

 

Figure 9-1. Top view images of (top) slow axis orientation and (bottom) retardance of structures 

induced by 30 (smaller dots) and 200 pulses at a constant 130 nJ pulse energy printed 

with different dot-to-dot distance as the topmost (L20) and the bottommost (L1) layer. 

Pseudo colours represent the orientation of the slow axis induced by four different 

polarizations. Colour bar is a linear retardance scale in nanometres. 

Samples were irradiated with 300 fs pulses at the repetition rate of 500 kHz focused via a 0.65 NA 

objective lens. The laser was operating at a wavelength of 1030 nm. The different levels of 

retardance were controlled using 30 and 200 pulses at 130 nJ pulse energy. Continuous data 

printing at 0.5 mm/s speed was ensured for each set of stack, where dot-to-dot distance was 5 µm, 



Chapter 9 

100 

2 µm, and 1 µm and the separation between layers was 15 µm. The topmost layer was 75 µm, and 

bottommost layers was 360 µm below the surface of silica substrate. No spherical aberrations 

correction was applied. 

 

Figure 9-2. Optical transmission side view images of laser printed dots at different distance. Laser 

processing parameters: 30&200 pulses, 500 kHz, 130 nJ, 300 fs; the laser beam was 

propagating from top to bottom. Insets on the right of each block is magnified (top) 

optical transmission and (bottom) retardance images of the first 8 dots in the topmost 

and the bottommost layer. Some dots do not show retardance as the optical axis is 

perpendicular to the monitor. Colour bar is a linear retardance scale in nanometres. 

In order to follow the topmost (L20) and bottommost (L1) layers in the stack, a fixed sequence of 

first 8 dots with two levels of retardance and 4 levels of slow axis was used. For L20 layer the first 

4 dots were printed to exhibit low retardance level and 4 levels of slow axis, and the second set of 

4 dots were printed to exhibit high retardance level and the same 4 levels of slow axis. In the case 

of L1 layer, every second dot starting from the first exhibits high retardance level and 4 levels of 

slow axis, whereas every second dot starting from the second one exhibits low level of retardance 

and 4 levels of slow axis (Figure 9-1). The strength of retardance in the L20 layer is almost two times 

higher compared to the L1 layer due to the aberrations caused intensity decrease in the 

modification area. However, the absolute values of retardance are not important, and the decent 

gap between the levels have to be maintained. Thus, going down to 360 µm depth in silica the 

retardance levels of the retrieved data still can be separated, and not less than 20 layers could be 

realized. 
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Analysing the multilayer stack from the side (Figure 9-2), one can be seen that the birefringent part 

of the structure (Figure 9-2, magnified inset at the bottom) is twice smaller than the structure itself 

observed by optical transmission microscope (Figure 9-2, magnified inset at the top). Also, the 

length of the structure induced with higher number of pulses is significantly longer compared to 

lower number of pulses, what in general correlates well with the retardance measured from the 

top, as the retardance is directly proportional to the length of structure (Eq. (3-12)). Some dots in 

the side view retardance image do not show retardance as the optical axis is perpendicular to the 

monitor. 

The retrieved retardance and slow axis orientation values of the single layer stack or of the topmost 

layer in 20 layers stack exhibit similar averaged values (Figure 9-3). However, the values of the first 

layer in 20-layer stack are not so tightly confined compared to the single layer. It is noticeable in 

1/20 layer case that the deviation of retardance values does not influence the ability to separate 

the levels (the reference value to define two different state of retardance remains 38 nm), while 

the slow axis orientation levels is more difficult to retrieve as values start intersecting. It shows that 

in the multilayer case the readout is affected by interlayer crosstalk. In general it depends on the 

size of the recorded patterns and the quality of the structure itself, the distance between dots, the 

interlayer distance, etc. and accumulates all the effects reducing the accuracy of the read-out. 

 

Figure 9-3. Comparison of the readout data, that is retardance vs slow axis orientation, of (left) the 

first layer in 20-layer stack and (right) single layer. Red dashed line marks the reference 

value of the retardance. 

Under certain experimental conditions, reducing the distance between dots from 5 µm to 1 µm, 

when the information is still highly accurate (the readout of 91% is shown in Figure 7-5), allows to 

store 85 GB instead of 3 GB in 20 layers per DVD size disc. In order to meet the requirements for 

ultrahigh-density data storage, that is to store more information in comparison to conventional 

optical storage devices (more than few tens of gigabytes [230]), the single shot of information 

should be stored in a diffraction-limited region. In our case, to elevate the optical storage into multi-
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capacity storage media, more layers should be imprinted. Recently, researches in Japan successfully 

printed  and retrieved information from 100 layers [159]. However, several points that simplified 

writing/reading system have to be noted. The information was coded in the form of a QR code, 

where modified region represents ‘1’ bit, and unmodified region means ‘0’. This makes the patterns 

less dense and causes higher contrast between zeros and ones what makes it easier to read. The 

printing of stack was realized recording 50 out of 100 layers from one side and the remaining 50 

layers from the other side of the fused silica. 

Here, it is shown the successful and uninterrupted 100-layer printing data and readout of single 

level retardance and four different states of polarization. The printing conditions were set to 600 fs 

pulse duration at 200 kHz repetition rate. The laser was operating at a wavelength of 1030 nm. The 

different retardance levels were ensured using 40 and 80 pulses at 1 µJ pulse energy. The 

polarization sensitive images of the bottommost layer from 100-layer stack is shown in Figure 9-4. 

The accumulation of defocused structures resulted in strong background for both retardance and 

slow axis maps. 

 

Figure 9-4. Polarization sensitive maps of the 100th layer in a 100 – layer stack. Top view images of 

(left) retardance and (right) corresponding slow axis orientation. Layers were 

separated by 15 µm. Pseudo colours represent the orientation of the slow axis. Colour 

bar is a linear retardance scale in nanometres. 

The different slow axis orientation of the imprinted structures lead to different background around 

each modified region. Thus, for some dots the retardance value is minimized and for some dots the 

value is maximized. For this reason, complex readout procedure to decode the information was 

developed (Figure 9-5). Initially, to find the peak value according to the basic readout steps already 

described in Chapter 5.3, the constant value of the retardance and the slow axis orientation (mask1) 

as a background value was adapted for image processing. The second background value for both 

cases were obtained from the averaged region around each modified spot within the range of 4 

pixels (mask2). The calculations to obtain retardance and slow axis orientation of the birefringent 

structure with background removal is based on the Jones matrices as used in quantitative 
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birefringence measurements ( [72], Chapter 3.1). Thus, the demonstrated procedure allows to fully 

retrieve information from the processed images. 

 

Figure 9-5. Complex readout procedure to retrieve information from the dots printed in 100th layer 

of 100-layer stack. (top) retardance and (bottom) slow axis orientation processed using 

two independent masks. Colour bars are (top) a linear retardance scale in nanometres 

and a slow axis orientation scale in degrees. 

Even if the retardance values are affected by the neighbouring layers, the slow axis levels still can 

be successfully retrieved. Thus, just by giving away the retardance levels, we could potentially gain 

extra bits from slow axis orientations, and further realize 100+ layers of data storage. 

9.2 Reducing the induced stress birefringence 

One of the major tasks related to high capacity data printing is to minimize the stress accumulated 

birefringence throughout the stack of layers. Although there are image processing methods 

allowing to retrieve and clean up the information, it is always efficient to have tools purifying the 

raw data. The post-processing solutions such as thermal treatment of the imprinted structures, or 

implementation of less stress generating materials, should be considered. 

9.2.1 Annealing of nanostructured medium 

The following discussion is the continuation of the annealing experiments done to evaluate the 

lifetime described in Chapter 8. Here the brief discussion on the results of retrieved data is given. 

The polarization sensitive images of magnified 10th layer from 20-layer stack before the annealing 

shows the accumulation of stress around each birefringent spot leading to the distortion of printed 

data (Figure 9-6). The slow axis orientation is retrieved within standard deviation of 6 and 5 degrees 
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for lower and higher retardance levels, respectively. After thermal treatment for 24 hours at 1000°C 

the maps of slow axis orientation and retardance exhibit significant improvement. Visually dots look 

more uniform and localized within printing area. The distribution of slow axis gives 4.5 and 4 

degrees error bars for lower and higher level of retardance respectively. This result enriches 

possible encoding polarization states by 33%, when instead of 15 different slow axis orientations, 

the data could be coded into 20 without intersection between different states. 

 

Figure 9-6. Readout of the imprinted data of 10th layer in a 20-layer stack (a) before and (b) after 

the annealing at 1000°C temperature for 24 hours. Images from left to right: the 

distribution of the slow axis, retardance map, and retrieved values of retardance 

dependence on slow axis orientation. Closed symbols (¢,�) represent higher level of 

retardance, and open symbols (¤,�) represent lower level of retardance. Colour bar 

shows a linear retardance value in nanometres. 

The digital information is retrieved combining two sets of data provided by raw birefringence 

measurements, that is retardance and slow axis orientation values. The error rate increases when 

the different level values start overlapping, thus it is important to keep the sufficient statistical 

distance between the levels. The normalized statistical distance is expressed as 

∆= �(ret2 − 𝜎?) − (ret1 + 𝜎q)� (ret2 − ret1)⁄ , (9-1) 

where 𝜎q,? is standard deviation of measured retardance values for low and high levels. When ∆ is 

approaching to 0, the error rate starts growing. The readout of recorded random data of not 

annealed sample is slightly above 98%. After annealing for up to 24h at 950-1050°C, the readout in 

all cases is close to 100% (Figure 9-7(a)). However, annealing for 24h at 1100°C and 1150°C, the 



Chapter 9 

105 

readout drops to 76% and 0%, respectively, while for up to 6h at both temperatures the readout is 

still more than 99%. The initiated crystallization of silica substrate is the key factor causing the 

drastic error rate increase. 

 

Figure 9-7. (a) Readout of the imprinted data after the annealing at different temperature for 

different amount of time. (b) Statistical distance between two levels of retardance 

dependence on the annealing time. The insets represent the distribution of readout 

retardance values after annealing for the particular time. 

The normalized statistical distance is always higher after the annealing unless the crystallization 

takes place (Figure 9-7(b)). For the 1000°C samples annealed up to 6 hours the statistical distance 

is increasing up to 0.7, and saturates within the further annealing time. For the 1100°C samples the 

statistical distance peaks after three hours, and drops to 0.27 after 24h. The histograms in Figure 

9-7(b) correlates very well with the statistical distance: the separation of high and low levels is 

maximized after the 6-24 hours at 1000°C and 3-6 hours at 1100°C showing the advantage of the 

thermal treatment of the ultrafast laser nanostructuring based optical data storage. 

The above demonstration on annealing of recorded data was done having 5 µm dot-to-dot distance. 

The annealing procedure is expected to be even more effective when the dots are printed with 

smaller dot-to-dot distance as the stress accumulation would be more enhanced, e.g. in the case of 

2 µm dot-to-dot distance (Figure 9-8). Visually strong stress around the modified region is 

completely removed after the thermal treatment. The blurring of finite data patterns by defocusing 

leads to higher value of retardance towards the centre of sample, i.e. the bottom right corner of 

the image (Figure 9-8, right), compared to the corner of the printed area. This retardance increase 

is attributed to the interlayer crosstalk accumulated birefringence, as moving to the centre the 

focused illumination passes more birefringent structures. After the annealing the bottommost layer 

of the 10-layer stack can be retrieved successfully, whereas for the bottommost layer of 20-layer 

stack still the additional image processing must be applied. 
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Figure 9-8. (left) Cross-polarized mode transmission and (right) magnified retardance images of the 

corner of the bottommost layer of 10-layer and 20-layer stack before and after the 

annealing experiments. Data was printed with 2 µm dot-to-dot distance. The inset 

shows slow axis orientation of dots printed in 20th layer. Colour bar is a linear 

retardance scale in nanometres. Pseudo colours (inset) indicate the orientation of the 

slow axis. 

9.2.2 Porous glass as a medium for reduced stress modification 

Another possible solution to avoid accumulative stress-birefringence, accumulative edge-

birefringence, scattering, etc., is to seek for the materials other than fused silica that could allow to 

achieve more uniform structures without any collateral effects. According to our study on various 

density glasses ( [192], Chapter 6.2), porous glass is a promising host medium providing uniform 

birefringent structure without any observable stress. The intrinsic cavities of the material allow the 

densified silica after the irradiation to pack in a very confined region without transferring the stress 

or cracks to the surrounding material. Therefore, it is reasonable to expect that multilayer memory 

stack in porous glass can be read with less data distortions than fused silica. Comparing the 

bottommost layer of both glasses (Figure 9-9) it can clearly be seen that background of the porous 

(sol-gel) glass pattern can be neglected, while for fused silica glass, it requires additional processing. 



Chapter 9 

107 

 

Figure 9-9. Polarization sensitive images of the bottommost layer of 10-layer stack with data printed 

using 5 µm dot-to-dot distance in (left) porous sol-gel glass and (right) fused silica glass. 

Top images represent the orientation of slow axis of imprinted data points and bottom 

images show its retardance. Pseudo colours indicate the orientation of the slow axis. 

Colour bar is a linear retardance scale in nanometres.  

9.3 6-dimensional data storage 

The main idea behind the information multiplexing is to have an enhanced amount of data within 

the same volume of a recording medium. As demonstrated that the information is encoded in 

retardance levels and slow axis orientations, which are independently realized using different 

number of pulses or pulse energy and controlling the orientation of linear polarization of an incident 

laser beam. From the experimental observations while printing information under the continuous 

scanning, the number of pulses or, in this particular case, the length of the structure can be used to 

multiplex information and thereby boost the storage capacity. The physical dimensions and 

features of the structure can be used not only to increase the capacity, but also as versatile means 

to encrypt information for data security, which is very important aspect of any memory system. 

The coding principle of 6-dimensional data storage gives 2 different levels of retardance, 8 different 

states of polarization and 8 different lengths of the structure. Therefore, each modified region 

stores 1 Byte of information (Figure 9-10(a)). The idea was implemented printing data every 10 µm 

with a pulse duration of 300 fs, pulse energy of 130 nJ, focusing via 0.65 NA, and moving the sample 

at relatively low speed of 0.1 µm/s, as to ensure the stable and jitter-free movement for reasonable 

demonstration. Different length, 𝑙, of the structure was achieved using different number of pulses: 

𝑙 = 𝑁 ∙ 𝑉 ⁄ 𝜈, (9-2) 
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where 𝑁  – is a number of pulses, 𝑉  – translation speed, 𝜈  – repetition rate of the laser. 

Combination of qualitative and quantitative birefringence measurements is needed to separate 

each data point into required levels and states. The readout procedure should include averaging 

and/or summing up the peak value of the structure and more pixels around it (Figure 9-10). 

 

Figure 9-10. Demonstration of 6-Dimensional data storage. (a) Basics of coding: 2 levels of 

retardance, 8 levels of slow axis orientation, and 8 different lengths of the imprinted 

structure give 1 Byte per character. (b) Polarization sensitive image of encoded text: 

(top) retardance and (bottom) its slow axis orientation. Colour bars are linear 

retardance scales in nanometres. Pseudo colours indicate the orientation of the slow 

axis. 

The requirements for ultrahigh density and high reading/writing throughputs raise the concern that 

in order to store more bits per spot, the data will not be not as dense as in the 5D data storage case. 

However, the current technologies allow motion control achieving nanometres precision. Going 

down to sub-micron dimensions of single modification, still multiple levels of elongation could be 

realized. In general, the capacity of the medium directly corresponds to the number of bits per spot, 

and nonlinear dependence on the dot-to-dot distance. The main benefit of the demonstrated 

technique is to associate retardance, slow axis and length as it could be as an extra degree of 

freedom or as a supplementary information for any of the dimensions and, therefore, would help 

to increase the rate of readability. 

9.4 4-bit dot printing 

To store vast amounts of information at reasonably high speed requires the optimization of the 

system for both higher bit-per-dot density and synchronized continuous movement of the stages. 

By precisely rotating the polarization orientation, flexibility of the encryption key can be achieved 

and more states of information can be encoded in the same spatial region. Instead of using four 

different states of polarization in addition to two levels of retardance, the data was encoded into 
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eight states giving 4-bit dot printing (Figure 9-11). Therefore, 256 characters can be printed using 2 

dots. 

However, while increasing speed, not consistent positioning of data points was observed as it lead 

to incorrect retardance and slow axis orientation values in the readout. The 100% readout for 

printing 4-bit data points was ensured with error-correcting codes. 

 

Figure 9-11. Snapshot of a single window GUI software for readout demonstrating the retrieve data 

coded in 2 levels of retardance and 8 states of slow axis orientation per printed dot. 

Reed-Solomon encoder was applied to ensure the 100% readout. 

Originally introduced in 1960 [231], Reed – Solomon codes have a long list of prominent 

applications in consumer technologies like CDs, DVDs, Blu-ray Discs, QR codes, data transmission 

technologies, etc. For example, the readout technologies allow a 100% data recovery even if a 1 mm 

scratch on the disc along the data track is induced. 

The Reed-Solomon code is based on univariate polynomials over finite fields, and it is able to detect 

and correct multiple symbol errors. By adding t check symbols to the data, Reed-Solomon code can 

detect any combination of up to t erroneous symbols, or correct up to t/2 symbols. Depending on 

the encoding procedure, the set of all codewords are described differently. The text is broken into 

data blocks with a particular number of symbols, i.e. message length k. Every data block is combined 

with t check symbols into codeword n. The codeword cannot be longer than 2m- 1, where m is 

number of bits per symbol. 
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Experimental results of printing 2 levels of retardance and 8 different states of slow axis orientation 

are shown in Figure 9-11. The detailed explanation of the software is given in Appendix II. The 

retardance value from 10 to 40 nm for lower level and from 40 to 80 nm for higher level, and the 

mean values of 21°, 45°, 67°, 85°, 108°, 129°, 152°, 179°with deviation of ±8° were obtained. The 

errors caused by intersect of the retrieved data was compensated using Reed-Solomon error-bit-

correction with additional 10% of check symbols. This could be reduced within different parameters 

used for data printing. 

9.5 5-bit dot printing 

In experimental results described in this thesis, the levels of retardance have been mainly controlled 

using a different number of pulses. The nanograting formation is a multi-pulse effect and requires 

at least tens of pulses to obtain a uniform nanograting. Furthermore, the retardance value saturates 

within hundreds of pulses making it difficult to achieve more levels of retardance. Under some 

particular processing conditions, delivering thousands of pulses, higher retardance can be achieved. 

 

Figure 9-12. Calibration pattern of ultrafast laser nanostructuring. (Left) Slow axis orientation of 

printed dots. Pseudo colours indicate the slow axis orientation. (Middle) Laser-induced 

retardance using the same processing conditions for every dot. (Right) Laser-induced 

retardance using different number of pulses for every dot while all other processing 

conditions were kept the same. Dot-to-dot distance is 2 µm. Colour bar is a linear 

retardance scale in nanometres. 

As it was discussed before in sub-chapters 3.5, 5.3, 6.1, the strength of laser induced birefringent 

dots depends on the incident laser polarization mainly caused by intrinsic spatio-temporal beam 

distortions and s-, and p-polarized light interaction with the modification front. The apparent 

manifestation of the polarization is provided in Figure 9-12. The dependence was compensated 

applying additional number of pulses so that retardance increased from 20 to 45 nanometres. 
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This technique can be immediately applied to optical data printing increasing number of bits per 

dot to 5. For each pulse energy used, the analogous calibration patterns were acquired. Working 

with 300 fs pulse duration, 515 nm wavelength at 500 kHz, and 0.65 NA objective lens, four 

different levels were realised at pulse energies of 200 nJ, 120 nJ, 80 nJ and 60 nJ, from the highest 

level of retardance to the lowest, respectively. 

 

Figure 9-13. The distribution of the readout data depending on the slow axis orientation and the 

level of retardance.  

5 bits are enough to encode all capitalized letters with additional numerals and/or punctuation 

signs, what would be beneficial for the fast text printing increasing the writing speed two times. 

Potentially 16 states of polarization and 4 retardance levels could be obtained within dot-to-dot 

distance of 1 µm. This gives 6 bits per dot. Taking these condition into account, the density of one 

layer CD size disc would be around 9 GB. 

9.6 Fast printing 

Another challenge on the way towards big data storage is low writing throughputs. It is equally 

important to boost writing speed as it is to increase storage capacity. Various optical parallelism 

methods for generating multifocal arrays or parallelized writing have been proposed, and yet single 

beam single shot printing should be maximized at first. 
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Figure 9-14. Snapshot of oscilloscope monitoring the output of electro-optic modulator (C2) and 

output of the laser (C1). Numerals mark the issues to be addressed. 

The current maximum (in the Lab) polarization modulation rate of 20 kHz allows delivering 

maximum 25 pulses at a maximum 500 kHz laser repetition rate. In order to have approx. 50% duty 

cycle, the maximum 12 pulses can be delivered (Figure 9-14).  

The polarization modulation rate was reduced to 10 kHz and number of pulses increased twice. In 

this case 25 pulses were fired, which is sufficient condition to induce uniform birefringent spots. To 

keep it simplified for demonstration, multiple scans with random data were repeated. The pulse 

energy was changed from scan to scan in order to find the energy window for best quality printing. 

 

Figure 9-15. Polarization sensitive images of dots printed with 25 pulses when the writing speed 

was set to 40 mm/s, and polarization control was fixed at 10 kHz. Colour bar is a linear 

retardance scale in nanometres. Pseudo colours indicate slow axis orientation. 

In order to make dot-to-dot separation of around 4 µm at 10 kHz polarization modulation, the linear 

scanning speed has to be set to 40 mm/s. The high scanning speed is a critical factor towards high 

quality nanograting. The induced retardance varies from almost zero value to 20 nm, depending on 

the polarization orientation. This effect is mainly attributed to s- and p-polarization interaction with 
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the modification front. The temporal separation between two pulses at 500 kHz is 2 µs. Thus, the 

scanning speed of 40 mm/s makes the spatial separation of 80 nm between two pulses, and roughly 

2 µm separation between the first and 25th pulse. This causes strong polarization effect as p-

polarized light due to Fresnel reflections will be deposited into material more effectively compared 

to s-polarized light. Furthermore, the retardance calibration is not feasible as the maximum number 

of pulses is limited to 50, and the energy window is too narrow due to the retardance saturation 

very close to the modification threshold (Figure 9-15). These results clearly indicate that the burst 

of pulses within the sub-microsecond should be delivered in order to induce repeatable 

nanograting.  

9.7 Applications in ITO 

Almost two decades ago, it was demonstrated that femtosecond laser pulses focused inside silica 

glass can lead to self-assembled nanogratings [7,8], which exhibit birefringence comparable to 

quartz crystals [103]. Later, this anisotropy in silica was engineered to surface nanogratings showing 

a threefold birefringence increase [64]. Although the laser induced birefringence is high enough for 

realization of various functional elements, the resultant thickness of nanostructures limits its 

performance in flat optics [121]. Recent experimental investigations revealed two orders of 

magnitude higher birefringence in amorphous silicon [202,203] and silicon carbide [204] films, 

suggesting that the high-refractive-index materials could be used for fabricating anisotropic 

surfaces. However, high intrinsic losses of materials and low quality of induced LIPSS prevent the 

realization of efficient optical elements. This challenge can be overcome by using materials with a 

transparency window in the visible spectrum as in ITO, and achieving precise direct-writing of high-

frequency nanostructures. 

9.7.1 Polarization and intensity multiplexed data storage 

The laser processing conditions used to record digital data are chosen based on the Figure 6-18 and 

Figure 6-19. The pulse energy is kept slightly above the modification threshold in order to attain the 

high quality of induced nano-ripples, i.e. transmission higher than 85% and retardance up to 15 nm 

at 546 nm wavelength. In the case of single dot printing (Figure 9-16), 10 and 20 pulses with the 

energy of 4 nJ; and for parallel recording (Figure 9-17), 10 pulses with the energy of 0.38 µJ are 

used. The increase of threshold energy for parallelized processing is caused by the intensity spread 

out in the image plane when only a fraction of the energy located at the hot-spots in the central 

part of the pattern focused on the ITO film is absorbed to induce the modification (Figure 

9-17(a),(i)). If the spot size of the input beam is reduced enough to have a sufficient intensity in the 
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central part of the pattern, single dot modification (i.e. single voxel) with merged regions of four 

independent slow axis orientations could be produced. 

 

Figure 9-16. Polarization and intensity multiplexed data storage. (a) Images of the (left) retardance 

and slow axis orientation of imprinted dots, and (right) the corresponding enlarged 

area under SEM. Insets represent structures induced using 10 and 20 pulses at a fixed 

4 nJ pulse energy, 0.4 ps pulse duration, and focusing via 0.65 NA objective lens. Colour 

bar is a linear retardance scale in nanometres. Pseudo colours represent the 

orientation of the slow axis. Scale bar is 1 µm. (b) Distribution of the readout data 

points depending on the slow axis orientation and the level of the retardance. Blue 

and red points indicate the modification induced by 10 and 20 pulses, respectively. (c) 

Text retrieved from the readout data points.  

For parallelized recording the single pass spatial light modulator (SLM) (Hamamatsu Photonics) and 

fixed quarter-wave plate approach, similar reported elsewhere, [232,233] is implemented (Figure 

9-17 (a)). For input linear polarization aligned 45° to the direction of liquid crystal optic axis, the 

incident light experiences phase retardation from 0 to 2p radians depending on the input pixel value 

in 8-bit grayscale image (600´800 pixels). The resultant beam passing the quarter-wave plate 

acquired linear polarization of any orientation from 0° to 180° with ~0.7° resolution. Thus, the 

generated SLM pattern of four segments with four different grayscale values is imaged on the ITO 

film using f1,2,3 = 400, 125, 200 mm lenses and 0.65NA (f = 2.8 mm) objective. 

For single beam irradiation (Figure 9-16), the data is encoded into four different orientations and 

two different levels of strength of nanostructuring. Thus, each birefringent dot holds 3 bits of 

information, and therefore 2 dots represent one character. In this case, 64 different characters can 
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be encoded. In parallel recording case (Figure 9-17(a),(b)), four independent polarizations give the 

ability to store 1 Byte of information within one shot, which corresponds to one 8-bit character. 

The information is retrieved combining two sets of data provided by raw birefringence 

measurements (Figure 9-16(a) and Figure 9-17(b)). Analysing the distribution of the readout data 

points (Figure 9-16(b)), the retardance value from 2 nm to 7 nm for lower level and from 7.5 nm to 

14 nm for higher level, and the mean values of slow axis of around 2°, 47°, 92°, 137° with maximum 

deviation of ±8° are obtained. Both for single dot and parallel recording the 100% readout is 

demonstrated (Figure 9-16(c) and Figure 9-17(c)), with no additional error corrections applied. 

 

Figure 9-17. Parallel recording of polarization multiplexed data using a spatial light modulator (SLM), 

under conditions: 10 pulses at a fixed 0.38 µJ total pulse energy, 0.4 ps pulse duration, 

and focusing via 0.65 NA objective lens. (a) The sketch of ultrafast laser direct writing 

setup: Gaussian to flat-top beam shaper (BS), half-wave plate (l/2), SLM, imaging 

lenses (L1, L2, L3), quarter-wave plate (l/4), removable CCD detector (D), mirror (M) 

and objective lens (OL). Blue arrows indicate the input polarization. Insets show the 

intensity distribution of the beam imaged (i) without and (ii) with linear analyser on 

the detector. (b) The principle of data recording: within one shot (voxel) four dots with 

independent polarization are imprinted allowing to store 1 Byte of information. (c) 

Polarization sensitive imaging of recorded “LIGHT”. (Top) Retardance map of the 

imprinted structures with its corresponding (bottom) slow axis orientation. Colour bar 

is a linear retardance scale in nanometres. Pseudo colours represent the orientation 

of the slow axis. Scale bar is 10 µm. 

The writing capacity depends on the bits per dot density and the planar compaction of 

modifications. Under the laser processing conditions discussed in this work, the separation between 

dots can be reduced down to 1 µm (Figure 9-16(a)). Furthermore, the slow axis analysis shows that 
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six extra polarization orientations without the levels overlapping could be added to increase the 

bits per dot density (Figure 9-16(b)). This would result in more than 4 bits per modification that 

potentially leads to the overall capacity of around 6 GB per 120 mm size single-layer disc. The 

recording speed (6 B/s) is mainly limited by the hardware (e.g. characteristic rise/fall time of the 

SLM limits the speed to 6 Hz), and therefore is out of the scope in our study. However, the successful 

demonstration of parallel processing given in Figure 9-17 clearly shows the feasibility of 

implementing fast hologram-free polarization multiplexed data recording. The multiplication of 

four active grayscale segments to full matrix of independently controlled SLM pixels could increase 

the recording speed by at least several orders of magnitude. 

9.7.2 Flat optics 

Due to the high spatial frequency of ripples with period of ~𝜆/9, the subwavelength resolution of 

continuously controlled space-variant patterns, referred to as geometric phase optical elements, 

can be designed (Figure 9-18). The polarization sensitive circular (blazed) grating with period of 

4 µm is fabricated continuously translating the sample with linear speed of 0.1 mm/s and 

modulating the input linear polarization of laser beam from 0° to 180°. The high-precision sample 

translation with the repeatability of 50 nm along with the polarization modulation of up to 

250 × 2𝜋 rad/s is ensured. The phase pattern calculated in grayscale is used as a reference for 

mapping the local input polarization orientation, where 0 value corresponds to 0° and 255 value 

corresponds to 180° (Figure 9-18(a)). The interline writing and pixel-to-pixel distance is fixed to 

0.4 µm. Pulses with duration of 0.4 ps and energy of 4 nJ are focused via 0.65 NA objective lens. 

 

Figure 9-18. Optical element designed as a polarization sensitive circular grating. (a) Schematics of 

fabrication of spatially variant surface ripples, and the calculated phase pattern of the 

element in grayscale. The period and pixel-to-pixel distance were fixed to 4 µm and 

0.4 µm, respectively. Red arrows represent the local orientation of incident linear 

polarization. Grey arrow shows the direction of scanning. (b) SEM image of the induced 
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nanostructures. Scale bar is 1 µm. (c, top) Azimuth image of the slow-axis of the 

imprinted pattern; (c, bottom) the profile (white line in the top image) of retardance 

and azimuth of the slow-axis extracted from the birefringence measurements 

performed at 546 nm wavelength. Pseudo colours represent the orientation of the 

slow axis. 

The fabricated element relies on the space-variant polarization-state manipulation, and the 

resultant phase-shift magnitude (𝜙) of the input circular polarization is solely defined by the nano-

ripples azimuth	(𝐴) of the slow axis, i.e. 𝜙(𝑥, 𝑦) = ±2𝐴(𝑥, 𝑦) [234]. Depending on the handedness 

of the input circular polarization, the element possesses phase profile of a concave or convex axicon 

lens. 

For an incident plane wave with the polarization state |𝐸F4⟩ the resulting field generated by the 

grating would be |𝐸UìK⟩ = 𝜂e|𝐸F4⟩+ 𝜂8𝑒F?�(#,½)|𝑅⟩+ 𝜂$𝑒°F?�(#,½)|𝐿⟩ , [235] where the 𝜂e =

1 2⁄ �𝑡# + 𝑡½𝑒F&� , 𝜂8 = 1 2⁄ �𝑡# − 𝑡½𝑒F&�⟨𝐸F4|𝐿⟩  and 𝜂$ = 1 2⁄ �𝑡# − 𝑡½𝑒F&�⟨𝐸F4|𝑅⟩  are the 

complex field efficiencies with ⟨𝐸F4|𝑅, 𝐿⟩  as an inner product of the left-handed |𝐿⟩  and 

right-handed |𝑅⟩ circular polarizations, 𝜑 is the retardance of the imprinted element, and 𝑡#,½ are 

the transmission coefficients for light polarized perpendicular and parallel to the optical axis. The 

imprinted gratings with 𝑡#,½ ≈ 0.9  (Figure 6-17(a)) and 𝜑 ≈ 0.1𝜋  (Figure 9-18(c)) at 546 nm 

wavelength is expected to diffract around 0.022 of the total incident light intensity, while the 

remaining intensity would be non-diffracted or scattered. The efficiency expressed as a ratio of first 

order diffracted light and total transmitted light, 𝜂qÛK = 𝐸qÛK 𝐸KUK�5
(()⁄ , would be ~2.5%. The 

efficiency of elements can be drastically increased by having retardance close to half-wave. In this 

case the processing of approximately 1.5 µm thick ITO films has to be performed. The retardance 

value of the printed element with the corresponding azimuth density possesses the standard 

deviation of around 1.6 nm, and azimuth is slightly deviated from the linear profiles (Figure 9-18(b, 

bottom)), which is mainly caused by the misalignment of the polarization optics. Despite the low 

efficiency of the designed element, the handedness of the diffracted circularly polarized beam is 

flipped and the polarization filtering could be applied in order to completely eliminate the 

non-diffracted light. Demonstrated and more complex patterns structured by femtosecond laser 

could be used as a liquid crystal alignment layer. 

9.7.3 Liquid crystal alignment layer 

Liquid crystal (LC) devices are widely used as building blocks of many electro-optical systems 

including linear polarization rotators, dynamical wave plate retarders, and pixilated devices for 

displays, spatial light modulators, and tunable filters [236]. A typical LC device consists of a thin LC 
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layer situated between a pair of indium tin oxide (ITO) films, deposited on top of glass substrates, 

which serve as transparent conducting electrodes. In the absence of an external electric field, the 

director of the liquid-crystal molecules strives to orient in a specific direction according to the 

alignment layer at the electrodes surface. This effect plays a key role in liquid crystal devices, as it 

is determining the speed, the pretilt angle, the viewing angle as well as an operational mode, which 

typically can be parallel, anti- parallel or twisted nematic (TN) as depicted in Figure 9-19(a). 

Therefore, precise alignment of the LC molecules is required for high quality components. 

Several methods have been used to form the surface alignment layer. The most common alignment 

technique in liquid crystal industry comprises unidirectional mechanical rubbing of thin polyimide 

coating. These thin films are spin coated and then cured at appropriate temperature according to 

the polyimide type. Thereafter, the cured films are rubbed with a velvet cloth; producing micro or 

nano-grooves along the rubbing direction to which the LC molecules are then aligned. However, 

the rubbing method has some shortcomings, due to electrostatic charge accumulation, surface 

damage and particle dust generation, as a result of the mechanical contact interaction between the 

cloth and the surface during the rubbing process [237]. Liquid crystal molecules can also be aligned 

by noncontact methods, such as photo alignment by illumination with ultraviolet polarized light of 

photosensitive polymers, chemically by surface active agents or by ion beam irradiation. However, 

these techniques are not widely implemented in the industry, because of insufficient time stability, 

lower anchoring energy and requirement of expensive vacuum equipment [238]. 

 

Figure 9-19. (a) Some of the common LC alignment modes: parallel, anti-parallel, 45 degree twisted 

nematic and 90 degree twisted nematic LC cell. (b) Femtosecond laser nanostructuring 

of ITO coated glass. Nine regions were imprinted under different writing conditions. 

The nanostructure orientation (red lines) were imprinted by linearly polarized incident 

laser beam (blue arrows). Colour bar is a linear retardance scale in nanometres. 



Chapter 9 

119 

Direct-write ultrafast laser nanostructuring can be considered as an alternative method capable of 

fabricating anisotropic surface elements as LC alignment layers. To prove a LC alignment on 

nanostructured material, a LC device comprised of 17x15x2.5 mm3 ITO coated glass substrates 

(Think Film Devices Inc. California, USA) on either side of the device, with 145±10 nm thickness was 

built. The nanostructured regions were created by femtosecond laser system PHAROS (Light 

Conversion Ltd.) operating at a wavelength of 1030 nm with the repetition rate of 200 kHz and the 

pulse duration of 300fs. The squares were printed by scanning the sample at the speed of 1 mm/s 

with the interline distance of 2 µm (Figure 9-19(b)). It is important to emphasize that the nanogrid 

patterns during this work generated strictly on the ITO films by femtosecond laser without any 

additional lithographic process, spin coating materials or rubbing. 

 

Figure 9-20. (a) Illustration of LC device under the polarization microscope between the crossed 

polarizer (P) and the analyser (A). (b) Schematic of the constructed device. Inset shows 

polarized microscope images of a central region at different voltages for 450 twisted 

mode. The polymer alignment direction, transmission axis of the polarizer, 

transmission axis of the analyser and the direction of the nanogrid patterns are 

labelled as Ply, P, A, and Pgr, respectively. (c) Transmission spectra for various alignment 

regions at different applied voltages (sine wave at 1 kHz) between crossed polarizers. 

The substrates were initially cleaned by ultrasonic bath with three steps process: deionized (DI) 

water, isopropanol (IPA) and finally with acetone, where each stage lasts about 20 minutes at a 

temperature of 50 degrees. Then cotton wipers with cleaning solvents were used in order to 

remove any unwanted materials on the surface of the glasses. In this process the surface is gently 

rubbed with cotton wipers dipped in acetone, IPA and DI water alternatively. This cleaning process 
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was repeated until the substrates were clean. The schematics of the constructed device is 

presented in Figure 9-20(b).  

The alignment states of the device was examined under polarizing microscope (Olympus mx50) 

between crossed polarizers in transmission mode. The linearly polarized light (P) was focused by 

x10 objective onto the 9 regions of interest at the device as illustrated in Figure 9-20(a). In the case 

of twisted 450 alignment, the grid alignment axis (Pgr) axis was at 45 degrees respect to the analyser 

(A) axis, while the orientation of the polymer coated alignment axis (Ply) axis was parallel to the P 

axis (Figure 9-20(b)). The cross-polarized reflection images of the device as a function of voltage at 

1 kHz is shown in Figure 9-20(b). 

The reflection intensity was captured from the central region by the microscope camera for various 

applied voltages as illustrated in Figure 9-20(b). The measured transmission spectra at various 

applied voltages are shown in Figure 9-20(c). The results clearly demonstrate LC alignment, and the 

LC direction follows the nanostructures orientation. Also, as expected at the high voltage limit (<~5 

V), the transmission of the various alignment regions is much less dependent on the wavelength in 

the whole range of the visible spectrum. This new LC alignment approach can have a great potential 

for building LC based high precision photonic devices. 

9.8 Conclusions 

Several achievements elevating the current nanostructured data storage have been discussed in 

this chapter. Record high 100-layer record and readout of nanostructured medium show the 

potential of being a high capacity data storage technique. Also, the maximum writing speed of 

20 kb/s with the current Lab equipment is achieved. 

The annealing process allows to control the retardance of printed elements and completely 

eliminate the stress induced birefringence. This gives the additional degree of control and improves 

the readability of recorded digital data. Apart from that, porous glass can be used to achieve 

reduced stress modification.  

The practical implementations of 4-bit, 5-bit dot printing, and the enrichment of polarization 

sensitive nanostructuring by additional dimensional, that is length, are demonstrated. This directly 

allows to increase the capacity of data storage medium. 

The nanostructured ITO was used to show the feasibility of implementing fast hologram-free 

polarization multiplexed parallel data recording, and to explore processed thin film as a flat optics 

component and as a liquid crystal alignment layer. 
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Chapter 10: Eternal projects 

Recent attempts to develop long-term and high capacity data storage and prove that the data will 

survive for millions to billions of years have attracted massive media attention, including BBC, CNN, 

Wired, Arte, etc. Our research group collaborated with several artists and entrepreneurs, and 

participated in numerous art related events and exhibitions. Therefore, in this chapter I will briefly 

describe some of the peculiarities of ultrafast laser nanostructuring as a tool to create visually 

attractive time capsules. 

10.1 Encoding of visual information 

Historically, the recording and storage information have undergone a technological evolution from 

painting, carvings, scribing to digitalization. From the latest times people tend to share their 

knowledge through visual representations until this day when the visual art becomes more as an 

entertainment and it attracts people’s attention and curiosity to explore what is behind colours.  

Variable high-value retardance. When polarized light passes through a birefringent sample, the 

coloration of the affected zone appears. This coloration is well known in polarized light microscopy, 

and occurs as the optical path length difference due to birefringence is of the same order as the 

wavelength 𝜆D : 

𝜆D = |𝑛T − 𝑛U|	𝑡, (10-1) 

where t is the thickness of the birefringent structure. For 𝜆D, if the ordinary and extraordinary waves 

propagating through the structure experience the phase change of 2𝜋 that is one wavelength, the 

polarization remains unchanged, resulting in the suppression of 𝜆D light passing though the cross-

polarized retarders. Other wavelengths shifted from the full-wave retardation are partially 

transmitted. And if the birefringent structure is approaching half-wave retardance, the light is fully 

transmitted. 

If using the direct laser writing technique, different thickness or strength birefringent structures 

written in silica glass result in red, green and blue pixels depending on the retardance. The whole 

palette of colours could be covered (Figure 10-1). The main issue is to achieve sufficiently high 

retardance values needed for the coloration. For this reason, low NA (0.16) objective was used to 

investigate condition for the colours to appear. 
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Figure 10-1. Birefringent bird in the volume of fused silica glass under cross-polarized light. Legend 

indicates number of layers printed to achieve particular colour.  

Using 600 fs pulse duration fixed at 200 kHz repetition rate laser beam polarized parallel to the 

writing direction was focused 300 µm deeper into the fused silica glass. The structures (Figure 

10-2(a)) were produced scanning 1000 lines separated by 1 µm, when each line was written with 

increased energy from 0.75 µJ to 3 µJ. The scanning speed of 2 mm/s was used producing undesired 

wavy patterns along the scanning direction. More uniform structures could be obtained decreasing 

the speed that results to less jitter of the translation stages. 

 

Figure 10-2. (a) Colour calibration patterns fabricated in fused silica glass. The laser energy ranging 

from 0.75 to 3 µJ was implemented. The writing procedure was repeated 2,3 and 4 

times. (b) Calculated interference colours chart developed by Auguste Michel-

Lévy  [239]. 

To determine the birefringence of induced structures or evaluate sample thickness, when the 

birefringence is known, a revised Michel – Levy interference colour chart is used (Figure 

10-2(b)) [239]. If the sample has uniform thickness, only the specific wavelength will satisfy the 

conditions described in Eq.(10-1). Hence, analysing colours appeared in cross polarized light, the 

birefringence or thickness could be defined. Knowing that the birefringence in modified silica 

exhibits the value of approx. 0.01, the structures should be at least 100 µm to obtain yellowish 
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colour. Within the increase in thickness of the structure by printing multiple layers or using higher 

pulse energy for printing, more colours could be achieved. 

Additional retarder. While 𝜆D	is located in the visible region, the output light lacks this component 

and appears as its complimentary colour. If the retardance of the sample is not sufficient, a 

waveplate with additional retardance (half-wave plate, quarter-wave plate) can be inserted 

between two crossed polarizers shifting into the visible spectrum [240]. The effect depends not 

only on the retardance, but also on the slow axis orientation. If the first polarizer is oriented along 

the fast or slow optical axis, the coloration effect will not be observed. The maximum effect is 

observed when the incident polarization is at 45° relative to the slow axis.  

 

Figure 10-3. Coloration of birefringent structure in cross-polarized light when additional constant 

retarder is added. The fragment is from the original artwork series ‘Eternal Garden’ 

provided by Ben Sarao. 

The ability to control retardance and the orientation of slow axis for printing coloured graphics 

inside glass makes the technique promising to apply in security marking and visual storage of art. 

Diffraction. While fused silica is famous for ultrafast laser induced birefringence, other transparent 

materials such as soft glasses are still limited for making practical retarders. However, colours still 

can be achieved in these materials printing images by using separated dots as a diffraction patterns 

(Figure 10-4). Due to the interference effects, the white light passing through the pattern is 

separated in colours. The visual effects would depend on the system configuration and processing 

parameters, and type of the material defining the strength of modification. 
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Figure 10-4. Laser printed image in 1 inch size Swarovski glass.  

Layering. Working with grayscale image projects, the main peculiarity to enchant the observer 

could be hidden. Using fast polarization control, the 8-bit grey values are encoded into slow axis 

orientations in once layer image. The printing of double layer would strengthen the initial image if 

the patterns are overlapping. However, the first layer could be projected into the two layers leaving 

the same single layer thickness. In this case extra information could be decoded just by tilting the 

sample. The demonstration of layering is shown in Figure 10-5. Front view of the printed chip gives 

the symbol of the United States Constitution, while quarter profile shows the phrase of the 

Preamble of United State Constitution ‘We the People’.  

 

Figure 10-5. Time capsule in 1 inch size fused silica disc dedicated to the United States Constitution. 

If the image is projected parallel to the screen, the symbol of The US Constitution is 

seen, while rotating the disc at an angle the opening phrase of the Preamble of United 

States Constitution appears. 



Chapter 10 

125 

10.2 Holograms  

High precision three-dimensional ultrafast laser direct nanostructuring of silica glass resulting in 

multi-layered space-variant dielectric metasurfaces embedded in volume has been recently 

demonstrated [121]. Continuous phase profiles of nearly any optical component can be achieved 

solely by the means of geometric phase. The simultaneous radial and azimuthal phase manipulation 

allows to print computer-generated geometric phase Fourier holograms (CCG) that convert the 

initial Gaussian beam into the target intensity distribution. Anything from university logos [241] to 

historical heroes [121] could be stored in glass and projected afterwards potentially triggering the 

imagination of artists. 

In the most general case, the geometric phase occurs when the polarization and phase are changed 

simultaneously but very slowly (adiabatically), and eventually brought back to the initial 

configuration [242]. For example, when circularly polarized light is transmitted through a wave 

plate, an absolute phase shift results, which is equal to twice the rotation angle of the wave plate 

optical axis. Here, the phase front is modified by introducing a spatially varying anisotropy: 

𝜙(𝑥, 𝑦) = 2𝐴(𝑥, 𝑦), (10-2) 

where 𝐴 is the local azimuth of the slow-axis (or optical axis) of a space-variant anisotropic material. 

This allows continuous optical phase shifts and without phase resets (Figure 10-6), in contrast to 

the conventional elements, wherein the phase profiles are encoded as discrete optical path 

variations in the refractive index or thickness, limiting its performance. The phase reset in dynamic 

phase elements result in unwanted diffracted light, reducing efficiency and introducing artefacts. 

The absence of such discontinuities in geometric phase optics allows to achieve high-fidelity and 

continuous phase shifts with a high conversion efficiency. In particular, phase profiles of any optical 

component can be achieved solely by means of the geometric phase with efficiencies reaching 

100%. 

 

Figure 10-6. Light wave propagation along the optical element. Thickness d and refractive index 

𝑛 = (𝑛U + 𝑛T) 2⁄  variation in space produces dynamic phase shift, and spatial 
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variation of azimuth of the slow-axis (or optical axis) of anisotropic material results into 

geometric phase shift.  

The fabrication methods mainly depend on standard nanolithography techniques with the 

predefined materials such as silicon or noble metals. Thus, the efficiency is limited by plasmonic 

absorption, antenna scattering and structure density. However, only the recent alternative 

demonstrations of photo-aligned transparent dielectrics such as liquid crystals and silica show 

the potential to leverage the field of geometric phase optics.  

Using the adapted weighted Gerchberg-Saxton algorithm [161], the eight-bit grayscale CGH 

element with 4 megapixel and pixel size of 3 µm was designed to encode the stylized globe into 

volume of fused silica glass (Figure 10-7). During the writing procedure, the maximum relative 

continuous phase change of p radians between two adjacent pixels was achieved. The globe was 

reconstructed illuminating the hologram with the linearly polarized laser pointer. The image is 

split into two images, where two circularly polarized beams with opposite handedness are 

projected as +1 and -1 diffraction orders. The central non-diffracted beam is linearly polarized, 

and indicates the efficiency of the hologram. 

 

Figure 10-7. (a) Time capsule in 1 inch size fused silica disc. Magnified region represents the 

polarization sensitive image of the computer generated hologram printed in volume 

of glass. (b) Reconstructed image.  

10.3 Time capsules 

Seemingly unlimited lifetime and ultrahigh density of ultrafast laser nanostructuring in glass capture 

people’s attention for being used to create time capsules. A time capsule is a historic cache of goods 

or information, usually intended as a method of communication with future people and to help 

future archaeologists, anthropologists, or historians [243]. Any information without limitation to its 

format can be stored in the chip. The interest in these time capsules can be separated into two 
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main scopes: as a product with direct intentions to implement the technology to a space 

environment and as a physical artefact for general public, crowdfunding participants and the media.  

 

Figure 10-8. Time capsules in 1 in size fused silica glass. (from top left to right bottom) Magna Carta, 

Newton’s Opticks, Universal Declaration of Human Rights, Cerf’s wedding wovs, 

SuperComputer for PennState University, Coded Genome for PTScientists, Stephen 

Hawking’s Brief History of Time, The Constitution of India, project Eternal Garden by 

Ben Sarao, Nova Vulgata, Homer’s The Odyssey, art project Turning Point by Tom 

Luyten, and Isaac Asimov’s The Foundation Trilogy. 

More than 20 different time capsules have been printed within three years, some of them are 

shown in Figure 10-8. Important documents like Magna Carta, the Declaration of Human Rights, 
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visually coded genome, The Constitution of The United States, The Constitution of India, valuable 

books such as Newton’s Opticks, Homer’s Odyssey, Hawking’s Brief History of Time, Asimov’s The 

Foundation trilogy, The King James Bible and Nova Vulgata have been presented as eternal gifts. 

Apart from that, we have joined several exhibitions in collaboration with artists in Netherlands and 

USA. The Turning Point by Tom Luyten printed in fused silica glass  attracted some attention in a 

collective exhibition ‘the future is invisible’ as Nanocrystals [244]. The project Eternal Garden of the 

Villa Borghese by Ben Sarao was exhibited in ArtExpo 2017, New York  [245]. 

10.4 Conclusions 

The study on ultrafast laser nanostructuring represents an interesting area of research since it relies 

not only upon the high quality/density applications, but also upon the high precision control of 

visually attractive information. Variable high-value retardance, additional retarder, varying distance 

between modifications and layers can be used to obtain different colours in images imprinted in 

the volume of the glass. The combination of visual information, holograms and documents in 

multidimensional data storage format could serve as a platform for time capsules, which are of high 

interest for wide audience. 
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Chapter 11: Conclusions 

Almost two decades ago, it was shown that using femtosecond laser pulses, nanostructures 

oriented perpendicular or parallel to the incident light polarization can be induced inside 

transparent materials. Such structures behave as an anisotropic material, where two components 

of the electric field have different propagation constants caused by the different effective medium. 

Such phenomenon originates the extraordinary optical and structural properties of engineered 

materials that can be applied in many fields including integrated optics, optoelectronics, 

telecommunications, etc. However, it is very important to achieve precise control over the ultrafast 

laser nanostructuring in order to make the technique practical. 

My PhD project was mainly focused on feasibility and optimization of femtosecond laser 

nanostructuring of transparent materials towards high capacity ultralong lifetime optical data 

storage. The activities involved in my research were (1) understanding the fundamentals of light-

mater interaction, (2) engineering and optimizing the optical properties (birefringence, etc.) of 

materials by laser direct writing, (3) exploring different possible nanograting host medium to 

advance the features required for secured data storage, (4) design and fabrication of polarization 

sensitive optical elements, etc. As a results, applying the acquired knowledge along with full control 

of fabrication system, the polarization sensitive elements were combined into multidimensional 

data storage providing the main processing conditions required for sufficient practical 

implementation of the technique. Finally, the proposed improvements in terms of high capacity 

and high density elevate the technology and potentially push the currently known boundaries to 

the higher level. 

The overall research on the ultrafast laser nanostructuring of different materials has resulted in 

multiple conference and journal papers, and attracted attention from ultrafast laser processing 

community. Throughout this work I was involved in and actively pursued collaborations with 

research groups from Ben Gurion University of Negev, D. Mendeleyev University of Chemical 

Technology of Russia, and others. 

11.1 Summary of thesis 

The ultimate goal was to produce a printable anisotropic material, combining the benefits of 

durability and polarization sensitivity, which could possibly revolutionize the design of traditional 

data storage systems. In the thesis, the range of different parameters were discussed in order to 
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gain the basic understanding how to control the ultrafast laser engineered structure and how to 

advance the recording system. The main processing parameters are summarized in Figure 11-1. 

 

Figure 11-1. Summary of the main experimental results of the material processing by ultrafast laser. 

• For multidimensional optical data storage any material supporting nanogratings are of 

interest for being tested. The widely used fused silica provides relatively large processing 
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window. However, the highest retardance was obtained in porous glass with the size of 

porous in the range of 2.5 to 5 nm, also providing stress-less modification.  

• With the increase of pulse duration and pulse energy, the increase of retardance is 

observed leading to more rough structure. This suggests working close to the modification 

threshold, as in general smooth modification produces less scattering and allows to record 

information with the distance of the modification spot leading to high density data storage.  

• Retardance tends to saturate within tens of pulses delivered to the same spot. Thus, it is 

reasonable to use less than 50 pulses to obtain several different levels of retardance.  

• With the increase of repetition rate up to the tested region of 5 MHz, retardance decreases. 

However, the nanogratings induced with 5 MHz still could be exploited for fast data printing 

reaching the speeds of 2 Mb/s, when 10 pulses are delivered within one shot and it holds 

4 bits. 

• Using tight focusing, the shorter structure is induced providing the lower value of 

retardance. Nonetheless, the use of nanogratings for multidimensional data storage lies 

behind relative high and low levels of retardance, and not behind absolute values. Thus, 

even with high numerical aperture objective the additional dimension can be explored. 

Apart from that, using tight focusing, it is expected to have smaller structure leading to 

higher spatial density of printed data. 

• Decrease in wavelength leads to lower pulse energy required to obtain the modification 

spots with the same retardance. This is promising in terms of high density printing and 

parallelization as pulse energy directly corresponds to the number of parallelized beams 

used and the laser average power. 

Currently, most of optical data storage techniques lacks the stability, durability, and data have to 

be transferred every several years. Also, the cold data storage stations are operating on high energy 

usage which increases the overall cost of the data. Thus, ultrafast laser nanostructured multi-

dimensional data storage serves as a perfect candidate as an archiving technology. The information 

is stored in a single step procedure with the possible lifetime of billions of years. These 

nanostructures ensure data to be stable at temperatures reaching glass melting. It also gives 

potential to elevate currently used optical data storage techniques by adding multiple dimensions 

and multiple layers per the same size conventional discs. 

11.2 Future work 

It is technologically attractive to use the ultrafast laser direct writing, which offers manufacturability 

and rapid prototyping of optical elements at reduced costs. However, the mechanisms, which lead 

to the induced modification in the bulk material, are still not well understood. It is known that the 
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process is strongly compromised by plasma scattering and self-focusing, which clamps laser 

intensity. The lack of control over these processes leads to slow writing speed and uneven 

nanostructures resulting in excessive scattering in the fabricated optical elements. Therefore, the 

key challenges towards the practical use of the technology have to be considered and explored in 

the future work: 

• Number of pulses. Currently tens of pulses are required to induce self-organized 

nanostructure i.e. to record the information. The influence of the glass physical properties 

(melting temperature, thermal diffusivity, absorption) on the nanogratings formation 

process have to be investigated. This analysis will enable the tailoring of the chemical 

composition and structure of glasses including nanoporous silica to reduce the required 

number of pulses. As part of the task, different dopants of silica glass could be analysed in 

the context of nanograting formation. It is also expected to enhance nanograting formation 

by inducing oxygen deficiency centres in the glass matrix, which could act as a precursor for 

the nanostructure formation. Transparent glass-ceramics could be investigated as it shows 

improved brittleness damage resistance several times and a great potential for 

improvement of imprinted elements durability. 

• Structure quality. Optical scattering is one of the key factors limiting the technology for 

multiple layer printing. Because of imperfections of induced nanostructures, like stress, 

cracks, melting, typically as much as 10-50% of the incident light is scattered in visible 

spectral range. Also, to master more bits per spot the slow-axis and retardance purity have 

to be achieved. As it was shown in the thesis, the uniformity of nanogratings can be realised 

working close to modification threshold, and/or using higher porosity materials. Therefore, 

this have to be explored in more thorough experiments. 

• Reducing energy/cost. Another challenge for the ultrafast laser nanostructuring based 

optical data storage is low energy consumptions required to print data. Lower band-gap 

energy compared to fused silica should be tested in order to achieve nanogratings more 

sufficiently. On the other hand, in this work the low-energy nanostructuring of thin film 

with the possible application of data storage was demonstrated. Having a stack of thin films 

densities of conventional optical data storage could be achieved at lower costs compared 

to existing techniques. 

• Flexibility. The medium have to be easy to manufacture, deposit, process. Investigating 

different glasses would allow to achieve the optimum procedure to ensure the single step 

fabrication. 

• Durability. Thermal/chemical stability of glasses have to be investigated. Delivering further 

annealing experiments would allow to explore potential timescales of information 
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degradation in fused silica and other glasses. The physical damage and scratch resistance 

have to be investigated to prove the optical data storage in glass being as a secure medium 

to host information.  

• Focusing conditions. Tight focusing via high NA objective leads to smaller structure which 

is crucial in high density data storage. To exploit the volume of the medium and avoid 

aberrations, the motorized aberration-corrected objectives or SLM are needed. 

• Pulse wavelength. It has been demonstrated that shorter wavelength provides lower 

modification threshold. However, the systematic investigation of the quality of the 

structure and processing parameters should be done in order to optimize the writing 

system. 

• Formation timescales. The ultrashort pump pulses will be used to seed electrons and 

defects to facilitate nanogratings formation. The ability to control self-assembly processes 

by ultrashort laser pulses (seeding and efficient energy deposition) will allow to induce 

nanostructures with several pulses (burst of pulses) increasing writing speed by multiple 

orders of magnitude. 

• Laser parameters (pulse duration, pulse energy, etc). Experimental observations suggest 

that the stationary printing and scanned modification require different parameters to 

obtain uniform nanostructures towards practical applications. If the target is high 

retardance, the pulse energy and pulse duration have to be increased, reducing the quality 

of the structure. If the target is uniform modification in scanning regime, sufficient pulse 

energy and repetition rate have to be chosen. Therefore, the best trade-off between all the 

parameters and the nanostructure should be achieved. 

• High write/read throughputs. Using tens of pulses to induce different levels of retardance 

significantly slows down the fabrication process. Therefore, the space-time pulse 

manipulation system is required to increase the speed of writing by one to three orders of 

magnitude. In a way, burst of pulses in time for a single shot and burst of pulses in space 

for a single shot are of interest for improving the writing speed. From the technical 

perspective, it is important to ensure the hardware installation and synchronization 

throughout the system. The system for massive parallel data recording should be 

developed. To increase the number of dots per laser exposure, hundreds of beam spots will 

be used for modifying a spinning fused silica disc. Within the future projects it is expected 

to achieve writing speed of tens to hundreds MB/s. 

• High read throughputs. The real time monitoring/reading is necessary to make the 

technique towards practical implementation. Possibly, polarization sensitive geometries 

with no moving parts and fast image processing have to be considered to be able to retrieve 

the printed information from high density multiple layers. 
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As a result, the new scientific and technological solutions are essential to make femtosecond laser 

nanostructured optical data storage available on the market. These identified points should be 

primarily considered to elevate technology to the next level being applied as an archiving 

technology. Hence, the future work is of high risk and consumes a lot of researchers’ energy, and 

at the same time promises considerable advances in the fundamental knowledge and technological 

application. 
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Appendix A 

Here I present the explanation of the basic Matlab program for the encoding data into five 

dimensions. The initial program interface is shown in Figure A. To encode text using this program 

takes the following procedure. (1) – upload the text and (2) it appears on the program window. The 

text can be corrected or written. (3) – define the parameters for the spiral, i.e. distance between 

dots, distance between spirals, the inner diameter of the spiral centre. (4) – choose a number of 

layers for data encoding, and (5) encoding type, that is, 3 bits per dot, 4 bits per dot or 8 bits per 

dot, with (6) additional error bit correction at particular coding parameters. (7) the output is given 

depending whether retardance levels, polarization, coordinates of the spiral is required to be 

printed. (8) – the output is saved in a particular folder pressing ‘Magic Button’. When large text files 

or any other type data files are used, the coding is done without graphical user interface. 

 

Figure A. A single window GUI software for 5D data encoding. Numerals show the steps to receive 

encoded data. 

The description of text encoding in terms of Matlab functions is given below. 

o To convert ascii code to our own: 
function ret = ascii2ret(ascii) 
    % Uppercase ascii chars 
    ascii = upper(ascii); 
    % Create char matrix of the same size 
    ret = char(zeros(size(ascii))); 
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    % Loop through all matrix elements and decode them one by one 
    for i = 1:numel(ascii) 
       % disp(i); 
       ret(i) = ascii2ret_single(ascii(i)); 
    end 
end 

o To convert single ascii char to our own char encoding: 
function ret = ascii2ret_single(ascii) 
    % Recode using a lot of if conditions 
    % Letters A-Z. (65-90 => 1-26) 
    if ((ascii >= 'A') && (ascii <= 'Z')) 
        ret = ascii - 'A' + 1; 
    % Numbers 0-9, Symbols : ;. (48-57 => 27-38) 
    elseif ((ascii >= '0') && (ascii <= ';')) 
        ret = ascii - '0' + 27; 
    % Symbols space ! " # $ % & ' ( ) * + , - . / (32-47 => 39-54) 
    elseif ((ascii >= ' ') && (ascii <= '/')) 
        ret = ascii - ' ' + 39; 
    % Other symbols 
    % Question mark ? 
    elseif (ascii == '?') 
        ret = 55; 
    % New line symbol 
    elseif (ascii == 10) 
        ret = 56; 
    % Carriege return symbol 
    elseif (ascii == 13) 
        ret = 57; 
    % Pound symbol 
    elseif (ascii == '£') 
        ret = 58; 
    % Unrecognized symbols  
    else 
        ret = 59; 
    end 
    % Return value as char 
    ret = char(ret); 
end 

o To convert a binary string to a decimal integer: 
function x=mybin2dec(s) 

%   X = BIN2DEC(B) interprets the binary string B and returns in X the 
equivalent decimal number.   
%   Example 
%       bin2dec('010111') returns 23 
[m,n] = size(s); 
% Convert to numbers 
v = s - '0';  
twos = pow2(n-1:-1:0); 
x = sum(v .* twos(ones(m,1),:),2); 

end 

o To convert decimal integer to a binary string: 
function result = encode_file_divByte(fin_name, layer_num) 
    % How many dots for one char 
    dots_per_char = 2; 
    % How many bits from polarization 
    bits_per_polar = 2; %  
    % How many different polarizations 
    polar_num = bits_per_polar^2; 
    % Print third row with polarization 
    print_polar = 0; 
    % Retardance 0 (0-1) or 1 (1-2) 
    print_retard = 1; 
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    if (print_all == 1) 
        print_retard = 1; 
    end; 
    % Read the input file to variable 
    input = fileread(fin_name); 
    % If encode to retarded coding 
    input = ascii2ret(input); 
% Convert text into binary code 
binstring=dec2bin(input,6); 
% Get binary code size 
% sizex - number of characters 
% sizey - number of bits per character 
[sizex,sizey] = size(binstring); 
% Split each byte into two dots 
ii = 0:sizex-1; 
two_byte_input(2,(ii+1)*2) = mybin2dec(binstring(ii+1, 1)); 
two_byte_input(1,(ii+1)*2) = mybin2dec(binstring(ii+1, 2:3)); 
two_byte_input(2,ii*2+1) = mybin2dec(binstring(ii+1, 4)); 
two_byte_input(1,ii*2+1) = mybin2dec(binstring(ii+1, 5:6)); 
    % Bytes per layer 
    bytes_per_layer = ceil(size(input, 2) / layer_num) * 2; 
    % Loop for layers 
    for i_layer = 1:layer_num 
        % Calc begining and end index numbers of bytes in this layer 
        startIndx = ((i_layer - 1) * bytes_per_layer) + 1; 
        endIndx = i_layer * bytes_per_layer; 
        % Dont let endIndx be more than size of input file 
        if (endIndx > size(two_byte_input, 2))  
            endIndx = size(two_byte_input, 2); 
        end 
        sizeIndx = endIndx-startIndx+1; 
        disp(sprintf('Layer:%d, startIndx:%d, endInd:%d, size:%d', i_layer, 
startIndx, endIndx, sizeIndx)); 
        for i_polar = 1:polar_num 
            % Data matrix of current layer 
            exportData = zeros(3, sizeIndx); 
            % first row = coordination 
            exportData(1,:) = (1:sizeIndx); 
            % second row = retardance 
            exportData(2,:) = two_byte_input(2,startIndx:endIndx); 
            % third row = polarization 
            exportData(3,:) = two_byte_input(1,startIndx:endIndx); 
            % Remove columns there polarization mismatch 
            if (print_all == 0) 
                exportData(:,exportData(3,:)+1 ~= i_polar) = []; 
            elseif (print_retard == 1) %Overwise require print_retard 
                exportData(2,exportData(3,:)+1 ~= i_polar) = -1; 
            end 
            % Create output file name 
            fout_name = sprintf('Layer%dPolar%d.txt', i_layer, i_polar); 
            fout = fopen(fout_name, 'w'); 
            % Write exportData 
            fprintf(fout, '%d\t', exportData(1,:)); 
            fprintf(fout, '\r\n'); 
            fprintf(fout, '%d\t', exportData(2,:) + print_retard); 
            % If required to print polar data print it 
            if (print_polar == 1) 
                fprintf(fout, '\r\n'); 
                fprintf(fout, '%d\t', exportData(3,:)+1); 
            end 
            % Close output file 
            fclose(fout); 
        end 
    end 
end
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Appendix B 

Here I present the explanation of the Matlab program for the decoding 5-dimensional data from 

raw birefringence measurements. The program interface is shown in Figure B. To decode text using 

this program takes the following procedure. (1) – upload pli file, and (2) raw birefringence 

measurements (retardance and slow axis orientation) appear in the window. Note that here the 

slow axis is imaged independently from the retardance. (3) – program works when spiral is imaged 

counter clockwise, otherwise, it has to be inverted. (4) – the background from the retardance map 

can be removed. (5) – set the search radius (number of pixels) and the minimum retardance value 

searched. (6) - define searching approach. The default method is finding the maximum peak value 

of retardance. Values can be averaged, summed or searched multiple times. (7) – mark the first two 

dots in the spiral. (8) – define spiral parameters (known from encoding or found experimentally). 

The dots are collected from the spiral and plotted as shown. (9) The threshold value for each 

polarization state is defined (10) marking the values from the slow axis plot. (11) The threshold 

value for retardance levels is defined for each polarization separately and (12) the order of 

polarizations is revealed. (13) - if error correction was applied, here the correction parameters 

should be placed. (14) – choose the decoding type (same as encoding). (15) – the retrieved text is 

presented and (16) saved. 

 

Figure B. A single window GUI software for 5D data decoding. Numerals show the steps to receive 

decoded data. 
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The description of text encoding in terms of Matlab functions is given below. 

o To read values from the Abrio file 
% Function to find values in abrio spiral map 
% Updated to search for max value until no bigger value can be found 
filename = 't200021.pli'; 
[stat, type, ret, az, moap] = PliReadRetFile(filename); 
% Input maps from abrio 
ret = ret; % Retardance map 
polar = az; % Polarization map 
% Coordinates must match for retardance and polarization 
if (size(ret) ~= size(polar)) 
    disp('Map sizes of retardance and polarization do not match!'); 
    return; 
end 
% Size of squares to search dots in 
sq_size = 3; 
% Multisearch. Search multiple times ultil max value is found 
multi_search = 3; 
% How many dots use to guess coordinates of next dot 
guess_dots_n = 7; 
% Sum nearby pixels when searching 
sum_pix = 0; 
% Sum nearby pixels when collecting values 
sum_pix_val = 1; 
% Lowest maximum value. If lower than this, the program will stop searching 
lowest_max = 1; 
% Define coordinations of three first dots of spiral (center) 
% [ y(row) ; x(col)]  
dot1 = [478; 674]; 
dot2 = [469; 655]; 
dot3 = [477; 640]; 
% Draw plot? 
draw_plot = 1; 
% Clear some variables 
varlist = {'guess_coords','dot_coords','vals', 'varlist' }; 
clear(varlist{:}); 
% Find size of map 
[max_row, max_col] = size(ret); 
% Save guessed coordinates to see how correct they were on the plot 
guess_coords = [dot1, dot2, dot3]; 
% Find real values for first three dots. And save into coordinates var 
dot_coords = [find_max_sq(ret, dot1, sq_size, sum_pix), find_max_sq(ret, dot2, 
sq_size, sum_pix), find_max_sq(ret, dot3, sq_size, sum_pix)]; 
% Var that keeps track of conditions, to know when to stop the cycle 
cycle_run = true; 
% Guess_dot_n cannot be lower than 3 -1  
guess_dots_n = guess_dots_n - 1; 
if (guess_dots_n < 2) 
    guess_dots_n = 2; 
end; 
% Run the cycle 
while cycle_run 
    % Extract coordinates of $guess_dots_n last known dots 
    start_dt = size(dot_coords, 2) - guess_dots_n; 
    % Check if number not less than 1 
    if (start_dt < 1) 
        start_dt = 1; 
    end 
    last_dots = dot_coords(:, start_dt : size(dot_coords, 2)); 
    % Guess new coordinates of next dot 
    new_dot = guess_dot_coord(last_dots); 
    % Save guessed coordinates 
    guess_coords = horzcat(guess_coords, new_dot); 
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    % The coordinates should be integer values so round 
    new_dot = round(new_dot); 
    % Check if new coordinates are not out of bounds 
    if ((new_dot(1) < 0) | (new_dot(2) < 0) | (new_dot(1) > max_row) | (new_dot(2) 
> max_col)) 
        % If out of bounds - stop the cycle 
        cycle_run = false; 
        disp('Ran out of map bounds.'); 
        break; 
    end 
    % Search for the dot in the given coordinates 
    dot = find_max_sq(ret, new_dot, sq_size, sum_pix); 
    if multi_search 
        % See if square around new coordinates contains bigger value 
        while (dot ~= find_max_sq(ret, dot, sq_size, sum_pix)) 
            dot = find_max_sq(ret, dot, sq_size, sum_pix); 
        end 
    end 
    % Check if found value hasnt been found yet 
    if (find( (dot_coords(1, :) == dot(1)) & (dot_coords(2, :) == dot(2)) )) 
        disp('Found same dot twice. Aborting...'); 
        cycle_run = false; 
        break; 
    end 
    % Check if the found max value is above the treshold 
    if (ret(dot(1), dot(2)) >= lowest_max) 
        % Save coordinates of new dot 
        dot_coords = horzcat(dot_coords, dot); 
    else 
        % If not, end loop. 
        disp('The found max value is lower than defined lowest max value.'); 
        cycle_run = false; 
    end 
end 
% Collect values at found dot coordinates 
for ii = 1:size(dot_coords, 2) 
    % If summing values of nearby pixels: 
    if (sum_pix_val == 1) 
        % First row retardance 
        vals(1, ii) = sum(sum(ret(dot_coords(1,ii)-
sum_pix:dot_coords(1,ii)+sum_pix, dot_coords(2,ii)-
sum_pix:dot_coords(2,ii)+sum_pix))) / (sum_pix*2+1)^2; 
        % Second row polarization 
        vals(2, ii) = sum(sum(polar(dot_coords(1,ii)-
sum_pix:dot_coords(1,ii)+sum_pix, dot_coords(2,ii)-
sum_pix:dot_coords(2,ii)+sum_pix))) / (sum_pix*2+1)^2; 
    else % Just check values at found pixels 
        % First row retardance 
        vals(1, ii) = ret(dot_coords(1,ii), dot_coords(2,ii)); 
        % Second row polarization 
        vals(2, ii) = polar(dot_coords(1,ii), dot_coords(2,ii)); 
    end 
end 
% Draw graphs 
if (draw_plot) 
    % Create figure 
    figure(1); 
    % Clear figure 
    clf; 
    % Make subplot for retardance 
    img(1) = subplot(1, 2, 1); 
    imagesc(ret); 
    hold on; 
    % Mark found dots 
    plot(dot_coords(2,:), dot_coords(1,:), 'rx-'); 
    % Mark guessed coordinates 



Appendix B 

141 

    plot(guess_coords(2,:), guess_coords(1,:), 'yo'); 
    title('Retardance'); 
    axis equal 
    % Make subplot for poliarization 
    img(2) = subplot(1, 2, 2); 
    imagesc(polar); 
    hold on; 
    % Mark found dots 
    plot(dot_coords(2,:), dot_coords(1,:), 'wx-'); 
    title('Polarization'); 
    % Link x axes of subplots 
     linkaxes(img,'xy'); 
    % Retardance and polarization values at dots 
    figure(2); 
    imagesc(vals); 
    title('Retardance and polarization values at marked dots');   
    % Retardance and Polarization histograms 
    figure(3); 
    subplot(1, 2, 1); 
    hist(vals(1,:), max(vals(1,:))); 
    title('Retardance values histogram'); 
    subplot(1, 2, 2); 
    hist(vals(2,:), max(vals(2,:))); 
    title('Polarization values histogram'); 
end 
disp(sprintf('Found %d dots!', size(vals, 2))); 
 % Clear unnecessary variables 

varlist = {'cycle_run','dot1','dot2', 'dot3', 'draw_plot', 'ii', 'last_dots', 
'lowest_max', 'max_col', 'max_row', 'new_dot', 'sq_size', 'img', 'dot', 
'guess_coords', 'sum_pix', 'sum_pix_val', 'multi_search', 'start_dt', 
'guess_dots_n', 'varlist' }; 
clear(varlist{:}); 

o To find the maximum value and its coordinates in defined size square near the position of 
given coordinates 

o  
% map - matrix in which to find max value, pos - [row; col] center of searching 
square, step - how far away from center to look for sz - how many nearby pixels to 
sum 
function dot_coord = find_max_sq(map, pos, step, sz) 
    % Check if size is defined 
    if (~exist('sz', 'var')) 
        sz = 0; 
    end 
    % Calculate coordinates of cropping square 
    rowL = pos(1) - step - sz; 
    rowH = pos(1) + step + sz; 
    colL = pos(2) - step - sz; 
    colH = pos(2) + step + sz; 
    % Check for bounds and adjust if necessary 
    if (rowL < 1) 
        rowL = 1; 
    end 
    if (rowH > size(map,1)) 
        rowH = size(map,1); 
    end 
    if (colL < 1) 
        colL = 1; 
    end 
    if (colH > size(map,2)) 
        colH = size(map,2); 
    end 
    % Crop a square near given coordinates 
    Q = map(rowL:rowH, colL:colH); 
    % Calculate lengths of cropped square 
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    rowLn = rowH - rowL; 
    colLn = colH - colL; 
    % If size is not 0, then make new matrix with sums of nearby pix 
    if (sz > 0) 
        for rows = 1+sz:rowLn-sz; 
            for cols  = 1+sz:colLn-sz; 
                QQ(rows-sz, cols-sz) = sum(sum(Q(rows-sz:rows+sz, cols-
sz:cols+sz))); 
            end 
        end 
        Q = QQ; 
    end 
    % Find max value in the square 
    % M - max value, I - index of position of max value 
    [M, I] = max(Q(:)); 
    % Get coordinates from index position 
    [row,col] = ind2sub(size(Q), I); 
    % Calculate real coordinates in the map. (not cropped) 
    row = row + rowL - 1 + sz; 
    col = col + colL - 1 + sz; 
    dot_coord = [row; col]; 
end 

o To decode values obtained in the reading stage 
profile on 
% Threshold retardance value that separates 0 from 1 for every polarization 
tr_ret = [13,17,20,17]; 
% Threshold values that separates polarization values 
tr_polar = [15,60,120, 160]; 
% Values of polarization for ranges 
val_polar = [4, 1, 2,3]; 
% Retardance base; 1 for 1-2; 0 for 0-1 
base_ret = 0; 
% Polarization base. What number to start polarization from 
base_polar = 0; 
% File name to write CODE output 
 code_txt = 'DecodedCODE_b5.txt'; 
% File name to write TEXT output 
 text_txt = 'DecodedTEXT_b5.txt'; 
for ii = 1:size(vals, 2) 
 % Check polarization 
    for pol_count = 1:size(tr_polar, 2)-1 
        if ( (vals(2, ii) >= tr_polar(pol_count)) & (vals(2, ii) < 
tr_polar(pol_count+1)) ) 
            code_vals(2, ii) = val_polar(pol_count); 
        end 
    end 
    % Last range 
    if ((vals(2, ii) >= tr_polar(end)) | (vals(2, ii) < tr_polar(1))) 
        code_vals(2, ii) = val_polar(end); 
    end 
    % Check retardance 
    if (vals(1, ii) < tr_ret(code_vals(2, ii))) 
        code_vals(1, ii) = 0; 
    else 
        code_vals(1, ii) = 1;  
    end 
end 
% Draw hitograms for every polarization 
figure(4); 
for ii = 1:4 
    subplot(2,2,ii); 
    axis([0 15 0 80]) 
    list = find(code_vals(2,:) == ii); 
    hist(vals(1,list), size(list, 2)); 
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    title(ii); 
    set(gcf,'NextPlot','add'); 
axes; 
h = title('b5' ,'FontSize', 16); 
set(gca,'Visible','off'); 
set(h,'Visible','on'); 
end 
% Increase by base 
code_vals(1, :) = code_vals(1, :) + base_ret; 
code_vals(2, :) = code_vals(2, :) + base_polar; 
% Write to file. 
fout = fopen(code_txt, 'w'); 
% Write retardance 
fprintf(fout, '%d\t', code_vals(1,1:928)); 
% Print new line 
fprintf(fout, '\r\n'); 
% Write polarization 
fprintf(fout, '%d\t', code_vals(2,1:928)); 
fprintf(fout, '\r\n'); 
fclose(fout); 
% Decode code into text 
text = decode_file(code_txt, text_txt) 
profile off; 
profile viewer 
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List of Eternal projects 

 
Isaac Asimov ‘The Foundation’ (5 copies) 

  

 

Ben Sarao ‘Eternal Garden’ (3 copies) 
Tom Luyten ‘Turning Point’ (2 copies) 

  

 
Nova Vulgata 

  

 

Stephen Hawking ‘The Brief History of Time’ 
Homer ‘Odyssey’ 

Newton ‘Opticks’ 

King James Bible 
  

 
Universal Declaration of Human Rights 

  

 

Constitution of India 

United States Constitution 

Magna Carta 
  

 

Dianov 

Cerf 

CNN ‘Make Create Innovate’ 
  

 
SuperComputer code to PennState University 

  

 
Genome to PTScientists 
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Liquid Crystal Alignment Layer by Ultrafast Laser Nanostructured ITO 
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[2] A. Čerkauskaitė, R. Drevinskas, M. Gecevičius, M. Beresna, P. G. Kazansky 
Lifetime of femtosecond laser nanostructured optical medium 
In progress  

  

[3] M. Gecevicius, M. Ivanov, M. Beresna, A. Matijosius, V. Tamuliene, T. Gertus, A. 
Čerkauskaitė, K. Redeckas, M. Vengris, V. Smilgevicius, P. G Kazansky 
Toward the generation of broadband optical vortices: extending the spectral range of a q-
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Journal of the Optical Society of America B, 35(1), 190 (2018)  
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ACS Photonics 4 (11), 2944 (2017) 
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aerogel 
Optics Express 25, 8011 (2017) 
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CONFERENCE PAPERS: 

[1] A. Čerkauskaitė, A. Solodar, R. Drevinskas, P. G Kazansky, I. Abdulhalim 
Liquid crystal alignment on ultrafast laser nanostructured ITO coated glass 
CLEO Munich 25-29 Jun 2017 

 
[2] R. Drevinskas, A. Patel, A. Čerkauskaitė, C.G. Durfee, P.G. Kazansky  

Geometric phase circular gratings fabricated by ultrafast laser nanostructuring for 
symmetric simultaneous spatio-temporal focusing  
CLEO Optics Munich 25-29 Jun 2017 

 
[3] A. Turpin, J. San Román, A. Picón, R. Drevinskas, A. Čerkauskaitė, P. G Kazansky, Ch. G 

Durfee, Í. J Sola, C. Hernández-García 
Generation of extreme ultraviolet vector beams from infrared laser pulses 
CLEO Munich 25-29 Jun 2017 

 
[4] A. Čerkauskaitė, P. G. Kazansky, R. Drevinskas, J. Zhang 

Eternal 5D optical data storage in glass (invited) 
Proc. SPIE 9959, Optical Data Storage San Diego CA 28 Aug 2016, 99590D 
 

[5] A. Čerkauskaitė, R. Drevinskas, A. Patel, A. O. Rybaltovskii, P. Kazansky 
Effect of Porosity on Ultrafast Laser-Induced Modifications: from Fused Silica to Blue Smoke 
Progress in Ultrafast Modifications of Materials, EPFL, Neuchatel (2016) 
 

[6] R. Drevinskas, M. Beresna, J. Zhang, A. Patel, A. Čerkauskaitė, A. G. Kazanskii, P. G. Kazansky 
Geometric phase holograms imprinted by femtosecond laser nanostructuring 
CLEO San Jose, CA 5-10 May 2016 SW4L.2 

 
[7] P. Kazansky, A. Čerkauskaitė, M. Beresna, R. Drevinskas, A. Patel, J. Zhang, M. Gecevicius 

Eternal 5D data storage via ultrafast-laser writing in glass 
Optoelectronics & Communications, SPIE Newsroom, 11 March 2016 

 
[8] J. Zhang, A. Čerkauskaitė, R. Drevinskas, A. Patel, M. Beresna, P. G. Kazansky 

Eternal 5D data storage by ultrafast laser writing in glass (invited) 
SPIE LASE San Francisco, CA 16-18 Feb 2016 9736-29 

 
[9] J. Zhang, A. Čerkauskaitė, R. Drevinskas, A. Patel, M. Beresna, P. G. Kazansky 

Current Trends in Multi-Dimensional Optical Data Storage Technology 
Asia Communications and Photonics Conference, Wuhan, China 2016. AF1J.4. 

 
[10]P. G. Kazansky, A. Patel, R. Drevinskas, A. Čerkauskaitė, F. Zhang 



List of Research items 

149 

Revealing the mystery of non-reciprocity and polarization spatio-temporal couplings in 
ultrafast laser direct writing (invited) 
International Conference on Advanced Laser Technologies (ALT 2016), Galway, Ireland 
(2016). LM-1-1 

 
[11]A. Patel, P.G. Kazansky, R. Drevinskas, A. Čerkauskaitė, M. Beresna, F. Zhang, S. Lotarev, A. 

Okhrimchuk, V. N. Sigaev 
 Advancing the Art of Ultrafast Laser Writing in Glass (invited) 
 Glass and Optical Materials Division Meeting, Madison, Wisconsin GOMD-S3-015-2016 
 

[12]P. G. Kazansky, M. Beresna, M. Gecevičius, J. Zhang, R. Drevinskas, A. Patel, A. Čerkauskaitė, 
A. S. Lipatiev, A. G. Okhrimchuk, V. N. Sigaev 
Advances in Femtosecond Laser Nanostructuring in Glass: From Printed Geometrical Phase 
Optics to Eternal Data Storage  

 Advanced Solid State Lasers Conference Berlin 4-9 Oct 2015 AW1A.4 

PATENT: 

R. Drevinskas, A. Čerkauskaitė, P. G Kazansky 
Ultra-low loss form birefringence patterning by ultrafast laser in glass 
Filed, No. GB 1802497.6 

 





Bibliography 

151 

Bibliography 

1.  M. Gu, X. Li, and Y. Cao, "Optical storage arrays: a perspective for future big data storage," 

Light Sci. Appl. 3, e177 (2014). 

2.  D. E. Spence, P. N. Kean, and W. Sibbett, "60-fsec pulse generation from a self-mode-locked 

Ti:sapphire laser," Opt. Lett. 16, 42 (1991). 

3.  U. Keller, D. a Miller, G. D. Boyd, T. H. Chiu, J. F. Ferguson, and M. T. Asom, "Solid-state low-

loss intracavity saturable absorber for Nd:YLF lasers: an antiresonant semiconductor Fabry-

Perot saturable absorber," Opt. Lett. 17, 507 (1992). 

4.  K. M. Davis, K. Miura, N. Sugimoto, and K. Hirao, "Writing waveguides in glass with a 

femtosecond laser," Opt. Lett. 21, 1729 (1996). 

5.  J. Bonse, J. Krüger, S. Höhm, and A. Rosenfeld, "Femtosecond laser-induced periodic surface 

structures," J. Laser Appl. 24, 42006 (2012). 

6.  J. Bonse, H. Sturm, D. Schmidt, and W. Kautek, "Chemical, morphological and accumulation 

phenomena in ultrashort-pulse laser ablation of TiN in air," Appl. Phys. A Mater. Sci. Process. 

71, 657 (2000). 

7.  Y. Shimotsuma, P. G. Kazansky, J. Qiu, and K. Hirao, "Self-Organized Nanogratings in Glass 

Irradiated by Ultrashort Light Pulses," Phys. Rev. Lett. 91, 247405 (2003). 

8.  P. G. Kazansky, H. Inouye, T. Mitsuyu, K. Miura, J. Qiu, K. Hirao, and F. Starrost, "Anomalous 

Anisotropic Light Scattering in Ge-Doped Silica Glass," Phys. Rev. Lett. 82, 2199 (1999). 

9.  E. Bricchi, B. G. Klappauf, and P. G. Kazansky, "Form birefringence and negative index change 

created by femtosecond direct writing in transparent materials," Opt. Lett. 29, 119 (2004). 

10.  R. R. Gattass and E. Mazur, "Femtosecond laser micromachining in transparent materials," 

Nat. Photonics 2, 219 (2008). 

11.  S. K. Sundaram and E. Mazur, "Inducing and probing non-thermal transitions in 

semiconductors using femtosecond laser pulses," Nat. Mater. 1, 217 (2002). 

12.  J. Zhang, M. Gecevičius, M. Beresna, and P. G. Kazansky, "Seemingly Unlimited Lifetime Data 

Storage in Nanostructured Glass," Phys. Rev. Lett. 112, 33901 (2014). 

13.  R. Gattass and E. Mazur, "Femtosecond laser micromachining in transparent materials," Nat. 



Bibliography 

152 

Photonics 2, 219 (2008). 

14.  Keldysh L. V, "Ionization in the field of a strong electromagnetic wave," Sov. Phys. JETP 20, 

1307 (1965). 

15.  S. Leyder, D. Grojo, P. Delaporte, M. Lebugle, W. Marine, N. Sanner, M. Sentis, and O. Utéza, 

"On the wavelength dependence of femtosecond laser interactions inside band gap solids," 

in Proceedings of SPIE - The International Society for Optical Engineering 8611, 861113 

(2013). 

16.  S. S. Mao, F. Quéré, S. Guizard, X. Mao, R. E. Russo, G. Petite, and P. Martin, "Dynamics of 

femtosecond laser interactions with dielectrics," Appl. Phys. A Mater. Sci. Process. 79, 1695 

(2004). 

17.  L. Sudrie, A. Couairon, M. Franco, B. Lamouroux, B. Prade, S. Tzortzakis, and A. Mysyrowicz, 

"Femtosecond Laser-Induced Damage and Filamentary Propagation in Fused Silica," Phys. 

Rev. Lett. 89, 186601 (2002). 

18.  C. Schaffer, A. Brodeur, and E. Mazur, "Laser-induced breakdown and damage in bulk 

transparent materials induced by tightly focused femtosecond laser pulses," Meas. Sci. 

Technol. 12, 1784 (2001). 

19.  B. Rethfeld, "Free-electron generation in laser-irradiated dielectrics," Phys. Rev. B 73, 35101 

(2006). 

20.  B. C. Stuart, M. D. Feit, S. Herman, A. M. Rubenchik, B. W. Shore, and M. D. Perry, "Optical 

ablation by high-power short-pulse lasers," J. Opt. Soc. Am. B 13, 459 (1996). 

21.  B. C. Stuart, M. D. Feit, A. M. Rubenchik, B. W. Shore, and M. D. Perry, "Laser-Induced 

Damage in Dielectrics with Nanosecond to Subpicosecond Pulses," Phys. Rev. Lett. 74, 2248 

(1995). 

22.  M. Ueta, H. Kanzaki, K. Kobayashi, Y. Toyozawa, and E. Hanamura, Excitonic Processes in 

Solids (Springer Berlin Heidelberg, 1986). 

23.  Y. Toyozawa, Relaxation of Elementary Excitations (Springer Berlin Heidelberg, 1980). 

24.  S. Guizard, P. D’Oliveira, P. Daguzan, P. Martin, P. Meynadier, and G. Petite, "Time-resolved 

studies of carriers dynamics in wide band gap materials," Nucl. Instruments Methods Phys. 

Res. Sect. B Beam Interact. with Mater. Atoms 116, 43 (1996). 

25.  M. Beresna, M. Gecevičius, M. Lancry, B. Poumellec, and P. G. Kazansky, "Broadband 



Bibliography 

153 

anisotropy of femtosecond laser induced nanogratings in fused silica," Appl. Phys. Lett. 103, 

131903 (2013). 

26.  L. Skuja, "Optically active oxygen-deficiency-related centers in amorphous silicon dioxide," 

J. Non. Cryst. Solids 239, 16 (1998). 

27.  A. Zoubir, C. Rivero, R. Grodsky, K. Richardson, M. Richardson, T. Cardinal, and M. Couzi, 

"Laser-induced defects in fused silica by femtosecond IR irradiation," Phys. Rev. B - Condens. 

Matter Mater. Phys. 73, 1 (2006). 

28.  L. Skuja, K. Kajihara, M. Hirano, and H. Hosono, "Oxygen-excess-related point defects in 

glassy/amorphous SiO2 and related materials," Nucl. Instruments Methods Phys. Res. Sect. 

B Beam Interact. with Mater. Atoms 286, 159 (2012). 

29.  H.-B. Sun, S. Juodkazis, M. Watanabe, S. Matsuo, H. Misawa, and J. Nishii, "Generation and 

Recombination of Defects in Vitreous Silica Induced by Irradiation with a Near-Infrared 

Femtosecond Laser," J. Phys. Chem. B 104, 3450 (2000). 

30.  J. P. Callan, "Ultrafast Dynamics and Phase Changes in Solids Excited by Femtosecond Laser 

Pulses," Harvard University (2000). 

31.  E. G. Gamaly, A. V Rode, V. T. Tikhonchuk, and B. Luther-Davies, "Ablation of solids by 

femtosecond lasers : ablation mechanism and ablation thresholds for metals and 

dielectrics," Phys. Rev. A 9, 949 (2001). 

32.  C. B. Schaffer, A. Brodeur, and E. Mazur, "Laser-induced breakdown and damage in bulk 

transparent materials induced by tightly focused femtosecond laser pulses," Meas. Sci. 

Technol. 12, 1784 (2001). 

33.  C. Hnatovsky, R. S. Taylor, P. P. Rajeev, E. Simova, V. R. Bhardwaj, D. M. Rayner, and P. B. 

Corkum, "Pulse duration dependence of femtosecond-laser-fabricated nanogratings in 

fused silica," Appl. Phys. Lett. 87, 14104 (2005). 

34.  K. Miura, J. Qiu, H. Inouye, T. Mitsuyu, and K. Hirao, "Photowritten optical waveguides in 

various glasses with ultrashort pulse laser," Appl. Phys. Lett. 71, 3329 (1997). 

35.  E. N. Glezer, M. Milosavljevic, L. Huang, R. J. Finlay, T. H. Her, J. P. Callan, and E. Mazur, 

"Three-dimensional optical storage inside transparent materials," Opt. Lett. 22, 422 (1997). 

36.  S. Onda, W. Watanabe, K. Yamada, K. Itoh, and J. Nishii, "Study of filamentary damage in 

synthesized silica induced by chirped femtosecond laser pulses," J. Opt. Soc. Am. B 22, 2437 



Bibliography 

154 

(2005). 

37.  R. Osellame, S. Taccheo, G. Cerullo, M. Marangoni, D. Polli, R. Ramponi, P. Laporta, and S. 

De Silvestri, "Optical gain in Er-Yb doped waveguides fabricated by femtosecond laser 

pulses," Electron. Lett. 38, 964 (2002). 

38.  A. G. Okhrimchuk, A. V Shestakov, I. Khrushchev, and J. Mitchell, "Depressed cladding, 

buried waveguide laser formed in a YAG:Nd3+ crystal by femtosecond laser writing," Opt. 

Lett. 30, 2248 (2005). 

39.  M. Beresna, M. Gecevičius, and P. G. Kazansky, "Polarization sensitive elements fabricated 

by femtosecond laser nanostructuring of glass," Opt. Mater. Express 1, 783 (2011). 

40.  M. Gecevičius, M. Beresna, R. Drevinskas, and P. G. Kazansky, "Airy beams generated by 

ultrafast laser-imprinted space-variant nanostructures in glass," Opt. Lett. 39, 6791 (2014). 

41.  E. N. Glezer, M. Milosavljevic, L. Huang, R. J. Finlay, T. H. Her, J. P. Callan, and E. Mazur, 

"Three-dimensional optical storage inside transparent materials," Opt. Lett. 21, 2023 (1996). 

42.  D. C. Emmony, R. P. Howson, and L. J. Willis, "Laser mirror damage in germanium at 10.6 

um," Appl. Phys. Lett. 23, 598 (1973). 

43.  Z. Guosheng, P. M. Fauchet, and A. E. Siegman, "Growth of spontaneous periodic surface 

structures on solids during laser illumination," Phys. Rev. B 26, 5366 (1982). 

44.  H. M. Van Driel, J. E. Sipe, and J. F. Young, "Laser-induced periodic surface structure on solids: 

A universal phenomenon," Phys. Rev. Lett. 49, 1955 (1982). 

45.  R. J. Nemanich, D. K. Biegelsen, and W. G. Hawkins, "Aligned, coexisting, liquid and solid 

regions in laser-annealed Si," Phys. Rev. B 27, 7817 (1983). 

46.  B. Gaković, M. Trtica, D. Batani, T. Desai, P. Panjan, and D. Vasiljević-Radović, "Surface 

modification of titanium nitride film by a picosecond Nd:YAG laser," J. Opt. A Pure Appl. Opt. 

9, S76 (2007). 

47.  G. Miyaji and K. Miyazaki, "Origin of periodicity in nanostructuring on thin film surfaces 

ablated with femtosecond laser pulses," Opt. Express 16, 16265 (2008). 

48.  M. Hashida, Y. Miyasaka, Y. Ikuta, S. Tokita, and S. Sakabe, "Crystal structures on a copper 

thin film with a surface of periodic self-organized nanostructures induced by femtosecond 

laser pulses," Phys. Rev. B - Condens. Matter Mater. Phys. 83, 2 (2011). 



Bibliography 

155 

49.  M. V. Khenkin, D. V. Amasev, A. O. Dudnik, A. V. Emelyanov, P. A. Forsh, A. G. Kazanskii, R. 

Drevinskas, M. Beresna, and P. Kazansky, "Effect of Laser Wavelength on Structure and 

Photoelectric Properties of a-Si:H Films Crystallized by Femtosecond Laser Pulses," J. 

Nanoelectron. Optoelectron. 9, 728 (2015). 

50.  P. Karpinski, V. Shvedov, W. Krolikowski, and C. Hnatovsky, "Laser-writing inside uniaxially 

birefringent crystals: fine morphology of ultrashort pulse-induced changes in lithium 

niobate," Opt. Express 24, 7456 (2016). 

51.  Y. Shimotsuma, T. Sei, M. Mori, M. Sakakura, and K. Miura, "Self-organization of polarization-

dependent periodic nanostructures embedded in III–V semiconductor materials," Appl. Phys. 

A 122, 159 (2016). 

52.  S. Mori, "Nanogratings Embedded in Al2O3-Dy2O3 Glass by Femtosecond Laser Irradiation," 

J. Laser Micro/Nanoengineering 11, 87 (2016). 

53.  S. S. Fedotov, R. Drevinskas, S. V. Lotarev, A. S. Lipatiev, M. Beresna, A. Čerkauskaitė, V. N. 

Sigaev, and P. G. Kazansky, "Direct writing of birefringent elements by ultrafast laser 

nanostructuring in multicomponent glass," Appl. Phys. Lett. 108, 71905 (2016). 

54.  Y. Liao, Y. Shen, L. Qiao, D. Chen, Y. Cheng, K. Sugioka, and K. Midorikawa, "Femtosecond 

laser nanostructuring in porous glass with sub-50 nm feature sizes," Opt. Lett. 38, 187 (2013). 

55.  Y. Liao, W. Pan, Y. Cui, L. Qiao, Y. Bellouard, K. Sugioka, and Y. Cheng, "Formation of in-

volume nanogratings with sub-100-nm periods in glass by femtosecond laser irradiation," 

Opt. Lett. 40, 3623 (2015). 

56.  Y. Liao, J. Ni, L. Qiao, M. Huang, Y. Bellouard, K. Sugioka, and Y. Cheng, "High-fidelity 

visualization of formation of volume nanogratings in porous glass by femtosecond laser 

irradiation," Optica 2, 329 (2015). 

57.  C. Corbari, A. Champion, M. Gecevičius, M. Beresna, Y. Bellouard, and P. G. Kazansky, 

"Femtosecond versus picosecond laser machining of nano-gratings and micro-channels in 

silica glass," Opt. Express 21, 3946 (2013). 

58.  A. Couairon and A. Mysyrowicz, "Femtosecond filamentation in transparent media," Phys. 

Rep. 441, 47 (2007). 

59.  Y. R. Shen, The Principles of Nonlinear Optics (Wiley, 1984). 

60.  A. Yariv and P. Yhe, Optical Waves in Crystals (Wiley, 1984). 



Bibliography 

156 

61.  M. Born and E. Wolf, Principles of Optics (Pergamon Press, 1980). 

62.  H. Kikuta, Y. Ohira, and K. Iwata, "Achromatic quarter-wave plates using the dispersion of 

form birefringence," Appl. Opt. 36, 1566 (1997). 

63.  C. Gu and P. Yeh, "Form birefringence dispersion in periodic layered media," Opt. Lett. 21, 

504 (1996). 

64.  R. Drevinskas, M. Gecevičius, M. Beresna, Y. Bellouard, and P. G. Kazansky, "Tailored surface 

birefringence by femtosecond laser assisted wet etching," Opt. Express 23, 1428 (2015). 

65.  R. Taylor, C. Hnatovsky, and E. Simova, "Applications of femtosecond laser induced self-

organized planar nanocracks inside fused silica glass," Laser Photonics Rev. 2, 26 (2008). 

66.  A. Champion and Y. Bellouard, "Direct volume variation measurements in fused silica 

specimens exposed to femtosecond laser," Opt. Mater. Express 2, 789 (2012). 

67.  J. Canning, M. Lancry, K. Cook, A. Weickman, F. Brisset, and B. Poumellec, "Anatomy of a 

femtosecond laser processed silica waveguide [Invited]," Opt. Mater. Express 1, 998 (2011). 

68.  A. Champion, M. Beresna, P. Kazansky, and Y. Bellouard, "Stress distribution around 

femtosecond laser affected zones: effect of nanogratings orientation," Opt. Express 21, 

24942 (2013). 

69.  Y. Bellouard, A. Champion, B. McMillen, S. Mukherjee, R. R. Thomson, C. Pépin, P. Gillet, and 

Y. Cheng, "Stress-state manipulation in fused silica via femtosecond laser irradiation," Optica 

3, 1285 (2016). 

70.  L. Yuan, B. Cheng, J. Huang, J. Liu, H. Wang, X. Lan, and H. Xiao, "Stress-induced birefringence 

and fabrication of in-fiber polarization devices by controlled femtosecond laser irradiations," 

Opt. Express 24, 1062 (2016). 

71.  D.-X. Xu, P. Cheben, D. Dalacu, A. Delâge, S. Janz, B. Lamontagne, M.-J. Picard, and W. N. Ye, 

"Eliminating the birefringence in silicon-on-insulator ridge waveguides by use of cladding 

stress," Opt. Lett. 29, 2384 (2004). 

72.  M. Shribak and R. Oldenbourg, "Techniques for fast and sensitive measurements of two-

dimensional birefringence distributions," Appl. Opt. 42, 3009 (2003). 

73.  M. Gecevičius, M. Beresna, and P. G. Kazansky, "Polarization sensitive camera by 

femtosecond laser nanostructuring," Opt. Lett. 38, 4096 (2013). 



Bibliography 

157 

74.  J. Guo and D. Brady, "Fabrication of thin-film micropolarizer arrays for visible imaging 

polarimetry," Appl. Opt. 39, 1486 (2000). 

75.  F. A. Sadjadi and C. S. Chun, "Application of a Passive Polarimetric Infrared Sensor in 

Improved Detection and Classification of Targets," Int. J. Infrared Millimeter Waves 19, 1541 

(1998). 

76.  J. Bonse, S. Baudach, J. Krüger, W. Kautek, and M. Lenzner, "Femtosecond laser ablation of 

silicon–modification thresholds and morphology," Appl. Phys. A 74, 19 (2002). 

77.  A. Siegman and P. Fauchet, "Stimulated Wood’s anomalies on laser-illuminated surfaces," 

IEEE J. Quantum Electron. 22, 1384 (1986). 

78.  Z. Guosheng, P. Fauchet, and A. Siegman, "Growth of spontaneous periodic surface 

structures on solids during laser illumination," Phys. Rev. B 26, 5366 (1982). 

79.  A. Borowiec and H. K. Haugen, "Subwavelength ripple formation on the surfaces of 

compound semiconductors irradiated with femtosecond laser pulses," Appl. Phys. Lett. 82, 

4462 (2003). 

80.  N. Yasumaru, K. Miyazaki, and J. Kiuchi, "Femtosecond-laser-induced nanostructure formed 

on hard thin films of TiN and DLC," Appl. Phys. A Mater. Sci. Process. 76, 983 (2003). 

81.  J. Bonse, A. Rosenfeld, and J. Krüger, "On the role of surface plasmon polaritons in the 

formation of laser-induced periodic surface structures upon irradiation of silicon by 

femtosecond-laser pulses," J. Appl. Phys. 106, 104910 (2009). 

82.  J. Bonse, S. Hohm, S. V. Kirner, A. Rosenfeld, and J. Kruger, "Laser-Induced Periodic Surface 

Structures— A Scientific Evergreen," IEEE J. Sel. Top. Quantum Electron. 23, 9000615 (2017). 

83.  M. Huang, F. Zhao, Y. Cheng, N. Xu, and Z. Xu, "Origin of laser-induced near-subwavelength 

ripples: interference between surface plasmons and incident laser," ACS Nano 3, 4062 

(2009). 

84.  J. Bonse, S. Baudach, J. Krüger, W. Kautek, and M. Lenzner, "Femtosecond laser ablation of 

silicon – modification thresholds and morphology," Appl. Phys. A 74, 19 (2002). 

85.  J. Bonse, M. Munz, and H. Sturm, "Structure formation on the surface of indium phosphide 

irradiated by femtosecond laser pulses," J. Appl. Phys. 97, 13538 (2005). 

86.  J. Bonse and J. Krüger, "Pulse number dependence of laser-induced periodic surface 

structures for femtosecond laser irradiation of silicon," J. Appl. Phys. 108, 34903 (2010). 



Bibliography 

158 

87.  M. O. Thompson, J. Galvin, J. Mayer, P. S. Peercy, J. M. Poate, D. C. Jacobson, A. G. Cullis, 

and N. G. Chew, "Melting temperature and explosive crystallization of amorphous silicon 

during pulsed laser irradiation," Phys. Rev. Lett. 52, 2360 (1984). 

88.  C. V Shank, R. Yen, and C. Hirlimann, "Time-resolved reflectivity measurements of 

femtosecond-optical-pulse-induced phase transitions in silicon," Phys. Rev. Lett. 50, 454 

(1983). 

89.  P. Saeta, J. K. Wang, Y. Siegal, N. Bloembergen, and E. Mazur, "Ultrafast electronic 

disordering during femtosecond laser melting of GaAs," Phys. Rev. Lett. 67, 1023 (1991). 

90.  D. von der Linde, K. Sokolowski-Tinten, and J. Bialkowski, "Laser – solid interaction in the 

femtosecond time regime," Appl. Surf. Sci. 109, 1 (1997). 

91.  M. C. Downer and C. V Shank, "Ultrafast heating of silicon on sapphire by femtosecond 

Optical Pulses," Phys. Rev. Lett. 56, 761 (1986). 

92.  Y. Siegal, E. N. Glezer, L. Huang, and E. Mazur, "Laser-induced phase transitions in 

semiconductors," Annu. Rev. Mater. 25, 223 (1995). 

93.  I. L. Shumay and U. Hofer, "Phase transformations of an InSb surface induced by strong 

femtosecond laser pulses," Phys. Rev. B 53, 878 (1996). 

94.  A. Rousse, C. Rischel, S. Fourmaux, I. Uschmann, S. Sebban, G. Grillon, P. Balcou, E. Forster, 

J. P. Geindre, P. Audebert, J. C. Gauthier, and D. Hulin, "Non-thermal melting in 

semiconductors measured at femtosecond resolution," Nature 410, 65 (2001). 

95.  P. Stampfli and H. K. Bennemann, "Theory for the instability of the diamond structure of Si, 

Ge, and C induced by a dense electron-hole plasma," Phys. Rev. B 42, 7163 (1990). 

96.  F. Costache, S. Kouteva-Arguirova, and J. Reif, "Sub-damage-threshold femtosecond laser 

ablation from crystalline Si: surface nanostructures and phase transformation," Appl. Phys. 

A 79, 1429 (2004). 

97.  D. Dufft,  a. Rosenfeld, S. K. Das, R. Grunwald, and J. Bonse, "Femtosecond laser-induced 

periodic surface structures revisited: A comparative study on ZnO," J. Appl. Phys. 105, 34908 

(2009). 

98.  J. Reif, F. Costache, M. Henyk, and S. V Pandelov, "Ripples revisited: non-classical 

morphology at the bottom of femtosecond laser ablation craters in transparent dielectrics," 

Appl. Surf. Sci. 197–198, 891 (2002). 



Bibliography 

159 

99.  B. Dusser, Z. Sagan, H. Soder, N. Faure, J. P. Colombier, M. Jourlin, and E. Audouard, 

"Controlled nanostructrures formation by ultra fast laser pulses for color marking," Opt. 

Express 18, 2913 (2010). 

100.  T. Baldacchini, J. E. Carey, M. Zhou, and E. Mazur, "Superhydrophobic surfaces prepared by 

microstructuring of silicon using a femtosecond laser," Langmuir 22, 4917 (2006). 

101.  E. Rebollar, I. Frischauf, M. Olbrich, T. Peterbauer, S. Hering, J. Preiner, P. Hinterdorfer, C. 

Romanin, and J. Heitz, "Proliferation of aligned mammalian cells on laser-nanostructured 

polystyrene," Biomaterials 29, 1796 (2008). 

102.  A. Y. Vorobyev and C. Guo, "Colorizing metals with femtosecond laser pulses," Appl. Phys. 

Lett. 92, 41914 (2008). 

103.  E. Bricchi and P. G. Kazansky, "Extraordinary stability of anisotropic femtosecond direct-

written structures embedded in silica glass," Appl. Phys. Lett. 88, 111113 (2006). 

104.  J. Canning, M. Lancry, K. Cook, A. Weickman, F. Brisset, and B. Poumellec, "Anatomy of a 

femtosecond laser processed silica waveguide [Invited]," Opt. Mater. Express 1, 998 (2011). 

105.  V. Bhardwaj, E. Simova, P. Rajeev, C. Hnatovsky, R. Taylor, D. Rayner, and P. Corkum, 

"Optically Produced Arrays of Planar Nanostructures inside Fused Silica," Phys. Rev. Lett. 96, 

57404 (2006). 

106.  F. Liang, R. Vallée, and S. Chin, "Mechanism of nanograting formation on the surface of fused 

silica," Opt. Express 20, 4389 (2012). 

107.  M. Beresna, M. Gecevičius, P. G. Kazansky, T. Taylor, and A. V. Kavokin, "Exciton mediated 

self-organization in glass driven by ultrashort light pulses," Appl. Phys. Lett. 101, 53120 

(2012). 

108.  A. Rudenko, J.-P. Colombier, and T. E. Itina, "From random inhomogeneities to periodic 

nanostructures induced in bulk silica by ultrashort laser," Phys. Rev. B 93, 75427 (2016). 

109.  F. Zimmermann, A. Plech, S. Richter, A. Tünnermann, and S. Nolte, "The onset of ultrashort 

pulse-induced nanogratings," Laser Photonics Rev. 8, 1 (2016). 

110.  H. Misawa and S. Juodkazis, 3D Laser Microfabrication Principles and Applications (Wiley, 

2006). 

111.  A. Rudenko, H. Ma, V. P. Veiko, J.-P. Colombier, and T. E. Itina, "On the role of nanopore 

formation and evolution in multi-pulse laser nanostructuring of glasses," Appl. Phys. A 124, 



Bibliography 

160 

63 (2018). 

112.  P. Martin, S. Guizard, P. Daguzan, G. Petite, P. D’Oliveira, P. Meynadier, and M. Perdrix, 

"Subpicosecond study of carrier trapping dynamics in wide-band-gap crystals," Phys. Rev. B 

55, 5799 (1997). 

113.  E. Bricchi, J. D. Mills, P. G. Kazansky, B. G. Klappauf, and J. J. Baumberg, "Birefringent Fresnel 

zone plates in silica fabricated by femtosecond laser machining," Opt. Lett. 27, 2200 (2002). 

114.  Y. Ke, Y. Liu, J. Zhou, Y. Liu, H. Luo, and S. Wen, "Photonic spin filter with dielectric 

metasurfaces," Opt. Express 23, 33079 (2015). 

115.  M. Beresna, M. Gecevičius, P. G. Kazansky, and T. Gertus, "Radially polarized optical vortex 

converter created by femtosecond laser nanostructuring of glass," Appl. Phys. Lett. 98, 

201101 (2011). 

116.  M. Gecevičius and M. Beresna, "Airy beams generated by ultrafast laser-imprinted space-

variant nanostructures in glass," Opt. Lett. 39, 6791 (2014). 

117.  Altechna, "S-waveplate (Radial Polarization Converter)," 

http://www.altechna.com/product_details.php?id=1048. 

118.  Y. Shimotsuma, M. Sakakura, P. G. Kazansky, M. Beresna, J. Qiu, K. Miura, and K. Hirao, 

"Ultrafast manipulation of self-assembled form birefringence in glass," Adv. Mater. 22, 4039 

(2010). 

119.  J. Zhang, A. Čerkauskaitė, R. Drevinskas, A. Patel, M. Beresna, and P. G. Kazansky, "Eternal 

5D data storage by ultrafast laser writing in glass," in SPIE  97360U (2016). 

120.  Y. He, Z. Liu, Y. Liu, J. Zhou, Y. Ke, H. Luo, and S. Wen, "Higher-order laser mode converters 

with dielectric metasurfaces," Opt Lett 40, 5506 (2015). 

121.  R. Drevinskas and P. G. Kazansky, "High-performance geometric phase elements in silica 

glass," APL Photonics 2, 66104 (2017). 

122.  S. Rajesh and Y. Bellouard, "Towards fast femtosecond laser micromachining of fused silica: 

The effect of deposited energy," Opt. Express 18, 21490 (2010). 

123.  S. Kiyama, S. Matsuo, S. Hashimoto, and Y. Morihira, "Examination of Etching Agent and 

Etching Mechanism on Femotosecond Laser Microfabrication of Channels Inside Vitreous 

Silica Substrates," J. Phys. Chem. C 113, 11560 (2009). 



Bibliography 

161 

124.  F. Madani-Grasset and Y. Bellouard, "Femtosecond laser micromachining of fused silica 

molds," Opt. Express 18, 21826 (2010). 

125.  A. Schaap and Y. Bellouard, "Molding topologically-complex 3D polymer microstructures 

from femtosecond laser machined glass," Opt. Mater. Express 3, 1428 (2013). 

126.  Y. Bellouard, A. Said, M. Dugan, and P. Bado, "Fabrication of high-aspect ratio, micro-fluidic 

channels and tunnels using femtosecond laser pulses and chemical etching," Opt. Express 

12, 2120 (2004). 

127.  B. Lenssen and Y. Bellouard, "Optically transparent glass micro-actuator fabricated by 

femtosecond laser exposure and chemical etching," Appl. Phys. Lett. 101, 103503 (2012). 

128.  K. Sugioka and Y. Cheng, "Femtosecond laser processing for optofluidic fabrication," Lab 

Chip 12, 3576 (2012). 

129.  R. M. Vazquez, R. Osellame, D. Nolli, C. Dongre, H. van den Vlekkert, R. Ramponi, M. Pollnau, 

and G. Cerullo, "Integration of femtosecond laser written optical waveguides in a lab-on-

chip," Lab Chip 9, 91 (2009). 

130.  M. Kim, D. J. Hwang, H. Jeon, K. Hiromatsu, and C. P. Grigoropoulos, "Single cell detection 

using a glass-based optofluidic device fabricated by femtosecond laser pulses," Lab Chip 9, 

311 (2009). 

131.  "IDC. Where in the world is storage," 

https://www.idc.com/downloads/where_is_storage_infographic_243338.pdf. 

132.  G. M. Church, Y. Gao, and S. Kosuri, "Next-Generation Digital Information Storage in DNA," 

Science 337, 1628 (2012). 

133.  M. E. Allentoft, M. Collins, D. Harker, J. Haile, C. L. Oskam, M. L. Hale, P. F. Campos, J. A. 

Samaniego, M. T. P. Gilbert, E. Willerslev, G. Zhang, R. P. Scofield, R. N. Holdaway, and M. 

Bunce, "The half-life of DNA in bone: measuring decay kinetics in 158 dated fossils," Proc. R. 

Soc. B Biol. Sci. 279, 4724 (2012). 

134.  C. T. Clelland, V. Risca, and C. Bancroft, "Hiding messages in DNA microdots," Nature 399, 

533 (1999). 

135.  Microsoft, "DNA Storage," https://www.microsoft.com/en-us/research/project/dna-

storage/. 

136.  J. Bornholt, "A DNA-based archival storage system," ACM SIGOPS Oper. Syst. Rev. 50, 637 



Bibliography 

162 

(2016). 

137.  L. Dhar, K. Curtis, and T. Fäcke, "Coming of age," Nat. Photonics 2, 403 (2008). 

138.  H. Ruan, "Recent advances in holographic data storage," Front. Optoelectron. 7, 450 (2014). 

139.  J. F. Heanue, M. C. Bashaw, and L. Hesselink, "Volume holographic storage and retrieval of 

digital data," Science 265, 749 (1994). 

140.  L. D’auria, J. Huignard, and E. Spitz, "Holographic read-write memory and capacity 

enhancement by 3-D storage," IEEE Trans. Magn. 9, 83 (1973). 

141.  G. A. Rakuljic, A. Yariv, and V. Leyva, "Optical data storage by using orthogonal wavelength-

multiplexed volume holograms," Opt. Lett. 17, 1471 (1992). 

142.  D. Psaltis, K. Curtis, M. Levene, A. Pu, and G. Barbastathis, "Holographic storage using shift 

multiplexing," Opt. Lett. 20, 782 (1995). 

143.  L. Dhar, K. Curtis, M. Tackitt, M. Schilling, S. Campbell, W. Wilson, A. Hill, C. Boyd, N. Levinos, 

and A. Harris, "Holographic storage of multiple high-capacity digital data pages in thick 

photopolymer systems," Opt. Lett. 23, 1710 (1998). 

144.  S. S. Orlov, W. Phillips, E. Bjornson, Y. Takashima, P. Sundaram, L. Hesselink, R. Okas, D. Kwan, 

and R. Snyder, "High-transfer-rate high-capacity holographic disk data-storage system," Appl. 

Opt. 43, 4902 (2004). 

145.  D. Psaltis and G. W. Burr, "Holographic data storage," Springer-Verlag New York, Inc. (1998). 

146.  M. Lanciloti, "Holographic data storage. InPhase Technologies," 

https://tech.ebu.ch/docs/techreview/trev_307-inphase.pdf. 

147.  X. Li, Y. Cao, N. Tian, L. Fu, and M. Gu, "Multifocal optical nanoscopy for big data recording 

at 30 TB capacity and gigabits/second data rate," Optica 2, 567 (2015). 

148.  Z. Gan, Y. Cao, R. a Evans, and M. Gu, "Three-dimensional deep sub-diffraction optical beam 

lithography with 9 nm feature size," Nat. Commun. 4, 2061 (2013). 

149.  J. Bewersdorf, R. Pick, and S. W. Hell, "Multifocal multiphoton microscopy," Opt. Lett. 23, 

655 (1998). 

150.  D. Ganic, D. Day, and M. Gu, "Multi-level optical data storage in a photobleaching polymer 

using two-photon excitation under continuous wave illumination," Opt. Lasers Eng. 38, 433 

(2002). 



Bibliography 

163 

151.  H. Ditlbacher, J. R. Krenn, B. Lamprecht, A. Leitner, and F. R. Aussenegg, "Spectrally coded 

optical data storage by metal nanoparticles," Opt. Lett. 25, 563 (2000). 

152.  S. Alasfar, M. Ishikawa, Y. Kawata, C. Egami, O. Sugihara, N. Okamoto, M. Tsuchimori, and O. 

Watanabe, "Polarization-multiplexed optical memory with urethane–urea copolymers," 

Appl. Opt. 38, 6201 (1999). 

153.  J. H. Strickler and W. W. Webb, "Three-dimensional optical data storage in refractive media 

by two-photon point excitation," Opt. Lett. 16, 1780 (1991). 

154.  P. Zijlstra, J. W. M. Chon, and M. Gu, "Five-dimensional optical recording mediated by 

surface plasmons in gold nanorods," Nature 459, 410 (2009). 

155.  B. Nikoobakht and M. A. El-Sayed, "Preparation and Growth Mechanism of Gold Nanorods 

(NRs) Using Seed-Mediated Growth Method," Chem. Mater. 15, 1957 (2003). 

156.  D. L. N. Kallepalli, A. M. Alshehri, D. T. Marquez, L. Andrzejewski, J. C. Scaiano, and R. 

Bhardwaj, "Ultra-high density optical data storage in common transparent plastics," Sci. Rep. 

6, 26163 (2016). 

157.  M-Disc, "M-Disc," http://www.mdisc.com/. 

158.  J. Zhang, M. Gecevičius, M. Beresna, and P. G. Kazansky, "Seemingly unlimited lifetime data 

storage in nanostructured glass," Phys. Rev. Lett. 112, 1 (2014). 

159.  R. Imai, M. Shiozawa, T. Shintani, T. Watanabe, S. Mori, Y. Shimotsuma, M. Sakakura, K. 

Miura, and K. Watanabe, "100-Layer recording in fused silica for semi permanent data 

storage," Jpn. J. Appl. Phys. 54, 09MC02 (2015). 

160.  E. N. Glezer, L. Huang, R. J. Finlay, T. Her, J. P. Callan, C. Schaffer, and E. Mazur, "Ultrafast 

laser-induced microexplosions in transparent materials," Proc. SPIE 2966, 392 (1996). 

161.  R. Di Leonardo, F. Ianni, and G. Ruocco, "Computer generation of optimal holograms for 

optical trap arrays," Opt. Express 15, 1913 (2007). 

162.  A. Patel, V. T. Tikhonchuk, J. Zhang, and P. G. Kazansky, "Non-paraxial polarization spatio-

temporal coupling in ultrafast laser material processing," Laser Photon. Rev. 11, 1600290 

(2017). 

163.  R. Buschlinger, S. Nolte, and U. Peschel, "Self-organized pattern formation in laser-induced 

multiphoton ionization," Phys. Rev. B 89, 184306 (2014). 



Bibliography 

164 

164.  A. Rudenko, J.-P. Colombier, and T. E. Itina, "From random inhomogeneities to periodic 

nanostructures induced in bulk silica by ultrashort laser," Phys. Rev. B 93, 75427 (2016). 

165.  M. Lancry, B. Poumellec, J. Canning, K. Cook, J. C. Poulin, and F. Brisset, "Ultrafast 

nanoporous silica formation driven by femtosecond laser irradiation," Laser Photonics Rev. 

7, 953 (2013). 

166.  K. Mishchik, G. Cheng, G. Huo, I. M. Burakov, C. Mauclair, A. Mermillod-Blondin, A. Rosenfeld, 

Y. Ouerdane, A. Boukenter, O. Parriaux, and R. Stoian, "Nanosize structural modifications 

with polarization functions in ultrafast laser irradiated bulk fused silica," Opt. Express 18, 

24809 (2010). 

167.  R. Stoian, K. Mishchik, G. Cheng, C. Mauclair, C. D’Amico, J. P. Colombier, and M. Zamfirescu, 

"Investigation and control of ultrafast laser-induced isotropic and anisotropic nanoscale-

modulated index patterns in bulk fused silica," Opt. Mater. Express 3, 1755 (2013). 

168.  F. Liang, R. Vallée, and S. Chin, "Physical evolution of nanograting inscription on the surface 

of fused silica," Opt. Mater. Express 2, 1244 (2012). 

169.  A. Soleimani Dorcheh and M. H. Abbasi, "Silica aerogel; synthesis, properties and 

characterization," J. Mater. Process. Technol. 199, 10 (2008). 

170.  J. Sun, J. P. Longtin, and P. M. Norris, "Ultrafast laser micromachining of silica aerogels," J. 

Non. Cryst. Solids 281, 39 (2001). 

171.  B. Yalizay, Y. Morova, K. Dincer, Y. Ozbakir, A. Jonas, C. Erkey, A. Kiraz, and S. Akturk, 

"Versatile liquid-core optofluidic waveguides fabricated in hydrophobic silica aerogels by 

femtosecond-laser ablation," Opt. Mater. (Amst). 47, 478 (2015). 

172.  E. N. Glezer and E. Mazur, "Ultrafast-laser driven micro-explosions in transparent materials," 

Appl. Phys. Lett. 71, 882 (1997). 

173.  S. Juodkazis, H. Misawa, T. Hashimoto, E. G. Gamaly, and B. Luther-Davies, "Laser-induced 

microexplosion confined in a bulk of silica: Formation of nanovoids," Appl. Phys. Lett. 88, 

38–41 (2006). 

174.  S. Juodkazis, K. Nishimura, S. Tanaka, H. Misawa, E. Gamaly, B. Luther-Davies, L. Hallo, P. 

Nicolai, and V. Tikhonchuk, "Laser-Induced Microexplosion Confined in the Bulk of a 

Sapphire Crystal: Evidence of Multimegabar Pressures," Phys. Rev. Lett. 96, 166101 (2006). 

175.  L. Rapp, B. Haberl, J. E. Bradby, E. G. Gamaly, J. S. Williams, and A. V Rode, Fundamentals of 



Bibliography 

165 

Laser-Assisted Micro- and Nanotechnologies (Springer International Publishing, 2014). 

176.  A. Mermillod-Blondin, J. Bonse, A. Rosenfeld, I. V. Hertel, Y. P. Meshcheryakov, N. M. 

Bulgakova, E. Audouard, and R. Stoian, "Dynamics of femtosecond laser induced voidlike 

structures in fused silica," Appl. Phys. Lett. 94, 41911 (2009). 

177.  G. Poelz and R. Riethmüller, "Preparation of silica aerogel for Cherenkov counters," Nucl. 

Instruments Methods Phys. Res. 195, 491 (1982). 

178.  I. Hachisu, T. Matsuda, K. Nomoto, and T. Shigeyama, "Mixing in ejecta of supernovae. II. 

Mixing width of 2D Rayleigh-Taylor instabilities in the helium star models for type Ib/Ic 

supernovae," Astron. Astrophys. Suppl. Ser. 104, 341 (1994). 

179.  W. H. Cabot and A. W. Cook, "Reynolds number effects on Rayleigh–Taylor instability with 

possible implications for type Ia supernovae," Nat. Phys. 2, 562 (2006). 

180.  A. Vogel, N. Linz, S. Freidank, and G. Paltauf, "Femtosecond-laser-induced nanocavitation in 

water: Implications for optical breakdown threshold and cell surgery," Phys. Rev. Lett. 100, 

1 (2008). 

181.  E. G. Gamaly, S. Juodkazis, K. Nishimura, H. Misawa, B. Luther-Davies, L. Hallo, P. Nicolai, and 

V. T. Tikhonchuk, "Laser-matter interaction in the bulk of a transparent solid: Confined 

microexplosion and void formation," Phys. Rev. B - Condens. Matter Mater. Phys. 73, 1 

(2006). 

182.  Y. Dai, A. Patel, J. Song, M. Beresna, and P. G. Kazansky, "Void-nanograting transition by 

ultrashort laser pulse irradiation in silica glass," Opt. Express 24, 19344 (2016). 

183.  O. Dematteo Caulier, K. Mishchik, B. Chimier, S. Skupin, A. Bourgeade, C. Javaux Léger, R. 

Kling, C. Hönninger, J. Lopez, V. Tikhonchuk, and G. Duchateau, "Femtosecond laser pulse 

train interaction with dielectric materials," Appl. Phys. Lett. 107, 181110 (2015). 

184.  N. M. Bulgakova, V. P. Zhukov, S. V. Sonina, and Y. P. Meshcheryakov, "Modification of 

transparent materials with ultrashort laser pulses: What is energetically and mechanically 

meaningful?," J. Appl. Phys. 118, 233108 (2015). 

185.  "Lumerical Solutions, Inc.," http://www.lumerical.com/tcad-products/fdtd/ (n.d.). 

186.  Y. Shimotsuma, "Femtosecond-laser Nanostructuring in Glass," J. Laser 

Micro/Nanoengineering 9, 31 (2014). 

187.  F. Zhang, H. Zhang, G. Dong, and J. Qiu, "Embedded nanogratings in germanium dioxide glass 



Bibliography 

166 

induced by femtosecond laser direct writing," J. Opt. Soc. Am. B 31, 860 (2014). 

188.  T. Asai, Y. Shimotsuma, T. Kurita, A. Murata, S. Kubota, M. Sakakura, K. Miura, F. Brisset, B. 

Poumellec, and M. Lancry, "Systematic Control of Structural Changes in GeO 2 Glass Induced 

by Femtosecond Laser Direct Writing," J. Am. Ceram. Soc. 98, 1471 (2015). 

189.  M. Lancry, J. Canning, K. Cook, M. Heili, D. R. Neuville, and B. Poumellec, "Nanoscale 

femtosecond laser milling and control of nanoporosity in the normal and anomalous regimes 

of GeO2-SiO2 glasses," Opt. Mater. Express 6, 321 (2016). 

190.  S. Sakaguchi and S. Todoroki, "Optical properties of GeO2 glass and optical fibers," Appl. Opt. 

36, 6809 (1997). 

191.  S. Kanehira, J. Si, J. Qiu, K. Fujita, and K. Hirao, "Periodic Nanovoid Structures via 

Femtosecond Laser Irradiation," Nano Lett. 5, 1591 (2005). 

192.  A. Cerkauskaite, R. Drevinskas, A. O. Rybaltovskii, and P. G. Kazansky, "Ultrafast laser-

induced birefringence in various porosity silica glasses: from fused silica to aerogel," Opt. 

Express 25, 8011 (2017). 

193.  M. Gecevičius, M. Beresna, J. Zhang, W. Yang, H. Takebe, and P. G. Kazansky, "Extraordinary 

anisotropy of ultrafast laser writing in glass," Opt. Express 21, 3959 (2013). 

194.  S. Richter, S. Döring, A. Tünnermann, and S. Nolte, "Bonding of glass with femtosecond laser 

pulses at high repetition rates," Appl. Phys. A 103, 257 (2011). 

195.  M. Lancry, F. Zimmerman, R. Desmarchelier, J. Tian, F. Brisset, S. Nolte, and B. Poumellec, 

"Nanogratings formation in multicomponent silicate glasses," Appl. Phys. B 122, 66 (2016). 

196.  V. G. Niziev and A. V. Nesterov, "Influence of beam polarization on laser cutting efficiency," 

J. Phys. D. Appl. Phys. 32, 1455 (1999). 

197.  W. J. Yang, E. Bricchi, P. G. Kazansky, J. Bovatsek, and A. Y. Arai, "Self-assembled periodic 

sub-wavelength structures by femtosecond laser direct writing," Opt. Express 14, 10117 

(2006). 

198.  S. Richter, C. Miese, S. Döring, F. Zimmermann, M. J. Withford, A. Tünnermann, and S. Nolte, 

"Laser induced nanogratings beyond fused silica - periodic nanostructures in borosilicate 

glasses and ULE," Opt. Mater. Express 3, 1161 (2013). 

199.  F. Zimmermann, A. Plech, S. Richter, A. Tünnermann, and S. Nolte, "Ultrashort laser pulse 

induced nanogratings in borosilicate glass," Appl. Phys. Lett. 104, 211107 (2014). 



Bibliography 

167 

200.  M. Shimizu, K. Miura, M. Sakakura, M. Nishi, Y. Shimotsuma, S. Kanehira, T. Nakaya, and K. 

Hirao, "Space-selective phase separation inside a glass by controlling compositional 

distribution with femtosecond-laser irradiation," Appl. Phys. A 100, 1001 (2010). 

201.  Y. Liu, M. Shimizu, B. Zhu, Y. Dai, B. Qian, J. Qiu, Y. Shimotsuma, K. Miura, and K. Hirao, 

"Micromodification of element distribution in glass using femtosecond laser irradiation," 

Opt. Lett. 34, 136 (2009). 

202.  R. Drevinskas, M. Beresna, M. Gecevičius, M. Khenkin, A. G. Kazanskii, I. Matulaitienė, G. 

Niaura, O. I. Konkov, E. I. Terukov, Y. P. Svirko, and P. G. Kazansky, "Giant birefringence and 

dichroism induced by ultrafast laser pulses in hydrogenated amorphous silicon," Appl. Phys. 

Lett. 106, 171106 (2015). 

203.  R. Drevinskas, M. Beresna, J. Zhang, A. G. Kazanskii, and P. G. Kazansky, "Ultrafast Laser-

Induced Metasurfaces for Geometric Phase Manipulation," Adv. Opt. Mater. 5, 1600575 

(2017). 

204.  J. Song, Y. Dai, W. Tao, M. Gong, G. Ma, Q. Zhao, and J. Qiu, "Surface birefringence of self-

assembly periodic nanostructures induced on 6H-SiC surface by femtosecond laser," Appl. 

Surf. Sci. 363, 664 (2016). 

205.  S. Ray, R. Banerjee, N. Basu, A. K. Batabyal, and A. K. Barua, "Properties of tin doped indium 

oxide thin films prepared by magnetron sputtering," J. Appl. Phys. 54, 3497 (1983). 

206.  I. Hamberg and C. G. Granqvist, "Evaporated Sn-doped In 2 O 3 films: Basic optical properties 

and applications to energy-efficient windows," J. Appl. Phys. 60, R123 (1986). 

207.  C. W. Cheng, W. C. Shen, C. Y. Lin, Y. J. Lee, and J. S. Chen, "Fabrication of micro/nano 

crystalline ITO structures by femtosecond laser pulses," Appl. Phys. A 101, 243 (2010). 

208.  I. Abdulhalim, "Simplified optical scatterometry for periodic nanoarrays in the near-quasi-

static limit," Appl. Opt. 46, 2219 (2007). 

209.  R. J. Moerland and J. P. Hoogenboom, "Subnanometer-accuracy optical distance ruler based 

on fluorescence quenching by transparent conductors," Optica 3, 112 (2016). 

210.  F. J. García-Vidal, H. J. Lezec, T. W. Ebbesen, and L. Martín-Moreno, "Multiple Paths to 

Enhance Optical Transmission through a Single Subwavelength Slit," Phys. Rev. Lett. 90, 

213901 (2003). 

211.  J. Zhang, R. Drevinskas, M. Beresna, and P. G. Kazansky, "Polarization sensitive anisotropic 



Bibliography 

168 

structuring of silicon by ultrashort light pulses," Appl. Phys. Lett. 107, 41114 (2015). 

212.  S. M. Eaton, H. Zhang, M. L. Ng, J. Li, W.-J. Chen, S. Ho, and P. R. Herman, "Transition from 

thermal diffusion to heat accumulation in high repetition rate femtosecond laser writing of 

buried optical waveguides," Opt. Express 16, 9443 (2008). 

213.  S. Richter, M. Heinrich, S. Döring, A. Tünnermann, and S. Nolte, "Nanogratings in fused silica: 

Formation, control, and applications," J. Laser Appl. 24, 42008 (2012). 

214.  H. Ren, H. Lin, X. Li, and M. Gu, "Three-dimensional parallel recording with a Debye 

diffraction-limited and aberration-free volumetric multifocal array," Opt. Lett. 39, 1621 

(2014). 

215.  N. Huot, R. Stoian,  a Mermillod-Blondin, C. Mauclair, and E. Audouard, "Analysis of the 

effects of spherical aberration on ultrafast laser-induced refractive index variation in glass," 

Opt. Express 15, 12395 (2007). 

216.  J. Lin, O. G. Rodríguez-Herrera, F. Kenny, D. Lara, and J. C. Dainty, "Fast vectorial calculation 

of the volumetric focused field distribution by using a three-dimensional Fourier transform," 

Opt. Express 20, 1060 (2012). 

217.  A. Marcinkevičius, V. Mizeikis, S. Juodkazis, S. Matsuo, and H. Misawa, "Effect of refractive 

index-mismatch on laser microfabrication in silica glass," Appl. Phys. A Mater. Sci. Process. 

76, 257 (2003). 

218.  A. Laskin, V. Laskin, and A. Ostrun, "Aberration-free high NA focusing in transparent media," 

in Proceedings of LPM2017 - the 18th International Symposium on Laser Precision 

Microfabrication (2007). 

219.  X. Li, Y. Cao, N. Tian, L. Fu, and M. Gu, "Multifocal optical nanoscopy for big data recording 

at 30 TB capacity and gigabits/second data rate," Optica 2, 567 (2015). 

220.  K. Tajima, Y. Nakamura, and T. Hoshizawa, "High-density recording in holographic data 

storage system by dual 2-level run-length-limited modulation," Jpn. J. Appl. Phys. 55, 09SA09 

(2016). 

221.  T. Watanabe, T. Shintani, K. Ono, and T. Mine, "A digital-data-preservation system featuring 

LED-light computer tomography," IEICE Electron. Express 6, 1569 (2009). 

222.  M. Gecevičius, "Polarization sensitive optical elements by ultrafast laser nanostructuring of 

glass," University of Southampton (2015). 



Bibliography 

169 

223.  F. Zimmermann, A. Plech, S. Richter, S. Döring, A. Tünnermann, and S. Nolte, "Structural 

evolution of nanopores and cracks as fundamental constituents of ultrashort pulse-induced 

nanogratings," Appl. Phys. A 114, 75 (2013). 

224.  L. Bressel and D. De Ligny, "Observation of O2 inside voids formed in GeO2 glass by tightly-

focused fs-laser pulses," Opt. Mater. Express 1, 416 (2011). 

225.  P. A. Tobias and D. Trindade, Applied Reliability, Third Edition (2011). 

226.  D. J. Stokes, Principles and Practice of Variable Pressure/Environmental Scanning Electron 

Microscopy (VP-ESEM) (John Wiley & Sons, Ltd, 2008). 

227.  M. Beresna, M. Gecevicius, M. Lancry, B. Poumellec, and P. G. Kazansky, "Broadband 

anisotropy of femtosecond laser induced nanogratings in fused silica," Appl. Phys. Lett. 103, 

131903 (2013). 

228.  R. Drevinskas, M. Gecevičius, M. Beresna, Y. Bellouard, and P. G. Kazansky, "Tailored surface 

birefringence by femtosecond laser assisted wet etching," Opt. Express 23, 1428 (2015). 

229.  A. Cerkauskaite, R. Drevinskas, A. Solodar, I. Abdulhalim, and P. G. Kazansky, "Form-

Birefringence in ITO Thin Films Engineered by Ultrafast Laser Nanostructuring," ACS 

Photonics 4, 2944 (2017). 

230.  M. Gu and X. Li, "The Road to Multi-Dimensional Bit-by-Bit Optical Data Storage," Opt. 

Photonics News 21, 28 (2010). 

231.  I. S. Reed and G. Solomon, "Polynomial Codes Over Certain Finite Fields," J. Soc. Ind. Appl. 

Math. 8, 300 (1960). 

232.  I. Moreno, J. A. Davis, T. M. Hernandez, D. M. Cottrell, and D. Sand, "Complete polarization 

control of light from a liquid crystal spatial light modulator," Opt. Express 20, 364 (2012). 

233.  O. Aharon and I. Abdulhalim, "Liquid crystal wavelength-independent continuous 

polarization rotator," Opt. Eng. 49, 34002 (2010). 

234.  Z. Bomzon, V. Kleiner, and E. Hasman, "Pancharatnam–Berry phase in space-variant 

polarization-state manipulations with subwavelength gratings," Opt. Lett. 26, 1424 (2001). 

235.  E. Hasman, Z. Bomzon, A. Niv, G. Biener, and V. Kleiner, "Polarization beam-splitters and 

optical switches based on space-variant computer-generated subwavelength quasi-periodic 

structures," Opt. Commun. 209, 45 (2002). 



Bibliography 

170 

236.  Shin-Tson Wu and D.-K. Yang, Fundamentals of Liquid Crystal Devices (Wiley, 2006). 

237.  I. Abdulhalim, "Liquid crystal active nanophotonics and plasmonics: from science to 

devices," J. Nanophotonics 6, 61001 (2012). 

238.  O. Yaroshchuk and Y. Reznikov, "Photoalignment of liquid crystals: basics and current 

trends," J. Mater. Chem. 22, 286 (2012). 

239.  B. E. Sørensen, "A revised Michel-Lévy interference colour chart based on first-principles 

calculations," Eur. J. Mineral. 25, 5 (2013). 

240.  M. Beresna and P. G. Kazansky, "Polarization diffraction grating produced by femtosecond 

laser nanostructuring in glass," Opt. Lett. 35, 1662 (2010). 

241.  F. Zhang, A. Cerkauskaite, R. Drevinskas, P. G. Kazansky, and J. Qiu, "Microengineering of 

Optical Properties of GeO 2 Glass by Ultrafast Laser Nanostructuring," Adv. Opt. Mater. 5, 

1700342 (2017). 

242.  B. Y. S. Pancharatnam, "Generalized theory of interference, and its applications. Part I. 

Coherent pencils," Proc. Indian Acad. Sci. A 44, 247 (1956). 

243.  M. Guzman, A. M. Hein, and C. Welch, "Eternal memory: long-duration storage concepts for 

space," in 66th International Astronautical Congress (IAF, 2015). 

244.  T. Luyten, "Tom Luyten," http://www.fiftylab.be/. 

245.  "Ben Sarao. Primary Image 3D," https://ben-sarao.squarespace.com/. 


