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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS 

Optoelectronics Research Centre 

Thesis for the degree of Doctor of Philosophy 

ENGINEERED OPTICAL MATERIALS BY ULTRAFAST LASER NANOSTRUCTURING 

Rokas Drevinskas 

This thesis is focused on ultrafast laser induced modification in optical materials including 

transparent dielectrics, high-index semiconductors, and glass-metal nanocomposites. Under 

certain conditions, ultrafast laser direct writing through a nonlinear light-matter interaction 

enables a high-precision nanostructuring. This type of the modification exhibits form 

birefringence and/or dichroism enabling the fabrication of polarization sensitive optical elements. 

The main activities involved in the research are the optimization of light-mater interaction 

processes, engineering the optical properties of materials, design and fabrication of optical 

elements, and implementation of engineered optics into the multidisciplinary fields. The 

pioneering steps were taken towards a practical exploitation of femtosecond laser imprinted 

space-variant optical elements and development of a novel scheme for optical trapping. As a 

result, a set of novel optical components with high efficiency, high phase density and low losses 

were successfully developed and demonstrated, including optical dichroic elements, polarization 

gratings, arrays of polarization micro-lenses and micro converters, and computer generated 

Fourier holograms. A novel type of optical tweezers with tunable orbital angular momentum was 

also designed and developed, which has attracted attention from the beam-shaping and optical 

micro-manipulation communities. The record high topological charge torque with high-precision 

control of trapped micron-size objects was achieved. Practical laser imprinted optical elements in 

materials other than fused silica were demonstrated. A number of optical elements were realized 

in amorphous silicon thin-films. It was demonstrated that the laser-induced periodic thin-film 

structures exhibit giant birefringence and was implemented in space-variant polarization and 

phase manipulations. Surface texturing with 30 nm resolution was demonstrated by potassium 

hydroxide wet etching and ultrafast laser nanostructuring of silica, leading to the fabrication of 

dichroic glass-metal patterns. Other laser material processing approaches such as single and 

double pulse irradiation of crystalline silicon, or irradiation of optical materials with tightly 

focused cylindrical vector beams were implemented. The femtosecond laser shaping of silver 

nanoparticles embedded in soda-lime glass was studied. The developed approach can be 

employed to control the anisotropy of the glass-metal nanocomposites. 
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Chapter 1: Introduction 

1.1 Motivation 

Modern optical systems applied to key optical markets such as mobile and optical 

communications, healthcare, security, lightning and photovoltaics require complex optical 

materials to satisfy demand for enhanced performance at a reduced installation space. Despite 

the decades long expertise in fabrication of optical components, precision and quality still remains 

a challenging problem; material processing technologies are approaching its limits in terms of 

ability to produce functional materials with controlled compositional and structural consistency. 

The main idea of this work is to remove the barriers in product development and go beyond the 

state-of-the-art by applying ultrafast laser nanostructuring for engineering of optical materials. 

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

first investigations of the laser induced material modifications followed immediately after the 

invention of the laser in the early 1960s. 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 [1] and semiconductor saturable absorber mirrors [2], 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 development of 

waveguiding structures written inside silica glass [3]. Later, the direct-write ultrafast laser 

nanostructuring technique was implemented in the engineering of various materials such as 

semiconductors, metals and transparent dielectrics [4]. The control of dichroic properties of Ag-

doped nanocomposite glasses using femtosecond laser irradiation was introduced by Kaempfe in 

1999 [5]. Later on, many studies reported the identification of femtosecond laser induced periodic 

surface [4,6] and bulk [7,8] structures with subwavelength periodicity. A decade ago, it was 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 and could serve as a perfect 
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candidate for designing high-performance polarization sensitive elements such as dichroic and 

geometric phase optical elements, challenging conventional optics (Figure 1-1). Furthermore, the 

technique could be extended to any transparent high-index material that supports laser induced 

nanostructuring, and could be effectively exploited for the integration into multi-functional 

optical systems. Highly flexible thin-films, or highly durable transparent solids could be 

implemented on demand. 

 

Figure 1-1. Conventional optics and its alternative – printed flat optics – realized in transparent 

medium by the means of geometric phase. 

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 phase optical element within thickness of material, and with spatial 

resolution as high as sub-100 nm, limited only by the translation stages. Smooth phase profiles 

can be produced as no phase wrapping is required. The optical elements are printed in a single 

step procedure. No moulding or polishing, which is typically for the conventional optics 

fabrication, is required. The manufacturing does not need expensive clean rooms in contrast to 

the diffractive optics fabrication. 

In particular, the major motivation of this work was to advance the performance (i.e. increasing 

density and significantly reducing losses), of laser imprinted optical elements operating with 

objects as small as a few hundreds of nanometres. This would allow integrating printed optics into 

three dimensional photonic platforms, and would expand the range of applications beyond the 

beam shaping and pave the way towards their integration into material processing, 

telecommunications, nanophotonics, etc.  

Briefly, this work was focused on engineering of various optical materials, including silica glass, 

glass-metal nanocomposites, crystalline silicon, amorphous silicon, by ultrafast laser 

nanostructuring. Applying the acquired knowledge along with full control of laser system, the 

polarization sensitive materials with precisely tunable optical properties were fabricated. Finally 
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the designed high-performance elements, which can be implemented in various applications, 

could push the frontiers of laser material processing to unprecedented precision and potentially 

develop a novel family of devices feeding into the future of photonics. 

1.2 Thesis overview 

The doctoral thesis has been written in a ‘Three-Paper’ format. It starts with the five chapters, 

and ends with the appended published and publishable papers. Chapter 1: Introduction provides 

a brief historical overview of the laser material processing and indicates the main motivation of 

the thesis based on a technological perspective of ultrafast laser nanostructuring. A brief overview 

of the thesis is also given. Chapter 2: Ultrafast laser modification of transparent materials 

provides the basics of light propagation in a transparent medium. Linear and nonlinear 

interaction, spot size and peak intensity calculations, ionization mechanisms governing the 

ultrashort pulse interaction with transparent materials and its subsequent permanent 

modification are reviewed. Chapter 3: Engineered optical materials firstly defines the form 

birefringence, dichroism and geometric phase. Later three sub-sections are focused on the laser 

induced nanogratings in silica, laser induced periodic surface structures in various materials 

including metals, semiconductors and dielectrics, and photomodification of metal-glass 

nanocomposites. The brief review on mechanisms, optical/structural properties and 

implementations is given. Chapter 4: Summary of Papers gives a summary of all appended 

papers, and Chapter 5: Conclusions concludes the thesis and gives the detailed package of future 

work.  

Below is the list of appended manuscripts with its corresponding brief overviews. 

Paper A. Tailored surface birefringence by femtosecond laser assisted wet etching. The main idea 

of this work was to study wet etching of ultrafast laser nanostructured silica glass. As a result, 

surface silica nanogratings were fabricated with its tailored optical properties. 

Paper B. Dichroic Surfaces Engineered by Ultrafast Laser Assisted Wet Etching. This work was 

continuation of Paper B. The fabricated surface nanogratings incorporated with the metal 

thin-films or nanostructures were realized as a dichroic elements. 

Paper C. Single beam optical vortex tweezers with tunable orbital angular momentum. Here a 

novel type of optical tweezers with tunable orbital angular momentum were designed and 

developed. The ultrafast laser nanostructured silica was used as a key element generating optical 

vortex beams. 
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Paper D. High-performance geometric phase elements in silica glass. This paper summarizes the 

ultrafast laser nanostructuring of silica glass done over the last several years of my research. The 

fabrication of high-performance printed flat optics was reported.  

Paper E. Polarization sensitive anisotropic structuring of silicon by ultrashort light pulses. Here we 

demonstrate polarization sensitive structuring of silicon, which occurs only after the second pulse, 

while the first pulse always produces isotropic structures. The seeding effect is considered. 

Paper F. Giant birefringence and dichroism induced by ultrafast laser pulses in hydrogenated 

amorphous silicon. This paper summarizes the nanostructuring of amorphous silicon thin-films 

done over the last several years of my research. For the first time, it was demonstrated that the 

laser induced periodic surface structures could exhibit giant birefringence. 

Paper G. Ultrafast laser-induced metasurfaces for geometric phase manipulation. The research 

reported in this paper is based on the continuation of Paper F. The giant birefringence observed in 

laser induced periodic thin-film structures was implemented in space-variant polarization 

manipulations. Number of metasurfaces with various phase profiles were designed. 

Paper H. Laser material processing with tightly focused cylindrical vector beams. The main idea of 

this work was to show experimentally and theoretically that the longitudinal component of 

electric field is not efficient for engineering of high-refractive index materials. The ultrafast laser 

nanostructured silica elements were used to generate cylindrical vector beams. 

Paper I. Laser assisted modification of poled silver-doped nanocomposite soda-lime glass. Here is 

a brief report on initial experiments done on photomodification of metal-glass nanocomposites. 

The CODIXX AG sample, pristine and poled, was irradiated with femtosecond pulses; the further 

optical characterization was performed. 

Paper J. Revealing the nanoparticles aspect ratio in the glass-metal nanocomposites irradiated 

with femtosecond laser. The further experiments on photomodification of metal-glass 

nanocomposites were elaborated. The work proposes the precise tunability of nanoparticles 

aspect ratio that could be achieved by controlling the processing conditions. 
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Chapter 2: Ultrafast laser modification of transparent 

materials 

In this chapter I will shortly review the light-mater interaction in transparent materials. Tightly 

focused ultrashort pulses can reach intensities high enough 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. 

2.1 Fundamentals of light propagation in a medium 

The interaction of light with microscopic objects could be described using classical theory. We 

start with Maxwell’s equations for the macroscopic electromagnetic field: 

∇ × ሬሬԦܪ =
ሬሬԦܦ∂

ݐ∂
+  Ԧ (2-1)ܬ

∇ × ሬԦܧ = −
ப஻ሬԦ

ப௧
, (2-2) 

∇ ∙ ሬሬԦܦ =  ୶୲, (2-3)ୣߩ

∇ ∙ ሬԦܤ = 0, (2-4) 

where ܧሬԦ is the electric field, ܦሬሬԦ the electric displacement, ܪሬሬԦ the magnetic field, ܤሬԦ the magnetic 

induction, ܬԦ current density and ୣߩ୶୲ the external charge density. Linear relationship between the 

current density and electric field is expressed via conductivity ߪ by: 

Ԧܬ =  ሬԦ. (2-5)ܧߪ

All macroscopic fields are connected via the polarization ሬܲԦ and the magnetization ܯሬሬԦ: 

ሬሬԦܦ = ሬԦܧ଴ߝ + ሬܲԦ =  ሬԦ, (2-6)ܧߝ଴ߝ

ሬሬԦܪ =
ଵ

ఓబ
ሬԦܤ −  ሬሬԦ, (2-7)ܯ

where ߝ is the relative permittivity or dielectric constant of material, ߝ଴ and ߤ଴ are the electric 

permittivity and magnetic permeability in vacuum, respectively. In most cases the system is 
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non-magnetic, so ܯሬሬԦ = 0. Introducing the susceptibility tensor ߯, from Eq. (2-6) where ߝ = 1 − ߯, 

we get polarization,  

ሬܲԦ =  ሬԦ, (2-8)ܧ଴߯ߝ

that is expressed by the Taylor series:  

ሬܲԦ = ሬԦܧ଴߯(ଵ)ߝ + ሬԦܧሬԦܧ଴߯(ଶ)ߝ + ሬԦܧሬԦܧሬԦܧ଴߯(ଷ)ߝ + ⋯. (2-9) 

The first term shows the linear polarization while the higher terms indicate the weight of the 

nonlinear ሬܲԦ௡௟ term. Combining Eq. (2-5)-(2-9) and (2-1)-(2-4) we derive the expression for the 

electromagnetic wave: 

∇ × ∇ × ሬԦܧ + ߪ଴ߤ
பாሬԦ

ப௧
+ ଴൫1ߤ଴ߝ + ߯(ଵ)൯

பమாሬԦ

ப௧మ + ଴ߤ
பమ௉ሬԦ೙೗

ப௧మ = 0. (2-10) 

If the system is linear, the last term can be neglected. In that case, we see that the polarization of 

the medium for a certain field is influenced only by its dielectric constant. 

The wave equation (2-10) without a nonlinear term in one dimension can be solved with a plain 

electromagnetic wave, propagating in a medium: 

ሬԦܧ = ݖ݇݅) ሬԦ଴expܧ −  (11-2) ,(ݐ߱݅

where ܧሬԦ଴ is the amplitude of the electric field and k is a complex wave vector that might be 

expressed by ሬ݇Ԧ = ሬ݇Ԧ′ + ݅ ሬ݇Ԧ′′. From Eq. (2-11) we see that the imaginary part is responsible for the 

damping of the field and the real part is combined with the absolute phase of the electromagnetic 

field. The absorption coefficient can be written as: 

ߙ = 2݇′′. (2-12) 

Simplifying the electromagnetic wave equation (2-10) by neglecting the nonlinear term and 

treating the system as homogeneous with no external charges (∇ × ∇ × ሬԦܧ = ∇∇ ∙ ሬԦܧ − ∇ଶܧሬԦ =

−∇ଶܧሬԦ and    ∇ ∙ ሬԦܧ = 0) and substituting the electric field propagation equation (2-11), we have: 

݇ଶ = ߱ଶߤ଴ߝ଴ߝ(߱) =
ఠమ

௖మ  (2-13) ,(߱)ߝ

where ܿ = 1/ඥߤ଴ߝ଴, From here, we get the relation between the dielectric function and the 

conductivity:  

(߱)ߝ = ᇱߝ + ᇱᇱߝ݅ = ቀ1 + ߯(ଵ)(߱)ቁ + ݅
ఙ(ఠ)

ఌబఠ
, (2-14) 
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where dielectric function, conductivity and linear susceptibility are all complex. In that case, the 

complex refractive index is: 

݊(߱) = ݊ᇱ + ݅݊ᇱᇱ = ඥ(2-15) ,(߱)ߝ 

where the real part is responsible for the phase (refractive index) and imaginary part for the 

absorption, and we get: 

′ߝ = ݊ᇱଶ + ݊ᇱᇱଶ, (2-16) 

′′ߝ = 2݊′݊′′, (2-17) 

(߱)ߙ =
ଶఠ

௖
Imඥߝ(߱) =

ଶఠ

௖
 (2-18) ,′′ߝ√

݊′(߱) = Reඥ(2-19) .(߱)ߝ 

The imaginary part is usually called the extinction coefficient (݊ᇱᇱ = (߱)݊ and ߢ = ݊ +  and (ߢ݅

indicates the absorption by medium. The exponential attenuation of the intensity of the field is 

linked to the absorption coefficient and the length ݔ of the medium in Beer‘s law: 

(ݔ)ܫ =  ଴݁ିఈ௫. (2-20)ܫ

Here we described the homogeneous system, which includes only a single medium complex 

refractive index. For more complicated systems with at least one interface of two different 

mediums, several complex refractive indices should be considered. 

2.2 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 is given by: 

,ݎ)ܧ (ݖ = ଴ܧ ቀ
ధబ

ధ(௭)
ቁ exp ቀ− ௥మ

ధమ(௥)
ቁ exp ቆ−݅݇ݖ − ݅݇ ௥మ

ଶோ(௭)
+  ቇ, (2-21)(ݖ)ߦ݅

where ܧ଴ is the electric field amplitude, ߸଴ is the spot size (radius) at the waist, ݇ is the wave 

vector, defined by ݇ = ଴݊ߨ2 ⁄ߣ . The function ߸(ݖ) is the spot size (radius) at which the field 

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

beam waist, 

(ݖ)߸ = ߸଴ට1 + ቀ
௭

௓ೃ
ቁ

ଶ
, (2-22) 
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where ܼோ = ଴߱଴݊ߨ
ଶ/ߣ is the Rayleigh range. The radius of curvature is defined by:  

(ݖ)ܴ = ݖ ൬1 + ቀ
௓ೃ

௭
ቁ

ଶ
൰, (2-23) 

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

(ݖ)ߦ = atan ቀ
௭

௓ೃ
ቁ. (2-24) 

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, ܯଶ, 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: 

߸଴ =
ఒெమ

గே஺
= 0.32 ଶܯߣ ⁄ܣܰ , (2-25) 

where ܰܣ = ݊sin(ߠ) is the numerical aperture of the focusing lens. The spot size for 

homogeneous illumination by non-coherent radiation is ߸଴ = 0.61 ଶܯߣ ⁄ܣܰ , 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, ߬, and the pulse energy, ܧ௣ = ܲ ݂⁄ , 

where ܲ is the measured average power and ݂ 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: 

௣ܲ ≈ 0.94
ா೛

ఛ
, (2-26) 

and the peak intensity in the focal spot is: 

௣ܫ = 2
௉೛

గధబ
మ, (2-27) 
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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: 

௣ܨ = 2
ா೛

గధబ
మ, (2-28) 

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

In general, the precise characterization of the laser beam including its spot size, peak power and 

peak intensity are of high importance in any laser material processing experiment. Although the 

discussed equations are simple and widely used, the nonlinear processes arising under the high 

laser intensities make the task difficult and in most cases inaccurate. 

2.3 Nonlinear propagation 

For high laser intensities, the nonlinear term of polarization ሬܲԦ௡௟ can not be neglected any more. If 

we have two frequencies ߱ଵ, ߱ଶ interacting in the second order nonlinear medium, we get the 

sum of frequencies. The polarization for the generated frequency, ߱ଷ, is: 

ሬܲԦ
௜
ఠయୀఠభାఠమ = ଴߯௜௝௞ߝ

ఠయୀఠభାఠమܧሬԦ௝
ఠభܧሬԦ௞

ఠమ, (2-29) 

ሬܲԦ
௜
ఠయୀఠభିఠమ = ଴߯௜௝௞ߝ

ఠయୀఠభିఠమܧሬԦ௝
ఠభܧሬԦ௞

ఠమ, (2-30) 

where the medium must possess broken centrosymmetry. It means that the change of the sign of 

the electric field must change the sign of polarization and not affect the amplitude. In order to get 

efficient second harmonic generation, the system requires tphase-matching; the fundamental 

wave vector must match the generated wave vector (Δ݇ = ݇ଶఠ − 2݇ఠ = (2߱ ܿ⁄ ) ∙ (݊ଶఠ −

݊ఠ) = 0). 

The third order nonlinearity term of the material polarization can be observed in any medium, 

and is responsible for the Kerr effect, self-focusing, third-harmonic generation, stimulated 

Brillouin and Raman scattering, two photon absorption etc. Most of these effects become very 

critical during the interaction of intense ultrashort laser pulses with any medium. For the 

centrosymmetric medium, where the second order nonlinearity is neglected, polarization is: 

ሬܲԦ = ሬԦܧ଴߯(ଵ)ߝ +  ሬԦ. (2-31)ܧሬԦܧሬԦܧ଴߯(ଷ)ߝ

From the Eq. (2-6) and (2-19) we express the dielectric function and refractive index as: 
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ߝ =
ఌబாା௉

ఌబா
= 1 + ߯(ଵ) + ߯(ଷ)|ܧ|ଶ, (2-32) 

݊ = ݊଴ +
ఞ(య)|ா|మ

ଶ௡బ
= ݊଴ + ݊௡௟(33-2) ,ܫ 

where ܫ = ଶܧ଴ܿ݊଴ߝ 2⁄  is the laser intensity, and ݊଴ = ඥ1 + ߯(ଵ) and ݊௡௟ = 3߯(ଷ) ଴ܿ݊଴ߝ4
ଶ⁄  are the 

linear and nonlinear terms of the refractive index, respectively. For low intensities, the refractive 

index is independent of the intensity. However, when the intensity is increased, to the point 

where the electric field starts to perturb the electron clouds around the nuclei, the refractive 

index starts to depend on the intensity (Figure 2-1).  

 

Figure 2-1. Induced refractive index change in silica glass by the Gaussian beam ( = 1030 nm) 

with peak intensity of 6 GW/cm2. X-axis defines the refractive index variation as a 

function of the distance from the beam waist (0 = 100  ) of collimated beam. 

Nonlinear refractive index coefficient is set to 2.510-16 cm2/W [12]. Calculations 

were performed based on reference [13]. 

Also, cubic nonlinear susceptibility evokes the damping in the medium due to multi-photon 

absorption. Similar to the refractive index, the absorption coefficient depends on the intensity of 

the electromagnetic field.  

Moreover, there are multiple other processes that occur in the material when irradiated by high 

laser intensities causing carrier excitation and subsequent material permanent damage, and will 

be briefly discussed in the following sections. 
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2.4 Self-focusing and defocusing 

For high laser intensities, the laser beam with a Gaussian intensity profile leads to spatial 

variations of the non-zero nonlinear refractive index (optical Kerr effect) with the highest value at 

the centre of the beam (Figure 2-1). Thus, the induced refractive index profile acts as a lens or a 

waveguide that may cause effects such as self-focusing and self-phase modulation. The 

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

modification of the beam must be incorporated into the design.  

When the power of a laser pulse is increased, 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,  

௖ܲ௥ = ଷ.଻଻ఒమ

଼గ௡బ௡೙೗
, (2-34) 

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

transparent dielectrics can be significantly larger than its initial values (Figure 2-2), causing the 

damage of optical components or modification of optical material before the geometrical focus. 

 

Figure 2-2. Self-focusing of Gaussian beam ( = 1030 nm) with peak intensity of 6 GW/cm2 

propagating in silica glass. X-axis defines the E/E0 variation as a function of the 

distance from the beam waist (0 = 100  ) of collimated beam. Nonlinear refractive 

index coefficient and critical power are set to 2.510-16 cm2/W [12] and 4 MW, 

respectively. The magnitude of electric field increases as the self-focusing takes 

place. Calculations were performed based on reference [13]. 

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 



Chapter 2 

12 

transverse diffraction. The scenario is changed when the beam is focused by a lens. Two regimes 

might be distinguished: 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 [14,15]: 

ට
௉೔೙

௉೎ೝ
= 0.852 + ඨ0.0219 + 0.1347 × ൭

ቀ
ೖടబ

మ
ቁ

మ
ିቀ

೙
ಿಲ

ቁ
మ

ାଵ

ቀ ೙
ಿಲ

ቁ
మ

ିଵ
൱, (2-35) 

 

When near the boundary obtained for a given spot size 0 of the collimated beam before the lens 

(or before the medium with n) both self-focusing and lens-focusing play a role. 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 2-3). 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 2-3). 

However, the calculations does not account for plasma generation, and also loses its validity when 

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

 

Figure 2-3. Self-focusing versus lens-focusing. Close to the boundary obtained for a given spot size 

(߸଴) of the beam at the plane of lens, both self-focusing and lens-focusing play a 

role. The calculations performed for fused silica at  = 1030 nm. Typically the critical 

power in silica is around 4 MW. 

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 (ܰ) contributes a 

negative refractive index change [16], 

݊ = ݊଴ − ே

ଶ௡బே೎
, (2-36) 

where ௖ܰ = ߱ଶߝ଴݉ ݁ଶ⁄  is defined as the characteristic plasma density with its frequency equal to 

the laser frequency, ݉ and ݁ are the electron mass and charge, respectively. As a result, the 
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plasma generation cancels the positive refractive index change and causes the subsequent 

defocusing. 

2.5 Photoionization 

Any interaction of an electromagnetic field with a target material can lead to structural 

modification. Therefore, both the linear and nonlinear properties of the medium are changed. The 

modification can be significant even far away from the fundamental absorption, where due to the 

high intensities of the light the multi-photon absorption caused by nonlinear processes takes part. 

This type of induced modification of a material is known as laser assisted photoionization. To 

achieve this in dielectrics, electrons must be transferred from the valence band to the conduction 

band.  

At low intensities, photoionization can only occur if the energy of the absorbed photon is higher 

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

electromagnetic field is known as multi-photon ionization (MPI) (Figure 2-4(a)). In the MPI 

process, ܭ photons of energy ℏ߱ are absorbed and the energy balance is: 

௞ܧ  + ௜௡௧ܧ = ℏ߱ܭ −  ௚, (2-37)ܧ
 

where ܧ௞ is kinetic energy of the ejected electron and ܧ௜௡௧ is the internal rotational/vibrational 

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

photons needed for the MPI process is: 

ℏ߱ܭ ≥  ௚, (2-38)ܧ
 

and the photoionization rate ௉ܲூ(ܫ) =  :௄ depends strongly on the laser intensityܫ௄ߪ

 ௉ܲூ(ܫ) =  ௄, (2-39)ܫ௄ߪ
 

where ߪ௄ is the multi-photon absorption coefficient for ܭ-photon absorption. 

If the laser intensity increases, the electromagnetic field also increases and weakens the Coulomb 

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

tunnelling or over-the-barrier ionization is triggered (Figure 2-4(b,c)).  
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Figure 2-4. Schematic diagram of the ionization mechanisms in the nonlinear regime: (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 Coulomb potential by the 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. 

As a result, the probability of the modification depends on the medium, laser frequency and 

intensity, and is governed by the Keldysh parameter [17]: 

ߛ =
ఠ

௘
ට

௠௖௡ఌబா೒

ூ
, (2-40) 

where ߱ is laser frequency, ݉ and ݁ are electron reduced mass and charge, ܫ laser intensity, ܿ is 

speed of light, ݊ is refractive index of medium and ܧ௚ 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, >1.5 eV for amorphous silicon, 1.1 eV for crystalline silicon). So, 

assuming ℏ߱ <  ,௚, the value of the Keldysh parameter identifies  the origin of the ionizationܧ

where ߛ < 1 (high intensity and/or low frequency) indicates the tunnelling or over-the-barrier 

ionization, and ߛ > 1 (high frequency and rather low intensity) shows the nonlinear multi-photon 

response of the system.  

For strong laser fields, one can expect ionization mechanisms such as tunnelling ionization or 

over-the-barrier ionization to dominate. The multi-photon picture does not hold anymore and the 

photoionization rates for various excitation wavelengths tend to merge revealing an 

independence on the photon energy, as i shown in Figure 2-5. 
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Figure 2-5. 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 assuming a band gap of 9 eV and 1.1 eV 

corresponding respectively to that of SiO2 and Si. For the case of fused SiO2 at 0.8 

μm, the correspondence of the model with the well-established multi-photon 

approximation was checked (red dashed line) [17,18]. 

2.6 Free-carrier absorption and Avalanche ionization 

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

absorb several laser photons sequentially, moving itself to higher energy states where free carrier 

absorption is efficient (Figure 2-6). In this case, the photons are absorbed in a broad band, where 

the absorption is linear for high plasma densities. Thus, the complex refractive index related to 

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

(߱)ߝ = 1 −
ఠ೛

మ

ఠమା௜୻ఠ
= 1 − ߱௣

ଶ ቀ
ఛమ

ఛమఠమାଵ
+ ݅

ఛ

ఠ(ఛమఠమାଵ)
ቁ, (2-41) 

where ߱௣ = ඥܰ݁ଶ ⁄଴ߝ݉  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 ݈ by Γ =

ிݒ ݈⁄ = 1 ߬⁄ , where ݒி is the Fermi velocity and ߬ is the scattering time being typically from a 

fraction of a femtosecond to several tens of femtoseconds 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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′′ߝ =
ఠ೛

మ த

ఠ(ఛమఠమାଵ)
. (2-42) 

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

N  1021 cm−3, with an expected electron scattering time ߬ ൑  a large fraction of the ,[19,20] ݏ݂ 23

remaining femtosecond laser pulse can be absorbed. Thus, avalanche ionization takes place, when 

the free-carrier absorption is followed by impact ionization (Figure 2-6).  

 

Figure 2-6. 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:  

݀ܰ ⁄ݐ݀ =  ௔௩ܰ, (2-43)ߟ

where ߟ௔௩ is the avalanche ionization rate. In very general terms, avalanche ionization requires 

seeding electrons in the conduction band of the material. These initial electrons could be 

provided either 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 2-7). 
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Figure 2-7. Electron densities produced by multi-photon ionization alone and in combination with 

avalanche ionization, plotted along with the Gaussian pulse shape. Seed electron are 

produced by multi-photon ionization at the peak of the pulse, after which an 

avalanche produced a critical density [21,22]. 

In summary, 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 [20], indicating 

that the overall process is important. 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. 

2.7 Permanent material modification 

When sufficient energy is absorbed and delivered to the material, permanent modification occurs. 

In particular, this depends on the processing conditions and involves processes such as self-

trapped excitons and defect formation, electron-phonon coupling and the subsequent refractive 

index change, nanostructuring and damage. 

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 [23]. Such electron-hole states are typically formed by an inelastic scattering of the 
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excited electrons or by direct resonant absorption (Figure 2-8). Consequently, free excitons may 

relax generating self-trapped excitons [24]. 

 

Figure 2-8. 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. 

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

where the self-trapping process is accompanied by a strong distortion of the lattice. 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 [19], 

presented in Figure 2-9. This is one of the processes, in addition to material densification, 

resulting to a refractive index change in a wide band-gap silica materials. Structurally amorphous 

silica tetrahedra in the bulk can be shown as Si–O–Si with the defects induced by femtosecond 

pulses [25–29]: oxygen deficiency centers ODC(I) and ODC(II), which are four valent (Si-Si) and 

divalent (=Si0) silicon atoms with its characteristic absorption at 160 nm and 250 nm, respectively; 

E’ (Si) 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 center, 

referred to as a nonbridging oxygen hole centre NBOHC (Si–O ), is oxygen dangling bond with its 

characteristic luminescence at 650 nm. 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 2-9. Structural models of perfect SiO2 lattice and most common laser induced defects: Si–

Si (Si rich ODC(I)); =Si0 (ODC(II)); Si (E) and Si–O (NBOHC). Purple spheres – 

silicon; red spheres – oxygen. Structural models were reproduced on the basis of 

ref. [25–29]. 

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

duration, as it is a very 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 2-10 and Figure 2-11, distribute the absorbed energy via a carrier-carrier 

scattering over 10-100 fs and via a carrier-phonon scattering over  10 ps. Thus, the lattice 

thermalization takes place around 10 ps. If the laser pulse duration is of the same timescale, a 

substantial amount of energy will be transferred to the lattice [30], 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]. The material modification dominated by 

thermal diffusion with the threshold scaled as the square root of the pulse duration ൫~√߬൯ takes 

place (Figure 2-12). Material ablation, melting, evaporation and subsequent resolidification may 

occur with a strong tension gradient located around the irradiated regions [11]. 

 

Figure 2-10. Schematic illustration of carrier excitation process in time. 
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For laser pulses shorter than several picoseconds, the energy absorption processes occur earlier 

than the energy transfer to the lattice [21]. As a result, the modification threshold deviates from 

the thermal diffusion relation ~√߬, as it is shown in Figure 2-12 [21,22]. 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 [19]. Thus, the energy deposition is 

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

 

Figure 2-11. 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 [10,11,31]. 

In order to ablate the atoms from a solid, 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 ponderomotive force of the EM field moves electrons deeper into the material 

accelerating the ions [32]. 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 [10,11,19–21,33], 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, melting and vaporization etc., still are hot topics of 

discussion. 
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Figure 2-12. Pulse width dependence of threshold damage fluence for fused silica at 1053 nm () 

and 825 nm () [21,22]. 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 ൫~√߬൯; (IV) melting and 

boiling as the multi-photon ionization is not sufficient to seed avalanche. 

Various types of modification inside transparent solids as a function of laser fluence and pulse 

duration can be produced. Under femtosecond laser irradiation of bulk silica glass, at low pulse 

energies a smooth positive refractive index change is observed [3,34]. At higher pulse energies 

subwavelength gratings, referred to as nanogratings [7,8] are observed. 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 [36,37] (Figure 2-13). Even at longer pulses, slightly 

perturbed nanogratings appear at relatively low fluencies, right above the permanent 

modification threshold. All three modification types have found high interest from scientific 

communities and are widely implemented in various fields including fabrication of waveguide 

lasers in doped glasses and crystals [38,39], polarization sensitive elements [40,41], optical data 

storage [42,43]. 

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

semiconductor, dielectric solids and thin films [4,6,44–54], multicomponent [55] and porous [56–

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

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

The flexibility of this technique in terms of materials and ability to implement 3D geometries with 
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subwavelength precision turned it into an ideal low-cost platform for rapid prototyping, which 

could be explored in multiple fields. 

 

Figure 2-13. Threshold pulse energies for different regimes of femtosecond laser induced 

modification in silica glass. Regime 1 corresponds to smooth refractive index 

modification. Regimes 2 and 3 correspond to nanogratings formation. Inset atomic 

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

100 nJ (Regime 1), 185 fs and 100 nJ (Regime 2), 500 fs and 300 nJ (Regime 3) [36]. 
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Chapter 3: Engineered optical materials 

The main objective of this thesis is material anisotropy induced by ultrafast laser irradiation. In 

this chapter I will provide the basic concept of the form birefringence, dichroism and geometric 

phase, and I will focus on the literature review of shaping of metal nanoparticles and fabrication 

of volume and surface periodic structures. Although the mechanisms of ultrafast laser 

nanostructuring is still not clear, the brief discussion on the studies done by other groups 

including the identification of structural and optical properties, and the subsequent 

implementations will give a better understanding of the processes taking place. 

3.1 Form birefringence and dichroism 

Gratings with a period smaller than the wavelength of the incident light are known as a 

subwavelength grating, and is often referred to as nanogratings. The light wave in such 

subwavelength structure behave the same way as that in an anisotropic material, and the 

phenomenon is known as form birefringence [59–61]. The 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 [59]. 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 [59] can be employed to analyse the TE and 

TM waves propagating in the medium. The eigenmodes of propagation are the Bloch waves 

expressed as:  

ܧ = ݖߚ݅−)exp(ݕ)௄ܧ − ݕܭ݅ +  (1-3) ,(ݐ߱݅

where ߚ and ܭ are the z and y components of the Bloch wave vector, with ܭ corresponding to the 

wave vector of the periodic structure. The dispersion relation between ߣ and ܭ for the TE and TM 

waves propagating in media with refractive indices ݊ଵ and ݊ଶ of the corresponding layers a and b 

with periodicity of Λ = ܽ + ܾ (see Figure 3-1) is given by [59]: 

(Λܭ)cos :ܧܶ = cos൫݇ଵ௬ܽ൯ cos൫݇ଶ௬ܾ൯ − 0.5 ൬
௞మ೤

௞భ೤
+

௞భ೤

௞మ೤
൰ sin൫݇ଵ௬ܽ൯ sin൫݇ଶ௬ܾ൯, (3-2) 

(Λܭ)cos :ܯܶ = cos൫݇ଵ௬ܽ൯ cos൫݇ଶ௬ܾ൯ − 0.5 ൬
௡భ

మ௞మ೤

௡మ
మ௞భ೤

+
௡మ

మ௞భ೤

௡భ
మ௞మ೤

൰ sin൫݇ଵ௬ܽ൯ sin൫݇ଶ௬ܾ൯, (3-3) 
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with 

݇ଵ௬,ଶ௬ = ටቀ
ଶగ௡భ,మ

ఒ
ቁ

ଶ
−  ଶ, (3-4)ߚ

ߚ = ଶగ

ఒ
݊௢,௘, (3-5) 

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

and TM waves, respectively. 

 

Figure 3-1. The light wave () 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  = 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 ሼܱ[(Λ/ߣ)ଶ] expansionሽ of Eqs. (3-2) and (3-3) can be used [62], 

leading to: 

௄మ :ܧܶ

௡బ
మ + ఉమ

௡బ
మ = ቀ

ଶగ

ఒ
ቁ

ଶ
, (3-6) 

௄మ :ܯܶ

௡బ
మ + ఉమ
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ቁ

ଶ
, (3-7) 

with the resulting effective refractive indices defined by: 
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௔
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ଵ
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ଵ

௡మ
మ, (3-8) 
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݊௢
ଶ =

௔

ஃ
݊ଵ

ଶ +
௕

ஃ
݊ଶ

ଶ. (3-9) 

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

݊଴
ଶ − ݊௘

ଶ =
௔௕൫௡భ

మି௡మ
మ൯

మ

ஃ൫௔௡మ
మା௕௡భ

మ൯
. (3-10) 

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

being always negative, i.e. Δ݊ = ݊௘ − ݊௢ < 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 ݊ଵ and 

݊ଶ. 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 [63,64], and the accurate estimate of Eq.(3-10) is written as: 

݊଴
ଶ − ݊௘

ଶ = 4
௔௕

ஃమ ቂ(݊ଶ − ݊ଵ)ଶ +
(௕ି௔)(௡మି௡భ)య

ஃ௡మ
ቃ + ܱ((݊ଶ − ݊ଵ)ସ). (3-11) 

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

(݀) of the nanogratings and its possessed form birefringence: 

߮ = ݀ ∙ ݋݊) − ݊݁). (3-12) 

In addition, artificial electromagnetic media based on metallic or polar dielectric nanostructures, 

with a non-zero imaginary part of the refractive index, by coupling light to free electrons or 

phonons can control the amplitude of the light waves. If the anisotropy is introduced, the 

polarization sensitive transmission, also known as differential extinction or dichroism, can be 

observed.  

The polarization microscopy can be used for birefringent or dichroic sample characterization as a 

contrast enhancing tool. The traditional polarization microscope is represented in Figure 3-2. 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 ߮(ߣ) is then defined by: 

(ߣ)߮ = acos ቆ
௣௔௥௔௟௟௘௟ܫ − ௖௥௢௦௦௘ௗܫ

௣௔௥௔௟௟௘௟ܫ + ௖௥௢௦௦௘ௗܫ
ቇ ×

ߣ
ߨ2

= Δ(ߣ) ×
ߣ

ߨ2
. (3-13) 

The ratio of the transmitted light intensity polarized perpendicular and parallel to the orientation 

of nanostructures (Isample/Iǁsample) expressed in absorption units, i.e. dichroism, can be defined as 

follows: 
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ܦ = ୄܣ − ∥ܣ = ݃݋݈− ൬
ூ఼ ౩౗ౣ౦ౢ౛

ூ∥ ౩౗ౣ౦ౢ౛
൰, (3-14) 

where ୄܣ and ܣ∥ are the extinction spectra for two different polarizations.  

 

Figure 3-2. Schematic configurations of (a) retardance and (b) dichroism 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). For the dichroism characterization, the 

transmittance of light polarized parallel (0°) and perpendicular (90°) to the 

orientation of nanogratings is measured. 

The previously described anisotropy measurement system can be used only if the orientation of 

the nanogratings is known. For more complex samples, this problem can be solved with the 

PolScope microscope [65], which is essentially the same polarization microscope with polarizer 

and analyser (Figure 3-3). In the PolScope system, a linear polarizer is replaced with a circular 

polarizer simplifying the further extraction of data and excluding the possibility of undefined 

measurements when 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. The PolScope also requires monochromatic light, 

thus the circular polarizer is combined with an interference filter. The intensity recorded by the 

detector is: 

 

,ߙ)ܫ ,ߚ ,ݔ (ݕ =
1
2

,ݔ)଴ܫ (ݕ

⋅ [1
+ cos ߙ sin ߚ cos ,ݔ)߮ (ݕ
− sin ߙ sin ߚ cos ,ݔ)ܣ2 (ݕ sin ,ݔ)߮ (ݕ
+ cos ߚ sin ,ݔ)ܣ2 (ݕ sin ,ݔ)߮ [(ݕ + ,ݔ)௠௜௡ܫ  .(ݕ

(3-15) 
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Here ܫ଴ is the distribution of light intensity after the sample, ܫ௠௜௡ 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 ߮(ݔ, ,ݔ)ܣ and azimuth of the slow axis direction (ݕ  are performed (ݕ

by measuring a series of intensity images for various α and β values, and extracting the ߮(ݔ,  (ݕ

and ݔ)ܣ,  .values [65] (ݕ

 

Figure 3-3. Schematic 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 (/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) [65]. 

3.2 Geometric-phase optics 

Conventional optics such as lenses, mirrors, etc. manipulate the phase via an optical path 

difference by controlling thickness ݀ or refractive index ݊ = (݊௘ + ݊௢) 2⁄  of a material (Figure 

3-4). Thus, the dynamic phase term can be expressed as: 

,ݔ)߶ (ݕ =
ଶగ

ఒ
,ݔ)݊ ,ݔ)݀(ݕ  (16-3) .(ݕ

Despite decades long expertise in fabrication of optical elements, precision and quality still 

remains a challenging problem. Moreover, in an increasing number of cases it is desirable to 

create arbitrary vectorial beams, where the polarization is varied in space [66]. 

Recently, a promising type of optic has emerged exploiting space-variant polarization-state 

manipulations for controlling light. Here, the wave front is modified by introducing a spatially 

varying anisotropy and is a result of the geometric phase known also as Pancharatnam-Berry 

phase. The calculation of the space-variant Pancharatnam-Berry phase is based on the rule 

proposed by Pancharatnam [67] for comparing the phases of two light beams in different 
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states of polarization as the argument of the vectorial projection between the two 

polarization states. Pancharatnam showed that a cyclic change in the state of polarization of 

the light is accompanied by a phase shift determined by the geometry of the cycle as 

represented on the Poincaré sphere [68]. As a result, space-variant polarization-state 

manipulations are accompanied by a phase shift that results from the geometric 

phase [69,70]. For the most general case, the geometric phase occurs when polarization and 

phase are changed simultaneously but very slowly (adiabatically), and eventually brought back 

to the initial configuration. 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:  

,ݔ)߶ (ݕ = ,ݔ)ܣ2  (17-3) ,(ݕ

where ܣ 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 3-4), 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 3-4. Light wave propagation along the optical element. Thickness d and refractive index 

݊ = (݊௢ + ݊௘) 2⁄  variation in space produces dynamic phase shift, and spatial 

variation of azimuth of the slow-axis (or optical axis) of anisotropic material results 

into geometric phase shift.  
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Spectral behaviour of the geometric phase optics is generally independent of the phase 

profile, and determined almost entirely by the properties of the material or structure itself. As 

a result, spectra may range from very achromatic to highly chromatic [71]. Also, geometric 

phase shifts are polarization selectable. If the input light is a conjugate of two orthogonal 

circular polarizations, it will be coupled into the separate waves with positive and negative 

geometric phase shifts. Thus, by adjusting the input polarization, the special control of light 

beam will be achieved [72]. 

Although geometric phase optics is a promising alternative for manipulating light, it still 

stumbles on the lack of an adequate technology for cost-efficient fabrication of flexible and 

durable optical elements. A large number of space-variant polarization elements were 

implemented as spatially oriented dielectric or metal gratings [40,73–78], polarization-

sensitive materials such as azobenzene-containing materials [79], and liquid-crystal 

devices [80–85]. 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. The 

typical fabrication set-up for direct-write ultrafast laser nanostructuring of silica is shown in 

Figure 3-5. Cost-efficient and high-precision direct-write techniques with flexible target 

materials, conversion efficiencies higher than 90%, and negligible optical absorption will 

definitely challenge the limitations of conventional optics. 

 

Figure 3-5. Typical experimental set-up for direct-write ultrafast laser nanostructuring of 

transparent solids. Power and polarization of focused pulses are controlled via half-

wave plates mounted on rotation stages and synchronized with the ultrafast laser 

system and XYZ translation stages. The fabrication process is always monitored with 

camera detector. 
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3.3 Laser induced periodic surface structures 

First observation of laser induced periodic surface structures (LIPSS) dates back to the 60’s, when 

Birnbaum reported ripple formation on the surface of semiconductors [86]. Since then, this 

phenomena was observed on virtually any type of media including metals, semiconductors and 

dielectrics [4,44–47]. The phenomenon turned out to be rather universal and the ripples could be 

formed with wavelengths ranging from the mid-infrared to the blue end of the visible spectrum 

and from continuous wave operation to femtosecond laser systems. Example of TiN surface 

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

 

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]. 

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 [87]. For oblique incidence 

and TM polarization (electric field is oriented parallel to the plane of incidence) the ripples occur 

with one of two possible periods [88] 

Λ = ఒ

ଵ±ୱ୧୬ ఏ
, (3-18) 

where ߠ 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. 

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

structures [89]: above single pulse damage threshold – ripples with a period close to the 

wavelength (~ߣ), and below single pulse damage threshold – subwavelength ripples with periods 

down to 30 nm (ߣ 10⁄ ) [90,91]. Here, the period was found to be dependent on the number of 

pulses and the subsequent carrier density [49,91,92], where the final subwavelength structure is 

formed only after tens or even thousands of pulses. 
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It is generally accepted that low-spatial frequency LIPSS (LSFL), having a spatial period close to the 

laser wavelength, are formed due to optical interference of the incident laser light with a surface 

electromagnetic waves generated at the interface of materials. At certain carrier densities 

(~21021–11022 cm-3), the combination of LIPSS theory [93] with a Drude model shows that the 

excitation of surface plasmon polaritons (SPPs) and its interference with the femtosecond laser 

pulse take place [92,94–97]. 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 [11,98–106]. Under a short pulse irradiation, due to the high peak intensities the 

excitation of a large fraction of electrons from bonding to anti-bonding states destabilizes the 

lattice and leads to an instantaneous melting within a sub-picosecond timescale. On the other 

hand, upon pulse durations longer than the carrier-phonon coupling time, the efficient energy 

transfer from optically excited electron-hole plasma to the crystal lattice is ensured. So after an 

excitation lasting several picoseconds, the carrier-lattice thermalization and subsequent lattice 

melting occurs. Once the solidification process starts within nanoseconds after the excitation, the 

liquefied phase crystallizes into the LSFL pattern. The early stage LSFL upon a subsequent pulse 

irradiation modulates SPP phase-matching conditions and reduces the periodicity of the final 

pattern. 

In contrast, the high-spatial frequency LIPSS (HSFL) have spatial periods significantly smaller than 

the irradiation wavelength and are usually observed for irradiation with ultrashort laser pulses 

predominantly for below band-gap excitation of transparent materials and hundreds to thousands 

of laser pulses per irradiation spot. However, the origin of the HSFL is still quite controversially 

discussed in the literature [6,94,96,107,108]. Within the interpretations proposed in previous 

studies [11,109], the early stage laser induced unstable nanostructures, during the relaxation of a 

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

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

functional surfaces towards the controlled optical [110], mechanical and chemical [111] material 

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

in Figure 3-7. Even so, the optical anisotropy of LIPSS has never been the main object of study, 

and only the periodic volume nanogratings induced in glass were explored in the field of light 

manipulation [40], and will be briefly discussed in the following section. 
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Figure 3-7. Practical applications of laser induced periodic surface structures. (a) Images show that 

the same laser processes aluminium sample exhibits various colours depending on 

the view angle [110].(b) Water droplets on flat (left) and processed (right) silicon 

surface treated with fluorosilane [111]. 

3.4 Self-organized nanogratings in silica glass 

Under certain conditions, 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 is parallel to the orientation of 

laser polarization [9,112]. Here the negative birefringence of ∆݊ ≈ −4 × 10ିଷ, and of the same 

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

reported. The recent works suggested these regions being a composition of parallel planar 

nanocracks [63] or nanoporous planes filled with decomposed SiO2 and oxygen [113] with silica 

nanocrystals of several nanometres size embedded in the defect-rich nanogratings planes [114]. 

 

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

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]. 
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Despite many hypotheses to explain the mechanism of the peculiar self-organization, the 

formation of the periodic nanostructures remains under debate bringing the ideas of seeding 

processes governed by the randomly distributed inhomogeneity [7,115–120]. Recently, the single 

isolated nanoplane was achieved in porous silica prepared from the phase-separated alkali-

borosilicate glass  [56,58,57]; and combining the experimental results with the concept of the 

surface plasma wave excitation, the significance of the seed structure was identified. Additionally, 

the constructive interference of scattered light was proposed to explain the extreme shortening 

down to sub-100 nm of the nanogratings period. This relates very well to the effects observed in 

surface ripple formation, when the period is found to be dependent on the number of 

pulses [121]. 

The initial model 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 coupling is triggered by inhomogeneities induced along with the motion of free carriers. 

Thus, the periodic structure resulted due to the interference, enhancings the coupling and 

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

modulation is further frozen within the material structure. Conversely, the model does not work 

in the case of subcritical plasma concentrations. Later, this model was adjusted by assuming two-

plasmon decay [122]. 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 

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. 

Nanoplasma formation was the other model implemented to explain the nanogratings 

formation [63,115]. In very general terms, the generation of defect 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 the critical, the electric field is enhanced at the equator leading to 

nanoplane formation. The final pattern leads to the period of ߣ 2݊⁄ . 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 [119]. Within the increase of 

the seed concentration, two types of nanoplanes oriented perpendicular to the polarization were 
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identified. If the nanospheres are widely separated, the low spatial frequency nanoplanes with 

the period of  ߣ ݊⁄  are formed, and attributed to the interference of the incident and the 

inhomogeneity scattered light waves. For high concentrations of nanospheres, the mechanism 

changes drastically as the mutual enhancement induced by the multiple scattering from 

nanoplasmas becomes dominant. Thus, the nanoplasmas develop from random inhomogeneities 

into the highly ordered high spatial frequency pattern, with the characteristic period of ߣ 2݊⁄ . 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.  

As an alternative, 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 [123]. The two dispersion branches of exciton–polaritons are excited simultaneously 

by multi-photon absorption. As a result, the interference of propagating exciton–polaritons 

produces 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 [124]. 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 strongly dependent on the nonlinear processes, thus 

this makes the technique extremely flexible in terms of materials and ability to implement 

three-dimensional geometries with subwavelength precision. As a result, this turned it into an 

ideal low-cost platform for product engineering. The induced modifications served as a perfect 

candidate for designing numerous optical elements such as Fresnel zone plates [125], lens-based 

spin filters [72], polarization gratings [40], polarization, special beam and high-order laser mode 

converters [40,126–128], explored in the fields of beam shaping and manipulation (Figure 3-9). 

Also, multi-dimensional optical data storage has been demonstrated [42,123,129–131]. 

 

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

radial polarization and Airy beam converters, Fresnel zone plate, multi-dimensional 

optical memory [40,123,125–129,132]. 
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Another interesting property of the laser modified glass is highly selective wet etching [133,134]. 

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 (Figure 3-10), mechanical 

flexures, and preforms for molds [135–138]. Together with positive refractive index change, the 

technique can be used designing lab-on-a-chip platforms [139–141]. 

 

Figure 3-10. Direct-write three-dimensional microfabrication inside a volume of silica glass. The 

functional micro-fluidic channels and tunnels are realized by ultrafast laser 

nanostructuring and highly selective chemical wet etching  [137,142]. 

Currently liquid crystals being versatile and flexible materials are the most popular choice for 

realization of optical devices operating on the geometrical phase [80–83]. However, liquid 

crystals have such limitations as low durability, with typical damage threshold of 0.2 J/cm2, 

low thermal stability and high absorption in infrared, 1700 nm. As an alternative, various 

methods for passive spatial light modulation have been suggested utilising segmented linear 

polarizers, quartz based waveplates and photolithographically produced subwavelength 

gratings [73,143,144]. However, most of the fabrication techniques are lacking of spatial 

fabrication resolution, as well as are cost and time inefficient, leaving the room for ultrafast 

laser nanostructuring to be explored. 

3.5 Photomodification of glass-metal nanocomposites 

Ensembles of modified metal nanoparticles embedded in transparent media are of interest due to 

their intrinsic anisotropy [145] that results in linear and nonlinear dichroism and 

birefringence [146]. Conventionally, such anisotropic glass-metal nanocomposites (GMNs) are 

fabricated by stretching glass slabs containing spherical nanoparticles [147]. In particular, this 

technique is used in commercially available dichroic polarizers, which employ glasses containing 

elongated silver or copper nanoparticles [148]. However, modern functional devices require 

control of the birefringence and dichroism with sub-micron spatial resolution when the shape of 

the nanoparticles varies over the substrate in a prescribed fashion at distances comparable with 
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the wavelength. These devices could be of interest for optical encoding, multidimensional data 

storage and fabrication of complex, polarization-sensitive spectral masks. The required space-

selective shaping of metal nanoparticles can be achieved via irradiating GMNs with intense 

laser [149,150] or ion beams [151,152], as shown in Figure 3-11.  

 

Figure 3-11. Electronic oscillations in metal nanoparticles affected by external electric field. 

The first paper showing the ultrashort laser induced elongation of silver nanoparticles appeared in 

1999, published by Kaempfe [5]. To explain the mechanism, the Coulomb model was used, which 

was suggested even earlier for the metal particles photo-fragmentation, by Kamat et al., in 

1998 [153] and recently by others works [154–156]. Many studies have been done trying to clarify 

the mechanisms, optimize the conditions, and apply modifications in data storage or optical 

component fabrication [146,149,153,157–160], which is very well summarized for Ag-doped 

glasses in Podlipensky’s thesis [161]. 

In very general terms, the modification of metal nanoparticles depends on the intensity of the 

ultrashort laser pulses, where surface plasmon resonance (SPR) is crucial because of the electric 

field enhancement around the particle. Excitation of metal clusters near the SPR frequency leads 

to the non-thermal distribution of conduction electrons in the metal (Figure 3-11). Using intense 

laser pulses, up to 0.5 TW/cm2 for Ag NPs in glass [161], the SPR induces the electron emission 

from the metal surface into the glass. The dense electron plasma situated in the glass in the 

direction of the laser polarization is formed. While electrons are emitted, the metal becomes 

positive, i.e. ionized, inducing the electric field caused by charge separation. Metal ions (Me+) are 

ejected around the particle forming an ionic shell. The temperature lower than the glass transition 

temperature must be ensured to maintain the limited mobility of metal ions in order to get the 

defined shape. Ions close to the plasma are reduced because of free electrons in the surrounding 

lattice. Such an effect causes the elongation of particles in the direction of polarization (Figure 

3-12). If we have very strong pulse intensities 2 TW/cm2 for Ag NPs in glass [161], high density 

plasma is formed at the interface poles oriented parallel to the polarization. Here the ablation of 

particle and the shock stress induced due to the expansion of the host glass are induced. Thus, the 

particle is physically elongated in the direction perpendicular to the polarization (Figure 3-12). 

Both models described above can be valid only for particles doped in the homogeneous lattice 
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and pulses shorter than picoseconds, when the conventional thermal effects are neglected. For 

ultrafast laser induced metal shaping, within the first 100 fs the dominant is photon-electron 

interaction; 100 fs ÷ 10 ps – electron-lattice relaxation occurs; around 100 ps we have cooling to 

the surrounding medium [162]. The behaviour of the system might change because of the surface 

plasmon coupling effects, or non-symmetric contact with the lattice (surface structures), where 

the energy flow might be localized. Even with short pulses the thermal energy can be 

accumulated in the lattice and the viscosity of the metal can be changed altering the shape of the 

particles. In that case the doped particles are much more stable because of the uniform 

surrounding. 

 

Figure 3-12. Laser assisted shape transformation of metal nanospheres embedded inside a slab of 

glass in the case of irradiation by linearly polarized ultrashort laser pulses at low and 

high intensities (left to right). Blue arrows indicate the expansion of host material; 

red arrows indicate the orientation of polarization of incident light. Blue and red 

circles represent the ejected electrons and metal ions, respectively. The simplified 

sketch was reproduced on the basis of ref. [163]. 

The laser modified metal nanoparticles can be directly studied by linear absorption as the 

non-propagating oscillations of conduction electrons coupled to the light evokes localized surface 

plasmons (LSP) (Figure 3-11). Such oscillations occur in the systems where surface carriers are 

trapped at least in two dimensions. The least complicated and most used system is spherical 

metallic nanoparticles surrounded by the insulating medium. If the particle diameter is much 

smaller than the wavelength of the electromagnetic field, a simple quasi-static approximation is 

applied (Rayleigh theory). It means that the electromagnetic field in the particle is constant and 

the system can be treated as electrostatic. It should be noted that the quasi-static approximation 

gives a solution only for one dipole, while the Mie solution to Maxwell’s equations would consider 

a multipole extension.  

In the electrostatic approximation, within the potential calculations [164], the particle dipole 

moment can be expressed as 
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݌ = ଴ܧ௣ߙ௠ߝ଴ߝ = ଷݎ௠ߝ଴ߝߨ4 ఌିఌ೘

ఌାଶఌ೘
 ଴, (3-19)ܧ

where ߝ௠  is dielectric function of surrounding medium, ߝ = ᇱߝ +  is the dielectric function of ′′ߝ݅

metal particle, ݎ is the radius of the particle and the polarizability is 

௣ߙ = ଷݎߨ4 ఌିఌ೘

ఌାଶఌ೘
, (3-20) 

which shows the ability of the metal particle to be polarized in the external field. If we have a 

metal particle in any insulator medium, the detection of an extinction of such a small particle is 

quite complicated because of the high scattering of the surrounding medium. However, it is 

shown that the extinction and scattering of the particles is enhanced at the dipole plasmon 

resonance condition  [165,166], and the extinction cross section for ܸ volume particle can be 

defined by 

௘௫௧ߪ = 9ܸ
ఠ

௖
௠ߝ

ଷ ଶ⁄ ఌᇱᇱ

[ఌᇲାଶఌ೘]మାఌᇱᇱమ, (3-21) 

and the Eq. (2-20) could be written as (ݔ)ܫ =  .is the concentration of particles ܥ ଴݁ି஼ఙ௫, whereܫ

For most insulating mediums only the real part of dielectric constant ߝ௠ is considered. Both metal 

and insulator dielectric constants are dependent on the incident light frequency.  

For metals the dispersion is well defined by Drude equation (2-41) corrected by adding the 

permittivity ߝ௖௢௥௘ = ′௖௢௥௘ߝ +  ௖௢௥௘′′ responsible for the interband transitions of the coreߝ

electrons, and corresponds to the high frequency permittivity. Thus, we get Drude-Sommerfeld 

expression for the metal dispersion: 

(߱)ߝ = ௖௢௥௘ߝ + 1 −
ఠ೛

మ

ఠమା௜୻ఠ
, (3-22) 

Looking at the Eq.(3-21), the resonance has to satisfy the condition of: 

ᇱߝ] + ௠]ଶߝ2 + ଶ[′′ߝ] = minimum, (3-23) 

where we get the maximized extinction cross section, knowing that the surrounding medium has 

only the real part, and the real part of the metal dielectric function is negative: 

ᇱߝ =  ௠. (3-24)ߝ2−

Combining Drude-Sommerfeld and the resonance condition, we get the expression of the 

frequency of LSP for the metal sphere in the electrostatic field: 
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߱௅ௌ௉
ଶ =

ఠ೛
మ

ఌ೎೚ೝ೐
ᇲ ାଵାଶఌ೘

− Γଶ. (3-25) 

In real life, the symmetry of the nanoparticles is distorted, therefore, the factor of nonsphericity 

must be taken into account. Ellipsoidal clusters with different dimensions r for axes xyz have 

separated SPR conditions, with the polarizability: 

௫;௬;௭ߙ = ௭ݎ௬ݎ௫ݎ
ସగ

ଷ
∙

ఌିఌ೘

ఌ೘ା[ఌାఌ೘]௅ೣ;೤;೥
, (3-26) 

where L is a depolarization factor of the spheroid for each axis (0 < L < 1), and for spherical 

particle it is Lx=Ly=Lz=1/3. Another problem in the real system is the fill factor which creates the 

gradient metal cluster matrix. Although it is hard to correctly include the multipolar interactions, 

Maxwell-Garnett theory describes the position of localized plasmon resonance quite well, taking 

into account the filling factor of particles [167]. For such a system the main point is to evaluate 

the dielectric functions. In that case, the effective dielectric function must be introduced with the 

inclusion of the filling factor ߫: 

୤୤ୣߝ = ௠ߝ
(ఌାଶఌ೘)ାଶచ(ఌିఌ೘)
(ఌାଶఌ೘)ିచ(ఌିఌ೘)

. (3-27) 

As already mentioned before, the theoretical description of the system meets some lack of factors 

which can be crucial for more realistic complex systems.  
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Chapter 4: Summary of Papers 

Paper A: Tailored surface birefringence by femtosecond laser assisted wet etching 

Fabrication of surface nanogratings by ultrafast laser nanostructuring, lapping/polishing, and wet 

etching of silica glass is demonstrated. Using potassium hydroxide at room temperature as a 

highly selective etchant of modified glass, the nanogratings with periodicity of 300 nm and duty 

cycle of roughly 10% of the etched nano-planes are revealed. Such birefringent structures show 

the polarization dependent linear increase in retardance reaching threefold value within 25 hours. 

The dispersion control of birefringence by the etching procedure led to the fabrication of the 

chromatic to achromatic wave plate elements over the entire visible spectral range. By 

implementing the high-vacuum and variable pressure environmental scanning electron 

microscopy, and thermal annealing procedure, the mechanism of the enhanced etching selectivity 

based on the laser induced densification of silica structure and formation of Si–Si defects is 

complemented by a strong correlation with the laser induced =Si0 (ODC (II)), Si (E) defects. 

Paper B: Dichroic Surfaces Engineered by Ultrafast Laser Assisted Wet Etching 

The work presented in this paper is the continuation of the research done in Paper A. Highly 

selective wet etching of ultrafast laser nanostructured silica glass is used to fabricate surface 

nanogratings, that could be implemented as a host substrate for metal thin-film deposition and 

self-organization of metal nanostructures. The resulting linear dichroism defined by the 

orientation of the host nanogratings and tuned by the chemical etching time is shown. 

Paper C: Single beam optical vortex tweezers with tunable orbital angular momentum 

Within the work reported in this paper the pioneering steps towards a practical exploitation of 

femtosecond laser imprinted space-variant optical elements and development of a novel scheme 

for optical trapping were taken. The high precision torque control of trapped micron-size objects 

using single beam optical vortex tweezers with tunable orbital angular momentum was 

demonstrated. Specifically, the fabricated polarization converter, also referred to as S-waveplate, 

with the initial polarization state varying from linear to circular, was used to gradually control the 

torque transferred to the trapped silica beads without changing the trapping potential. 

Paper D: High-performance geometric phase elements in silica glass 

The main idea of the manuscript is to summarize the work done on printing and optimization of 

geometric phase elements in silica glass. In particular, within this work the phase profiles of 

various optical components including gratings, vortex retarders, computer generated holograms 

were achieved with low optical losses, high diffraction efficiency and high phase density. Thus, 

due to the high thermal and chemical stability of silica elements, the optical trapping with a total 
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average laser power of 5 W was demonstrated, which would be impossible with alternative beam 

shaping elements such as liquid crystals based devices.  

Paper E: Polarization sensitive anisotropic structuring of silicon by ultrashort light pulses  

In Paper E, the structuring of crystalline silicon surface by linearly polarized single and double 

pulse femtosecond laser irradiation was presented. After the first pulse the wavelength-size 

symmetric crater-shaped structure is generated, which was successfully implemented for 

designing wavefront sensors. However, the interaction of linearly polarized second pulse with the 

symmetric crater-shaped structure induces the anisotropy in the near-field pattern and causes the 

polarization sensitive deformation of structure. Thus, the work shown in this paper is a good 

indication that the multipulse regime or seeding are necessary for the polarization sensitive 

printing. 

Paper F: Giant birefringence and dichroism induced by ultrafast laser pulses in hydrogenated 

amorphous silicon 

In this paper, for the first time it was shown that the laser induced periodic thin-film structures 

exhibit giant birefringence and dichroism. Form birefringence of Δn ≈ −0.6 induced in amorphous 

silicon was reported, which is two orders of magnitude higher than commonly observed in 

uniaxial crystals and ultrafast laser nanostructured silica glass. The studies identifying the optical 

and structural properties of irradiated amorphous silicon thin-films were performed. 

Paper G: Ultrafast laser-induced metasurfaces for geometric phase manipulation 

The work presented in Paper G is the continuation of the research done in Paper F. The giant 

birefringence observed in laser induces periodic thin-film structures was implemented in space-

variant polarization manipulations. A number of geometrical phase optical elements such as 

polarization gratings, lenses, converters and/or Fourier holograms were realized in amorphous 

silicon thin-films.  

Paper H: Laser material processing with tightly focused cylindrical vector beams 

The main idea of this work is to prove experimentally that the longitudinal field associated with 

radial polarization is inefficient for the flat surface modification of high-index materials. 

Therefore, the comprehensive modification study of silica glass, crystalline silicon, and amorphous 

silicon thin-films, irradiated by tightly focused cylindrical vector beams with azimuthal and radial 

polarizations, were performed. Both simulations and experiments have shown that the 

longitudinal component is supressed at the interface of high-index contrast materials. In order to 

enhance such modification, roughness of the surface or number of laser pulses have to be 

increased. 
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Paper I: Laser assisted modification of poled silver-doped nanocomposite soda-lime glass 

The homogenization of silver nanoparticles embedded in soda-lime glass by thermal poling is 

demonstrated. Thus, the narrowing of localized plasmon resonance band is observed and 

subsequently used to spectrally identify the photomodification of nanoparticles by linearly 

polarized ultrashort laser pulses. Dichroism four times larger than in non-poled sample was 

reported. 

Paper J: Revealing the nanoparticles aspect ratio in the glass-metal nanocomposites irradiated 

with femtosecond laser 

In this paper the controlled shaping of silver nanoparticles embedded in soda-lime glass was 

reported. Employing the experimental absorption spectra for s- and p-polarizations and 

comparing it with the modelling based on Maxwell Garnett approximation modified for 

spheroidal inclusions, the mean aspect ratio of the re-shaped silver nanoparticles as a function 

of the laser fluence was identified. 
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Chapter 5: 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 and healthcare. However, it is very important to achieve the 

high control over the processes of ultrafast laser nanostructuring in order to make the technique 

practical. 

My PhD project was focused mainly on optimization and applications of femtosecond laser 

nanostructuring of transparent materials including dielectrics, semiconductors and glass-metal 

nanocomposites. The activities involved in my research were (1) understanding the fundamentals 

of light-mater interaction, (2) engineering and optimizing the optical properties (birefringence, 

dichroism, etc.) of materials by laser direct writing, (3) design and fabrication of polarization 

sensitive optical elements, and (4) implementation of fabricated optics into the multidisciplinary 

fields such as flat optics, material processing, optical trapping, etc. As a result, a set of 

high-performance optical components were successfully developed and demonstrated, including 

glass-metal dichroic elements, polarization gratings, arrays of polarization micro-lenses and 

micro-converters, computer generated Fourier holograms etc. I also designed and developed a 

novel type of optical tweezers with tunable orbital angular momentum reaching a record high 

topological charge, which has attracted attention from the beam-shaping and optical 

micro-manipulation communities, and has resulted in multiple conference and journal papers. 

Over the last three years this has become a new research direction for our group. Throughout this 

work, I was involved with and actively pursued collaborations with research groups from 

University of Eastern Finland, Eindhoven University of Technology, St. Petersburg Academic 

University, M.V.Lomonosov Moscow State University, and many others. 

5.1 Challenges 

The ultimate goal is to produce a printable anisotropic material, combining the benefits of 

durability and optical quality of inorganic crystals with the feasibility of liquid crystals, which 

would revolutionize the design and manufacturing of high-end optical components. The printing 

technology would then be used to fabricate beam shaping optics for telecommunications, laser 
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material processing, optical micro-manipulation, holography, stimulated emission depletion 

microscopy, optical components for polarization imaging, etc. Eventually we would be able to 

print high performance optics at a fraction of production time and cost of the conventional 

technologies. 

Currently most of optical devices operating on the geometrical phase are fabricated from the 

anisotropic materials, e.g. liquid crystals or quartz, which show the optical transmission and 

conversion efficiency up to 99.9%. However, liquid crystals have such shortcomings as low 

durability, i.e. typical damage threshold is around 0.2 J/cm2,  low thermal stability, and high 

absorption in infrared (>1700 nm). As a result, liquid crystals cannot be used in the infrared for 

emerging telecom or silicon photonics applications. As an alternative, various methods for passive 

spatial light modulation have been suggested utilising segmented linear polarizers, polymer or 

quartz based waveplates and photo-lithographically produced subwavelength gratings. However, 

only basic configurations of segmented quartz waveplates can be implemented due to a limited 

number and relatively big size of segments, which results in diffraction losses and require 

additional spatial filtering. Furthermore, the manufacturing of the segmented elements requires 

costly high precision and time consuming assembly procedures. 

Alternatively, ultrafast laser nanostructuring serves as a perfect candidate for manufacturing 

geometric phase optics. The technology allows fabricating any tailored phase optical element, e.g. 

Airy beam or polarization vortex converters, within <0.1-100 micron thickness of material. 

Smooth phase profiles can be produced, as no phase wrapping is required. The optical elements 

are printed in a single step procedure. No moulding or polishing, which is typically for the 

conventional optics fabrication, is required. The manufacturing does not need expensive clean 

rooms in contrast to the diffractive optics fabrication. The same technology can be exploited for 

waveguide optics and free space optics fabrication. 

Thus, it is technologically attractive to use the ultrafast laser direct writing, which offers feasibility 

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 

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. Here we can 

identify the key challenges towards the practical use of the technology: 

1. Materials. The technology has to be applicable to various types of materials from solids to 

thin-films, and from transparent dielectrics to semiconductors and metals. So far only a 

few demonstrations including bulk high-silica and thin-film silicon materials have been 
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realized. The flexibility is necessary in order to integrate the printed optics into complex 

photonic platforms. For example, the nanostructures are directly written in silica glass, 

which is key optical material due to its wide transparency range from the UV to the near 

IR, high strength and outstanding thermal and chemical stability. The laser induced 

damage threshold is around 26 J/cm2 (1-on-1, 1064 nm, 3.5 ns, 10 Hz), which corresponds 

to the intensity of 7 GW/cm2 (peak power 2 GW and average power 100 W). It is also 

the material of choice in optical communication meaning that the same technology can 

be used for functionalizing optical fibres.  

2. Losses. Optical scattering is one of the key factors limiting the technology to be 

implemented in high power applications. Because of imperfections of induced 

nanostructures, typically as much as 10-50% of the incident light is scattered in visible 

spectral range.  

3. Broadband performance. Another challenge for the geometrical phase based optical 

technology is to achieve achromatic behaviour for the spectral range over 400 nm. This 

would allow implementing optics for visible spectrum without introducing chromatic 

aberration, which is one of the main optical flaws.  

4. Phase density. The sophisticated phase elements require manufacturing of complex high 

phase density patterns. However, when the azimuth density of imprinted nanogratings is 

below /10 (rad/µm), the beam is perturbed during the material modification process 

causing the subsequent anisotropic polarization effects. As a result, the laser induced 

birefringence is not spatially homogeneous. This effect causes the decrease of the 

conversion efficiency of imprinted optics, as well as originates the mode impurity in the 

generated beams. 

5. Time/cost efficiency. Currently up to thousands of pulses are required to induce stable 

self-organized nanostructure, i.e. to record the single dot of information, what 

significantly slows down the fabrication process. From several to tens of hours are 

required to fabricate a single optical element by the technique. The ability to control self-

assembly process by seeding and efficient energy deposition would allow to induce 

nanostructures with several pulses (burst of pulses) increasing data writing speed by one 

to three orders of magnitude. 

As a result, the new scientific and technological solutions are essential to make femtosecond laser 

printing of optics available to the market. 



Chapter 5 

48 

5.2 Future work 

In addition to the first demonstrations of ultrafast laser printed flat optics for controlled beam-

shaping and optical micro-manipulations [168,169], recently our research group has 

demonstrated the optical data storage technique which could potentially preserve huge amounts 

of digital data for billions of years [42]. Due to the high interest shown by public and scientific 

communities, most of my future work will be related to the geometric-phase optics and optical 

data storage imprinted in transparent materials. 

In the next several years an extensive research program is planned on the fundamental physics of 

ultrashort laser pulse excitation of bulk transparent materials aiming to reveal new mechanisms 

and exotic states in material transformation. Although our previous research developments 

logically bring us to the necessity of using sub-100 fs pulses, we enter unexplored land where 

some of our predictions may fail while obtained fundamental facts may occur beyond our 

expectations. Hence, the future work is of high risk and, at the same time, promises considerable 

advances in the fundamental knowledge and technological applications. 

The primary tasks will be developing and characterizing materials with on-demand properties 

exploiting ultrashort laser pulse induced self-assembled nanostructures and exotic phases. For 

such experiments, ultrashort laser pulse irradiation regimes are predicted to be most favourable 

as they suppress restoration of laser disintegrated matter toward its initial structure due to low-

enthalpy bond scissoring. This will push matter to reconstruct its structure in a divergent chemical 

path and one may expect emerging new nano-sized material properties.  

The near future will be devoted for the elaboration of a three-dimensional point spread function 

engineering (3D PSFE) technique, which involves polarization and intensity control in the focus of 

the laser beam. The main purpose of PSFE is to control spatial distribution of intensity and 

polarization for localization of material modification. 

The most important part of the future work will be demonstrating the capabilities of ultrashort 

laser pulses combined with 3D PSFE for advancing the quality of induced nanostructures.  

Currently hundreds of pulses are required to induce self-organized nanostructure i.e. to record 

the information. We will analyse the influence of the glass physical properties (melting 

temperature, thermal diffusivity, absorption) on the nanogratings formation process. 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 will be analysed in the context of nanograting formation. We also expect to enhance 

nanograting formation by inducing oxygen deficiency centers in the glass matrix, which according 
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to our recent study could act as a precursor for the nanostructure formation. Transparent glass-

ceramics with a composition close to one of the fresnoite crystalline phase will be investigated. 

This glass-ceramic shows improved brittleness damage resistance several times and a great 

potential for improvement of imprinted elements durability.  

We also plan on establishing pump-probe experiments. 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. 

Recent experiments suggest that micro-explosions could happen before the NGs formation, and 

the subsequent seeding of structure formation could be triggered. We anticipate the control of 

micro-explosions could help to increase the speed of nanogratings formation. Additional spatio-

temporal tailoring of laser pulses will allow to localize excitation of plasma and increase 

production of densified material. Such modifications can be also used for three-dimensional 

optical data storage in highly durable materials such as sapphire. 

A series of experiments is planned on shaping nanogratings on surfaces by the means of the 3D 

PSFE technique. For this aim, we will use amorphous silicon thin-films. By creating different 

polarization patterns in the beam, we intend to obtain nanostructures in complex patterns. 

 

Figure 5-1. Schematics of potential tailoring of nanoparticles in metal-doped glasses. (a) NPs rings 

array fabrication by irradiating with parallel optical vortex beams. (b) Nanoparticle 

sculpting: from linear to spatially variant polarization. 
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Using both ultrashort laser pulses and longer pulses, it is expected to achieve unprecedented 

control over the spatial distribution of the precipitated metal NPs inside metal-doped glasses (Au, 

Ag, Cu), and the control over the plasmonic properties of obtained NPs and NP arrays. Two 

examples of planned experiments are shown in Figure 5-1. First, with vortex laser beams, we 

intend to generate NP ring arrays. Second with a spatially variant polarization, initially spherical 

particles will be formed into a desired shape, and implemented for multiplexed high-density 

optical data storage. 

The system for massive parallel data recording will be developed (Figure 5-2). To increase the 

number of dots per laser exposure, hundreds of beam spots will be used for modifying a spinning 

fused silica disc. Instead of placing in a square matrix as in previous setups, the spots will be 

positioned along a straight line in order to fit the rotation disc. Within the future projects it is 

expected to achieve writing speed of tens to hundreds MB/s.  

 

Figure 5-2. Single shot parallel data writing realized in rotation geometry. 

Plenty of work will be done to explore new recording dimensions for a rewritable highly-stable 

optical storage media inside transparent solids beyond five dimensions whose achieving is a 

typical problem of conventional phase transition based memories. The optimization of 

parameters (spatial and temporal) of ultrashort pulses will be used to maximize the transmission 

and repeatability of induced nanogratings. This will achieve >1 TB/cm3 density of optical 

recording.  

We will collaborate with the consortium Part-Time Scientists (Robert Bohme, CEO Founder) and 

AUDI (Berlin, Germany) in the Google Lunar XPRIZE project to record an eternal time capsule with 

our technology and deliver it to the Moon in 2018. Many other collaborations are in progress. 

The advantages of the ultrafast laser printing technique will be exploited to demonstrate novel 

photonic devices for high resolution optical microscopy and high power laser material processing. 

Spatial control of the nanograting period achieved by spatial chirp of ultrashort laser pulses will be 

explored for implementation of dielectric metasurfaces with space-variant anisotropy. The 
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parameters including pulse energy, writing speed, beam profile, etc. will be controlled by re-

configuring the already developed setup in order to optimize the fabrication process. Additionally, 

we will be able to generate 2nd, 3rd and 4th harmonics or tune the laser wavelength with a non-

collinear optical parametric amplifier. Spatial light modulator, polarization converters and 

conventional optics might be adapted to the system to manipulate the laser beam profile. The 

flexibility and high precision of translation stages with a resolution of < 100 nm will permit 

exploitation of various complex phase designs and integration in three-dimensional (multi-

layered) optical elements. Laser assisted wet etching will be used in order to fabricate the micro-

fluidic systems. The optimization process of nanostructuring will be performed by monitoring the 

laser induced structures with a scanning electron microscope and optical transmission 

microscope. The imprinted elements will be optically characterized and/or visualized with the 

VIS/NIR micro-spectrometer and the quantitative birefringence measurement system. The final 

goal is to achieve >99% transmittance, >99% diffraction efficiency, >3rad/um phase density and 

increase writing speed by 100 times (beyond 10 cm/s). As a result, light manipulation will be 

obtained by an engineered three-dimensional transparent slab materials with multi-layered 

graded refractive index profiles, where refractive index will be controlled by the period and 

orientation of subwavelength structures (Figure 5-3). 

 

Figure 5-3. Multi-layered flat optics imprinted inside a single slab of glass. 

Using this technology I will be able to reduce the bandwidth of birefringent elements to 25 nm 

and demonstrate a wavelength selective multi-layered mode converter integrated into complex 

optoelectronic systems, e.g. STED (stimulated emission depletion) microscopy, simultaneous 

spatial and temporal focusing (SSTF), OAM (orbital angular momentum) based telecommunication 

and micro-manipulation devices, holography. This will allow a significant simplification for popular 

microscopy techniques leading to a low cost nano-photolithography and high resolution imaging. 

An all-fiber polarization sensitive imaging system will be demonstrated based on laser 

nanostructured multi-core fibers or fiber bundles. Such a system could be exploited in endoscopy 

for in-situ optical detection of cancerous tissues, which are known to exhibit distinctive features 
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in polarized light. The spatio-temporally shaped light pulses will be used to produce the 

precipitation of nano-crystalline silicon in amorphous thin films for printing flexible printed optics, 

which can be exploited for consumer electronics. 
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97.  J. Bonse and J. Krüger, "Pulse number dependence of laser-induced periodic surface 

structures for femtosecond laser irradiation of silicon," J. Appl. Phys. 108, 034903 (2010). 

98.  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, 2360–2364 (1984). 

99.  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–

457 (1983). 

100.  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, 1023–1026 

(1991). 

101.  D. von der Linde, K. Sokolowski-Tinten, and J. Bialkowski, "Laser – solid interaction in the 

femtosecond time regime," Appl. Surf. Sci. 109, 1–10 (1997). 

102.  M. C. Downer and C. V Shank, "Ultrafast heating of silicon on sapphire by femtosecond 

Optical Pulses," Phys. Rev. Lett. 56, 761–764 (1986). 

103.  Y. Siegal, E. N. Glezer, L. Huang, and E. Mazur, "Laser-induced phase transitions in 

semiconductors," Annu. Rev. Mater. 25, 223–247 (1995). 

104.  I. L. Shumay and U. Hofer, "Phase transformations of an InSb surface induced by strong 

femtosecond laser pulses," Phys. Rev. B 53, 878–884 (1996). 

105.  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, 65–68 (2001). 

106.  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, 7163–7173 (1990). 

107.  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, 1429–1432 (2004). 

108.  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, 

034908 (2009). 



Bibliography 

67 

109.  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, 891–895 (2002). 

110.  A. Y. Vorobyev and C. Guo, "Colorizing metals with femtosecond laser pulses," Appl. Phys. 

Lett. 92, 2006–2009 (2008). 

111.  T. Baldacchini, J. E. Carey, M. Zhou, and E. Mazur, "Superhydrophobic surfaces prepared by 

microstructuring of silicon using a femtosecond laser," Langmuir 22, 4917–4919 (2006). 

112.  E. Bricchi and P. G. Kazansky, "Extraordinary stability of anisotropic femtosecond direct-

written structures embedded in silica glass," Appl. Phys. Lett. 88, 111119 (2006). 

113.  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). 

114.  V. Oliveira, S. P. Sharma, P. Herrero, and R. Vilar, "Transformations induced in bulk 

amorphous silica by ultrafast laser direct writing," Opt. Lett. 38, 4950–4953 (2013). 

115.  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, 057404 (2006). 

116.  R. Taylor, C. Hnatovsky, and E. Simova, "Applications of femtosecond laser induced self-

organized planar nanocracks inside fused silica glass," Laser Photonics Rev. 2, 26–46 

(2008). 

117.  F. Liang, R. Vallée, and S. Chin, "Mechanism of nanograting formation on the surface of 

fused silica," Opt. Express 20, 4389–4396 (2012). 
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Abstract: Fabrication of polarization sensitive metal thin-films is demonstrated. First, surface nanogratings 
with periodicity of ~300 nm and duty cycle of roughly 10% of the etched nano-planes are designed by 
ultrafast laser assisted KOH wet etching of silica glass. Later, the nanostructured silica is implemented as a 
host substrate for metal thin-film deposition. The resulting linear dichroism defined by the orientation of host 
nanogratings is revealed. The control of plasmonic response as a function of chemical etching time of 
engineered silica nanogratings is demonstrated. Such silica substrates can be implemented for template-
defined self-organization of materials such as liquid crystals, silicon thin-films, metal thin-films, etc. and 
show the potential to be realized not only in integrated optics and electronics but also sensing applications. 
© 2016 Optical Society of America 
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1. Introduction 

Designs of flat optics have attracted great interest for being a promising alternative to control light waves [1]. 
Although numerous lithography techniques enabling the manufacturing of high efficiency and low scattering 
optical elements with complex phase gradients have been reported [2–4], the technological flexibility remains 
a problem; it is still dictated by the material properties, and/or requires a long time to process. Here we 
propose an ultrafast laser nanostructuring assisted wet etching as an alternative method capable of fabricating 
anisotropic surfaces used as a substrate for metal thin-film deposition resulting in a dichroic optical elements. 

The key advantage of using femtosecond 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 [5,6]. The laser-induced periodic surface structures that can be realized on 
virtually any type of media including metals, semiconductors and dielectrics have been reported [7]. Despite 
a vast number of applications, including coloration [8], control of surface chemical and mechanical 
properties [9,10], the polarization sensitive transmission has never been the main topic of the research [11]. 
This could be related to morphology of structures which is always affected by the ablation process. 
Alternatively, the interaction of femtosecond laser pulses with transparent media in volume is known to 
induce highly ordered self-assembled nanogratings oriented perpendicular to the incident beam 
polarization [12,13]. The laser-induced periodic structure behaves as a uniaxial birefringent crystal, where the 
two orthogonal components of electric field (along and perpendicular the layered planes) have different 
optical path. The birefringence resulting from self-assembled nanostructures in fused silica is exploited for 
the fabrication of numerous polarization sensitive optical elements ranging from diffraction grating to 
polarization and optical vortex converters [14–16]. However, due to the negligible linear absorption of 
transparent materials, the implementation of such nanogratings as polarization sensitive optical elements was 
not proposed. To do so, another interesting property of laser modified glass of highly selective wet etching 
must be applied [17]. The mechanism for femtosecond laser assisted KOH etching of fused silica is still 
under debate and a few studies can be found on the matter. The KOH efficiently tackles rarefied silica nano-
planes filled with Si-rich structure while the SiO2 matrix remains unetched. KOH etching with high 
selectivity reveals high contrast nanogratings and substantially enhances retardance exhibited by the 
nanostructure [19] Such engineered surface nanogratings integrated with noble metals or other highly 
absorbing medium is expected to behave as a strong dichroic optical element similar to wire grid 
polarizer [20]. The periodic structure takes part as a template for the deposited material. 

If the period of nanogratings is sufficiently small compared to the wavelength, the structure behaves as if 
it were homogeneous and uniaxial material [20]. In the case of metal nanogratings, also referred to as wire 
grid polarizers, the movement of free electrons in the direction perpendicular to the orientation of wires is 
restricted as it is not along the wires, and usually related to polarization currents induced by incident light. 
Thus, it is expected that the light polarized parallel to the nanogratings will not feel the structure and will be 
transmitted or reflected in the same way as in isotropic metal films. And if the light is polarized 
perpendicular, the transmission is enhanced due to the localized free electrons. Specifically, the metal 
nanograting can be described as a homogeneous birefringent layer which behaves as a conductor for parallel 
polarization and behaves as an insulator for the perpendicular polarization. Although the anisotropic 
transmission of ideal geometry can be analyzed considering only the differences between the effective 
medium [20] or propagation constants of the guided modes [21] for the two polarizations, the complexity of 
real fabricated structures, e.g. polycrystalline nature of metal films, formation of nano-gaps, nano-islands, 
nano-rods etc., resulting into the intricate transmission behavior requires more complex approaches where the 
polarization sensitive modes coupled with the surface plasmons are discussed [22–26].  

Here we demonstrate silica nanogratings fabricated by femtosecond laser assisted KOH etching. Further 
we use such nanogratings as a host substrate for metal thin-film deposition. In both cases, for uniform and 
nano-cracked films, the differential extinction spectra with opposite signs are measured. The differential 
extinction spectra of deposited metal film as a function of ultrafast laser assisted wet etching time of silica 
glass is demonstrated. The sensing experiments of bulk refractive index show the potential of such dichroic 
surface elements implementing not only in the field of integrated optics but also in surface enhanced sensing. 
However, it should be noted that in this work we do not focus on the processes of deposition and self-
organization of metal films. The main target is to implement these metalic surfaces for the demonstration of 
silica nanogratings-defined extinction anisotropy; which in fact could be realized aligning various materials 
including liquid crystals, silicon thin-films, etc. 
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2. Materials and methods 

Laser modification of fused silica glass was performed with regeneratively amplified, mode-locked Yb:KGW 
based ultrafast laser system (Pharos, Light Conversion Ltd.) operating at 1030 nm with a 200 kHz repetition 
rate. The sample was modified with the pulse duration of 300 fs, linear polarization parallel to the writing 
direction, 1 mm/s writing speed with 0.5 µm interline distance and the laser pulse energy of 0.45 µJ. The 
laser beam was focused in the bulk of the substrate via a 0.35 NA objective lens. Under these processing 
conditions 32 squares (100 µm × 100 µm) were written in different depths starting from 75 μm (the bottom of 
the structure) and going deeper every 1.5 µm. The top surface of the sample was lapped/polished (Logitech 
LP50) removing ~75–85 µm so that the uppermost squares would be cut-off completely and the lower 
structures would be sectioned in different depth (Fig. 1). KOH (1M concentration) etching of the surface 
nanograting was carried out at room temperature (RT) by immersing the sample into the solution for a 
specific period of time, for a maximum of 24 hours. The fabricated samples were coated with 30 nm 
thickness gold film deposited by sputter coater (208HR). The squares sectioned at the top of the structure, 
where the most uniform nanogratings are formed, were used for the further characterization. 

 
Fig. 1. Direct-write femtosecond laser nanostructuring assisted KOH etching of silica glass towards the fabrication of polarization 

sensitive surface elements. 

The micro modified areas were optically characterized with a UV-VIS-NIR micro-spectrometer system 
(CRAIC; Olympus BX51) and quantitative birefringence measurement system (CRi Abrio; Olympus BX51). 
The spectral dependence of the metal thin-films on parallel and perpendicular polarizations was measured by 
inserting VIS linear polarizer before the sample. The imaging was carried out with an optical microscope 
(Olympus BX51) and scanning electron microscope (Zeiss Evo50; Zeiss Evo ME15).  

 
Fig. 2. VPSE SEM images of the surface nanogratings written inside silica glass, and revealed 
after the lapping/polishing and KOH etching for 24 h procedures. Inset shows the higher 
resolution zoomed-in etched silica nano-planes. Scale bars: 1 µm and 300 nm. 

The high quality surface nanograting was formed in a three step procedure. After the laser irradiation, 
nano-planes parallel to the laser propagation and perpendicular to the polarization are formed. For the laser 
processing conditions mentioned above, the fabricated nanogratings are 10–15 µm long in the Z direction. 
But only the top 3–5 µm is packed in a highly-ordered pattern. During the lapping/polishing process, the 
written squares are cut-off at different heights opening the different parts of the nanogratings. As shown in 
Fig. 2, after 24 hours of KOH etching the nanogratings with periodicity of ~300 nm and duty cycle of 
roughly 10% of the etched nano-planes are formed. The depth of about 4 m of the etched nano-planes was 
estimated by measuring the phase retardation of silica nanogratings before etching and after etching, and 
fitting the predicted geometry by the so-called effective medium theory [27,28].  
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3. Results and discussion 

The extinction peaks measured in VIS spectral range are attributed to the surface plasmon resonance 
originated by self-assembled metal structures, similar reported in [24,26]. More specifically, gold deposited 
on the silica, due to the poor adhesion, is tend to form island-like nanoparticles structure [29]. If the amount 
of metal deposited on substrate is sufficient, the surface is fully covered (>10 nm) resulting into uniform 
polycrystalline thin-film. In this case the surface plasmons are delocalized and the transmission spectra of 
bulk metal are typically measured. 

The ratio of transmitted light intensity polarized perpendicular and parallel to the nanogratings orientation 
(Isample/Iǁsample) expressed in absorption units, also referred to as differential extinction or dichroism, can be 
defined as follows: 

ܦ = ୄܣ − ∥ܣ = ݃݋݈− ൬
ூ఼ ౩౗ౣ౦ౢ౛

ூ∥ ౩౗ౣ౦ౢ౛
൰,     (1) 

where ୄܣ and ܣ∥ are the extinction spectra for two different polarizations. Because of the thin layer 
deposited, the fraction of light with both polarizations is transmitted, and both transmitted modes interacting 
with nanostructures can be observed in the extinction spectra. This causes the positive and/or negative peaks 
in spectra (Figs. 3 and 4). 

 
Fig. 3. Extinction (black) and linear dichroism (blue) spectra of 30 nm thickness gold film deposited on 
pristine (left) and nanostructured (right) silica substrate. The incident light was polarized parallel (black-
dotted) and perpendicular (black-solid) to the orientation of nanogratings. Arrows indicate the orientation of 
polarization according to the nanogratings in the graphic insets.  

After depositing 30 nm homogeneous gold film on silica nanogratings, we still observe the polarization 
sensitive excitation of surface plasmon resonance at around ~730 nm for parallel polarization (Fig. 3(right)). 
This is attributed to the anisotropic self-organization of metal film inside the etched nano-planes, i.e. the thin 
layer of metal is covering not only the top surface of nanogratings but also the inner surfaces (sidewalls and 
bottom surface) of the etched silica grooves. As a result, the peak of linear dichroism at around 730 nm with 
the value of -3.5 is observed, where the transmission of light polarized perpendicular to the nanogratings is 
higher. 

By contaminating the surface with the etchant solution, i.e. directly weakening the adhesion similar 
reported in [29], nano-cracking of metal film deposited on a flat silica surface is observed showing strong 
resonance peak at around 570 nm (Fig. 4(left)). The measured extinction spectra indicates that the deposited 
metal is self-organized into randomly distributed nano-particles or nano-islands structure [24]. However, if 
the film is deposited on the silica nanogratings, the red and blue shifts with the peak positions at 525 nm and 
590 nm are observed for the light polarized parallel and perpendicular to the nanogratings orientation, 
respectively (Fig. 4(right)). It is well know that the resonant feature of localized surface plasmon resonance is 
highly sensitive to the size and shape of nanostructures [30], thus we identify that the re-organization of the 
film (nano-cracking) into plasmonic element is defined by the surface morphology of silica glass. The 
positive dichroism with the maximum value of roughly 1.2 is achieved at 600 nm wavelength. Contrary to 
homogeneous film shown before, the light polarized parallel to the nanogratings orientation gives higher 
transmittance than the light polarized perpendicular. 
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Fig. 4. Extinction (black) and linear dichroism (blue) spectra of 30 nm thickness nano-cracked gold film 
deposited on pristine (left) and nanostructured (right) silica substrate. The probing light was polarized parallel 
(black-dotted) and perpendicular (black-solid) to the orientation of nanogratings. Insets show the SEM 
images of the surface patterns; scale bar is 300 nm. 

Characteristics of the fabricated surface nanogratings are dependent on many laser material processing 
parameters, e.g. pulse energy, pulse duration, laser repetition rate, focusing conditions, etc. [19]. 
Additionally, the post-processing of the laser nanostructured surfaces can be employed towards the 
engineering of optical properties of deposited materials. With the increase of KOH etching time up to 12 
hours, the ratio of the transmitted parallel and perpendicular polarized light at 600 nm wavelength increases 
up to 25 times, as shown in Fig. 5.  

 
Fig. 5. Dichroism spectra of nano-cracked gold films deposited on nanostructured silica glass as a function of KOH 
etching time. SEM images on the right show the corresponding surface topographies resulted after 180, 360, 720 and 
1440 minutes of the total etching time. Scale bar is 1 µm. 

In Figure 5, SEM images confirm that the longer etching time is used, the deeper and wider grooves are 
formed which directly could affect the morphology of deposited films. The maximum width of ~30 nm and 
depth of ~4 m were estimated. After 0.5 hours of etching, the resonance peaks at 580 nm with the 2.8 
extinction was measured for two perpendicular polarizations. When the nanogratings are being etched more, 
these resonance peaks shift to the blue and red spectral range for parallel and perpendicular polarizations, 
respectively. After 3 hours of etching, peaks are at 580 nm and 595 nm with measured ~2.8 extinction for 
both polarizations; after 6 hours, at 553 nm and 595 nm with measured ~3 extinction for both polarizations; 
after 12 hours, at 547 nm and 591 nm with measured 2.8 and 3.5 extinction; and after 24 hours, at 525 nm 
and 590 nm with measured ~2.4 and ~3 extinction. So, after the total 24 hours of etching, the separation of 
resonance peaks in the extinction spectrum is maximized with of roughly 65 nm. However, the maximum 
extinction is measured after 12 hours. Thus the measured dichroism peaks out at 1.4 after 12 hours and 
decreases to 1.2 after 24 hours of etching (Fig. 5). This could be the result of relatively perfect geometry 
(depth/width) of silica nanogratings for the efficient light coupling with deposited metallic nanostructures. 
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Fig. 6. Dichroism spectra (left) and optical transmission images (right) of nano-cracked gold films deposited on nanostructured 
silica glass as a function of immersion medium. Arrows indicate the orientation of linearly polarized incident light. Scale bar is 
250 µm. 

The dichroic element, made of silica nanogratings etched for 24 hours, was implemented for the bulk 
refractive index sensing experiments (Fig. 6). After immersing the metallic surface into the distilled water, 
the resonance peaks shifted from 525 nm to 544 nm and from 590 nm to 632 nm for parallel and 
perpendicular polarizations, respectively; and the extinction increased from 2.4 to 2.7 with the background 
drop from 1.75 to 1.48 (at 650 nm wavelength) for parallel polarization. As a result, the separation of 
resonance peaks in the extinction spectrum is increased from 65 nm to 88 nm. And if we estimate the 
sensitivity, i.e. the resonance shift per unit of refractive index (RIU), we get ~60 nm/RIU for parallel 
polarization, ~140 nm/RIU for perpendicular polarization, and ~170 nm/RIU for linear dichroism, where the 
maximum peak shifts from 600 nm to 650 nm (Fig. 6(left)). The resonance shift changes the color of 
fabricated element as it is shown in optical transmission images in Fig. 6(right). 

4. Conclusions 

In conclusion, we have demonstrated a multi-step fabrication technique for polarization sensitive 
plasmonic elements. The ultrafast laser nanostructuring assisted KOH etching was implemented to fabricate 
silica surface nanogratings. Further incorporation of silica nanogratings with the deposited thin gold films, 
have shown the strong separation of resonance frequencies for two different polarizations. This technique 
with the high precision laser-direct writing could be used to make templates for virtually any profile 
plasmonic patterns where the high polarization sensitivity is required. 
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ABSTRACT 

We demonstrate direct-write ultrafast laser nanostructuring of silica glass resulting in space-variant 

dielectric metasurfaces embedded in bulk with continuous phase profiles of nearly any optical 

components achieved solely by the means of geometric phase. Complex designs of half-wave retarders 

with 90% transmission at 532 nm and >95% transmission at >1 m, including polarization gratings with 

efficiency nearing 90% and computer generated holograms with phase gradient of ~0.8 rad/µm, were 

fabricated. We also demonstrate a vortex half-wave retarder generating single beam optical vortex with 

tunable orbital angular momentum of up to ±100ℏ. The damage threshold of silica elements being as high 

as LIDT1-on-1 = 26.25 ± 3.15 J/cm2 (1064 nm, 3.5 ns, 10 Hz) enables simultaneous optical manipulation of 

large number of micro-objects using high-power laser beams. Thus, the continuous control of torque 

without altering the intensity distribution was implemented in optical trapping demonstration with a 

total of 5 W average power, which is otherwise impossible with alternate beam shaping devices. In 

principle, the direct-write technique can be extended to any transparent material that supports laser 

assisted nanostructuring, and can be effectively exploited for the integration of printed optics into multi-

functional optoelectronic systems. 

 

Keywords: Femtosecond phenomena; Materials processing; Form birefringence. 

 

INTRODUCTION 

Conventional optics manipulates the properties of light via optical path difference by controlling thickness or refractive index of 

material. Despite decade–long expertise in fabrication of optical components, precision and quality still remains a challenging 

problem. The recent advances in flat optics have challenged the limitations of conventional optics by implementing ultrathin 

planar elements that instead of rely on dynamic phase manipulates light waves via subwavelength-spaced phase shifters with 

spatially varying phase response.1,2 Various phase profiles of nearly any optical components ranging from lenses, gratings and 

vortex-phase plates to elements capable of bending the light in unusual ways have been demonstrated using plasmonic 

metasurfaces,3,4 or dielectric gradient metasurfaces5–9 referred to as geometric phase (Pancharatnam-Berry phase10–12) optical 

elements and realized by space-variant polarization manipulations.13 

One of the approaches for designing geometric phase elements is to exploit the transparent dielectrics which originate form 

birefringence.  Thus the desired phase pattern of the wave is directly encoded in the optical axis orientation, and is equal to 

twice the rotation angle of the local retarder. However, despite the numerous techniques enabling the manufacturing of high-

efficiency elements,6,14–18 the limited technological flexibility and low material durability, e.g. liquid crystals with damage 

threshold of 0.2 J/cm2, prevents these elements from being widely integrated in consumer electronics or high-power laser 

applications. Here we propose a direct-write ultrafast laser nanostructuring of silica glass as an alternative method capable of 

fabricating geometric phase optics. The key advantage of using femtosecond 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 
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before the surrounding lattice is perturbed, which results in highly localized nanostructuring without collateral material 

damage.19,20 

A decade ago, the formation of self-organized subwavelength periodicity structures, referred to as nanogratings, in the bulk 

of silica glass after irradiation with ultrashort light pulses was observed.21,22 Such a periodic assembly behaves as a uniaxial 

birefringent material with optical axis oriented parallel to the polarization of incident laser beam. The birefringence value of 

these thermally stable nanostructures is negative (n  -4×10-3) and of the same order as the natural birefringence of uniaxial 

crystals such as quartz, ruby and sapphire.23 As a result, these modifications serve as a perfect candidate for designing phase 

optics. A number of optical elements including Fresnel zone plates,24 dynamic phase holograms,25–29 polarization 

diffraction gratings and polarization converters7,30 have been demonstrated. In this work we leverage the potential 

implementations of silica nanogratings as the geometric phase manipulating elements. 

We fabricate complex designs of half-wave retarders with up to 90% transmission in visible spectral range, polarization 

gratings with efficiencies as high as 90%, computer generated holograms with phase gradients of ~0.8 rad/m, and vortex 

retarders generating orbital angular momentum of up to 100ℏ. The highly durable silica nanostructures enable the 

demonstration of simultaneous optical manipulation of large number of micro-objects using high-power laser beams. 

 

ENGINEERED MATERIALS AND METHODS 

Our experiments were carried out with 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 with the pulse duration fixed at 300 fs to 600 fs. The laser beam was focused with a 

0.16 NA to 1.2 NA objective lens 300 µm below the surface of a fused silica substrate, which was mounted onto a 

XYZ linear air-bearing translation stage (Aerotech Ltd.). Laser repetition rate and sample translation speed varied 

from 20 kHz to 200 kHz and 0.02 mm/s to 2 mm/s ensuring the pulse density higher than 1105 pulses/mm.  

Typically, silica nanogratings with periodicity of ~300 nm and duty cycle of roughly 10% of the nano-planes 

oriented perpendicular to the polarization are formed. The thickness of structures diverges from several microns 

to tens of microns depending on the numerical aperture of the objective used for printing. Then the retardance is 

defined as ߮ = ℎ(݊௘ − ݊௢) ߨ2 ⁄ߣ = ℎ∆݊ ߨ2 ⁄ߣ , where h is the thickness, ne, no – extraordinary and ordinary 

effective refractive indices, and  is the probing wavelength. Multiple layers of scanned lines with the interline 

distance of 1 m using fixed pulse energy were printed in order to achieve the target phase retardation. The pulse 

energies used in experiments were kept below 2 µJ. 

Local orientation of nanogratings, i.e. the azimuth of slow-axis of laser induced form birefringence, ݔ)ܣ,  (ݕ

(Fig. 1(a)), was continuously controlled by rotating the half-wave plate, ݔ)ߠ,  mounted on the motorized ,(ݕ

rotational stage before the objective lens. The local azimuth of slow-axis of imprinted element is expressed as, 

,ݔ)ܣ (ݕ = ,ݔ)ߠ2 (ݕ −  (1)       ,2/ߨ

where the orientation of the half-wave plate corresponds to the orientation of the polarization of the incident 

linearly polarized laser beam used for silica modification, and the azimuth-offset of 2/ߨ occurs due to the 

nanogratings orientation, which is always perpendicular to the incident polarization. As a result, phase profiles of 

complex geometric phase (GP) elements were imprinted; and the circularly polarized light transmitted through 

the elements experiences the relative phase change equal to ߶(ݔ, (ݕ = ,ݔ)ܣ±2  where the sign is defined by the ,(ݕ

handedness of the input polarization. 

The imprinted elements were optically characterized with the VIS/NIR micro-spectrometer CRAIC (integrated in Olympus 

BX51) and the quantitative birefringence measurement system CRi Abrio (integrated in Olympus BX51) operating at 546 nm 

wavelength. Nd:YAG cw laser (Spectra-Physics) frequency-doubled to 532 nm and supercontinuum fiber laser (Fianium) 

emitting a broad optical spectrum in the range of 450-950 nm were used to characterize the Gaussian beam propagation 

through the imprinted GP elements. Optical trapping experiments were performed with Nd:YVO4 picosecond laser system 

(Rapid, Coherent Inc.) operating at a wavelength of 1064 nm with the pulse duration of 10 ps and repetition rate of 640 kHz 
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(burst of 31 pulses with 50 MHz). Imaging of laser-induced nanogratings was performed with a scanning electron microscope 

(Zeiss Evo50), after the characteristic topography was revealed during the lapping/polishing and KOH (1 mol/L) etching 

procedures. 

 

Figure 4. Ultrafast laser nanostructuring of silica glass. (a) Graphical visualization of engineered anisotropy inside 

a slab of transparent medium. Red dotted lines indicate the azimuth of slow-axis of induced form birefringence. 

(b) Phase retardation (⧠) and optical transmission (○) spectra of imprinted half-wave retarder tuned for 532 nm 

wavelength. Inset: electron microscopy generated image showing the characteristic topography of nanogratings. 

Scale bar is 300 nm. (c) Induced phase retardation as a function of various processing conditions such as azimuth 

density of the slow-axis rotation (⧠), pulse energy (⧲, insets) and numerical aperture (left to right: 0.16–1.2 NA). 

Blue open triangles (∇) show the relative standard deviation of the measured retardation value as a function of 

azimuth density of slow-axis rotation.  The azimuth density experiments were performed at a fixed pulse energy of 

0.8 J for 0.16 NA, 0.35 NA and 0.55 NA, and 0.4 J for 1.2 NA; and the pulse energy experiments were performed 

at a fixed azimuth density of 0.5 rad/m. The retardation measurement system was operating at 546 nm 

wavelength. 

 

The dispersion analysis performed in the spectral region from 440 nm to 680 nm revealed a chromatic behavior of the wave 

plates tuned for 532 nm (Fig. 1(b)). The retardation value varies from 0.8 to , and less than 5% variation in retardance is 

observed in the spectral region from 512 nm to 572 nm wavelength. The transmission coefficient at 532 nm, where the phase 

retardation is about 0.99, is roughly of ~0.9 (Fig. 1(b)). Despite the negligible linear absorption of silica, the transmission 

follows the ~-4 dependence, which is related to the scattering of subwavelength structure (Fig. 1(b, inset)). The higher 

transmission can be achieved at longer wavelengths where lower scattering is expected. This gives around 96% of 

transmission at 1064 nm. 

When designing GP elements by laser direct writing, it is important to ensure the continuity of imprinted nanogratings. If the 

phase gradient is introduced, the local fields as well as the induced structures are perturbed by the previously printed structure. 

Thus, the induced retardance value drops with the increase of azimuth density of slow-axis rotation (Fig. 1(c)). The effect is 

strongly dependent on the focusing conditions. If the azimuth density increases up to 0.5 rad/m, the average retardance value 

drops by 9.5 times for 0.16 NA, 1.86 times for 0.35 NA, 1.67 times for 0.55 NA, and 1.75 times for 1.2 NA (water immersion), 

with the corresponding increase in the relative standard deviation by 6 times, 2.8 times, 1.4 times, and 2.5 times, respectively. 

Even the energy control does not provide a way around this, as the retardance drops due to the material damage observed 

slightly above the pulse energies of 1.6 J for 0.16 NA, 0.8 J for 0.35 NA and 0.55 NA, and 0.4 J for 1.2 NA. This indicates that to 

achieve the target retardation the thickness of the structures has to be increased. Therefore, for most of the experiments done in 

this work a 0.55 NA objective lens in combination with a multilayer printing approach was implemented. 

The azimuth density of the slow-axis rotation affects not only the retardance value but also the quality of phase 

profile. Under the processing conditions reported in this work, the maximum achieved azimuth density, which 

sufficiently follows the linear-phase profile, is roughly of 0.4 rad/m (Fig. 2). This corresponds to the phase 
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density of 0.8 rad/m, which brings printed optics to the next level allowing high-density GP elements such as 

vortex retarders with diameter of 10 mm generating optical vortices with topological charge as high as 10k. 

 

Figure 2. Azimuth of the slow-axis of a laser induced form birefringence dependence on its rotation density. Top image – the 

azimuth of the slow-axis of the imprinted linear-phase element with the density varying from 0.05 rad/m to 0.5 rad/m; 

bottom graph – the profile (white dashed line in top image) of azimuth of the slow-axis extracted from the birefringence image. 

Pseudo colours (inset in top image) indicate the local orientation of the slow-axis. The birefringence measurement system was 

operating at 546 nm wavelength. 

 

RESULTS AND DISCUSSIONS 

The laser material processing conditions used to print GP elements were chosen to attain the maximum quality of structures, 

based on the experimental data from Fig. 1 and Fig. 2. The parameters window for laser-induced nanogratings is very large and 

is chosen for each application separately according to the target diameter, processing time, required azimuth density and total 

losses. 

The blazed polarization grating (PG) with the geometric phase varying in the x-direction as ߶(ݔ) = (ݔ)ܣ± =

ߨ2)± ܽ⁄  ୫୭ୢ ଶగ was printed inside silica glass (Fig. 3(a, b)). The periodicity of the PG was set to a = 60 µm. For|ݔ(

an incident plane wave with the polarization state |ܧ௜௡ۧ the resulting field generated by the PG is |ܧ௢௨௧ۧ =

௜௡ۧܧ|ாߟ + ܴۧ|ோ݁௜ଶ஺(௫,௬)ߟ + ாߟ where the 31,ۧܮ|௅݁ି௜ଶ஺(௫,௬)ߟ = 1 2⁄ ൫ݐ௫ + ோߟ ,௬݁௜ఝ൯ݐ = 1 2⁄ ൫ݐ௫ −  and ۧܮ|௜௡ܧۦ௬݁௜ఝ൯ݐ

௅ߟ = 1 2⁄ ൫ݐ௫ − ,ܴ|௜௡ܧۦ ௜௡|ܴۧ are the complex field efficiencies withܧۦ௬݁௜ఝ൯ݐ  as an inner product of the ۧܮ

left-handed |ۧܮ and right-handed |ܴۧ circular polarizations, ߮ is the retardation of the imprinted element, and ݐ௫,௬  

are the transmission coefficients for light polarized perpendicular and parallel to the optical axis. The imprinted 

PG with ݐ௫,௬ ≈ 0.9 and ߮ ≈  at a central wavelength of 532 nm (Fig. 1(b)) is expected to diffract around 0.9 of ߨ0.99

the total incident light intensity, while the remaining 0.1 would be scattered. Thus, the efficiency expressed as a 

ratio of first order diffracted light and total transmitted light, ߟଵ௦௧ = ଵ௦ܧ ௧௢௧௔௟ܧ
(்)⁄ , would be ~100%. However, the 

characterization of imprinted PG shows ~10% mismatch (Fig. 3(c, d)). This could be related to the non-uniform 

retardance value across the PG. Averaged phase retardation of the printed element with the corresponding 

azimuth density possesses the relative standard deviation of around 7%-10% (Fig. 1(c)). Also, the light wave 

propagating through the large thickness of structure, i.e. from several microns to tens of microns, could be 

detuned, and additional alignment of the geometry of stacked layers should be performed.32 Roughly 90% of the 

transmitted light is projected to the ±1st order and 10% to the 0th and higher orders (Fig. 3(d)). As the handedness 

of the diffracted circularly polarized beam is flipped, the polarization filtering could be applied in order to 

completely eliminate the non-diffracted light. 
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Figure 3. Femtosecond laser direct writing of geometric-phase optical element designed as a blazed polarization grating (PG) 

with period of 60 µm. (a) Azimuth image of the slow-axis of the imprinted nanogratings; (b) the profile (white dashed line in 

(a)) of azimuth of the slow-axis extracted from the birefringence image. Pseudo colours (inset) indicate the local orientation of 

the slow-axis. The birefringence measurement system was operating at 546 nm wavelength. (c) Frequency-doubled Nd:YAG 

cw laser beam profiles of the transmitted right-handed circular (top), linear (middle) and left-handed circular (bottom) 

polarizations, and (d) its corresponding intensity profiles with the estimated first order diffraction efficiency.  White and black 

arrows indicate the polarization state of the incident and PG transmitted beams.  

 

High-precision translation and rotation stages synchronized with the laser system enable the complex designs of geometric 

phase elements such as computer generated Fourier holograms (CGH) that convert the initial Gaussian beam into the target 

intensity distribution. Using the adapted weighted Gerchberg-Saxton algorithm,33,34 the 8-bit grayscale CGH element with 

0.1 Megapixel and pixel spacing of 1.2 µm was designed to encode the Queen Elizabeth II portrait (Fig. 4). During the continuous 

writing process, the maximum relative phase change of 0.8 between the two adjacent pixels was achieved. By using the 

Fourier transforming properties of a positive lens, the target image was reconstructed within the spectral range of 450-950 nm 

(Fig. 4(c-f)). As it was discussed before, to attain the high-efficiency of an imprinted GP elements, the half-wave retardation must 

be ensured. However, even if the retardance is below this value, the non-diffracted beam can be completely removed by the 

means of polarization filtering (Fig. 4(a)). In addition, the geometric phase is independent of wavelength. Therefore, the phase 

profile for different wavelengths transmitted through the same design will not differ. In this case, the broadband sources can be 

implemented with a polarization filtering efficiency as high as 100%. 

High-efficiency and independence of wavelength make GP elements attractive for many application areas. For example, 

taking advantage of sub-micron resolution of ultrafast laser direct writing, vortex half-wave retarders for optical micro-

manipulation can be designed.35 The vortex half-wave retarder, also referred to as polarization converter, which 

transforms incident linear or circular polarization into radial/azimuthal polarization or optical vortex respectively, 

was branded as S---waveplate, patented and successfully commercialized several years ago.7,36 We extend the technology 

and demonstrate the generation of optical vortices with topological charge of l = ±100 (Fig. 5). Such elements with the damage 

threshold being as high as LIDT1-on-1 = 26.25 ± 3.15 J/cm2 (1064 nm, 3.5 ns, 10 Hz)36 enable the simultaneous optical 

manipulation of large number of micro-objects using high-power laser beams. 
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Figure 4. Computer generated geometric-phase Fourier hologram (CGH). (a) Setup for polarization filtering and target image 

reconstruction: quarter-wave plates (/4), laser imprinted 8-bit grayscale CGH, linear polarizer, lens with f = 50 mm, 

interference filter (IF), Fourier plane (FP). Arrows indicate the state of beam polarization. (b) Orientation of slow-axis of laser-

imprinted CGH, and (c-f) it’s resulting reconstructed images. Pseudo colours (inset) indicate the local orientation of the 

slow-axis. The birefringence measurement system was operating at 546 nm wavelength. The hologram was illuminated with 

(c-f) supercontinuum laser beam, where (c) 450-950 nm, (d) 600 nm, (e) 500 nm and (f) 550 nm filtered wavelengths. Scale bar 

is 500 µm. 

 

Briefly, the electric field of the linearly or elliptically polarized light can be expressed as a superposition of left- 

and right-handed circular polarizations. Each photon of circularly polarized light carries spin angular momentum 

of S = sℏ, where s = ±1. If these photons are transmitted through the vortex half-wave retarder, the incident spin 

momentum of Sin is changed to –Sin, and the orbital momentum L is transferred to the light. So, the total angular 

momentum is contributed by an orbital angular momentum (OAM) with L = lℏ, where l is an integer number 

(positive or negative). At the output of the retarder, vortices with the two states of opposite handedness circular 

polarizations and opposite handedness helical phases are generated. Then, the overall state of the beam 

corresponds to the amplitude ratio of the incident states with the opposite handedness circular polarizations, 

which can be continuously controlled by the quarter-wave plate. As a result, the retarder generates a circularly 

polarized vortex beam with the averaged OAM per photon that is controlled by the angle () of the quarter-wave 

plate: 

〈(ߠ)ܮ〉 = ܿ ∙ 〈(ߠ)ܵ〉 = ܿ ∙  ℏ,      (2)(ߠ2)݊݅ݏ

where c is an integer number referred to as a topological charge of the vortex half-wave retarder (corresponds to 

q = c/2), indicating the number of twists in the azimuth of slow-axis by  within the rotation of polar angle by 2. 

The sign of the topological charge number is determined by the geometry of the laser processing. If the beam with 

helical phase ϕ = lφ, where ϕ is phase and φ is polar angle, possesses well-defined OAM with lℏ,37 then the l can be 

shown as l = cs, where s is an averaged spin per photon. 

Here we demonstrate the printed vortex half-wave retarder with c = -100 (Fig. 5(a)). The retarder is set to have 

the same topological charge along its radius, thus the azimuth density increases very quickly when the radius is 

approaching the central point. As a consequence, the relative retardance drops (Fig. 1). Therefore, the center of 

the element has not been printed and the incident annular vortex beam (l = ±2) was used to ensure the uniformity 
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of the phase conversion (Fig. 5(b)). By continuously rotating the quarter-wave, the ring-shaped beams with total 

OAM from L = -98ℏ to L = +98ℏ were generated (Fig. (c)). Thus, continuous control of torque without altering 

the intensity distribution was implemented in optical trapping demonstration with the total 5 W average laser 

power (Fig. 5(d)), which would not be possible with alternative beam shaping devices. 

 

Figure 5. Single beam optical vortex tweezers with continuous control of orbital angular momentum (OAM), 

where any value from 98ℏ to 98ℏ defined by the angle of quarter-wave plate can be achieved. (a) Geometric-

phase based optical vortex retarder with topological charge of c = -100. Scale bar is 200 m; color bar indicates the 

orientation of the slow-axis. The birefringence measurement system was operating at 546 nm wavelength. 

(b) Optical trapping setup. Inset images show the beam profiles measured at the pupil plane of objective lens (OL): 

(i) after the quarter-wave plate (Q); (ii) after the Q and vortex retarder (S1) with topological charge of c = –2; and 

(iii) after the Q, S1, vortex retarder (S2) with topological charge of c = -100 and dichroic mirror (M). Micro-

manipulation was monitored by projecting the live images via focusing lens (L) on a camera detector (CCD). The 

trapping setup was tuned for Nd:YVO4 laser system operating at 1064 nm. (c) Beam intensity distribution 

measured and simulated at the objective’s pupil plane, when the circularly (left and right images) or linearly 

(middle image) polarized incident Gaussian beam is transmitted through the optical trapping setup. (d) The 

focused vortex beams with OAM varying from L = -98ℏ to L = +98ℏ were used to trap and rotate SiO2 beads 

(size of 1m). Scale bar is 20 m. 

 

CONCLUSIONS 

The high-performance demonstrations of geometric phase elements imprinted in silica glass by direct-write 

ultrafast laser nanostructuring show the potential of technique for designing functional devices that can be 

integrated into the real interdisciplinary systems such as high-power lasers, high-resolution microscopy, optical 

communication systems, polarization sensitive imaging, and consumer electronics. Although the elements 

demonstrated in this work show slightly poor performance compared to ideal optics, some advantages such as 

durability and technological flexibility, realizing elements inside transparent solids make the technology 
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exceptional and free of alternatives. Providing sufficient efficiencies with low losses and high thermal/chemical 

stability, the printing of multi-layered optical components with different phase profiles embedded in a single slab 

of silica glass or fiber could enable portable/handheld instruments for many practical applications such as 

endoscopes, integrated miniature illumination and detection systems.  
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ABSTRACT 

Light waves interacting with inhomogeneous birefringent materials always experience a space-variant 

phase shift. Engineering the orientation of local optical axis allows implementing continuous phase 

profiles of nearly any optical element that can be achieved solely by the means of geometric phase. Despite 

a longstanding expertise in fabrication of anisotropic materials, flexibility still remains a challenging 

problem. Here we demonstrate a direct-write femtosecond laser nanostructuring of 300-nanometer thick 

a-Si:H films resulting in space-variant functional metasurfaces with form birefringence of up to n  –0.5. 

The complex designs of geometric phase optical elements including arrays of polarization micro-

converters and micro-lenses, polarization gratings and computer generated holograms with continuous 

phase gradients of ~1 rad/µm were fabricated. In principle, the technique can be extended to any 

transparent high-index materials that support laser-induced periodic structures, and can be effectively 

exploited for the integration of metasurfaces into multi-functional photonic systems. 

 

Keywords: Femtosecond phenomena; Materials processing; Form birefringence. 

 

1. INTRODUCTION 

The recent advances in flat optics have challenged the limitations of conventional optics by implementing 

ultrathin planar elements that instead of relying on optical path differences manipulate light waves via optical 

resonators with spatially varying phase response1. In principle, the phase profiles of nearly any optical 

components including lenses, gratings, vortex phase plates, as well as elements capable of bending light in unusual 

ways could be designed on the basis of plasmonic metamaterials2,3 or dielectric gradient metasurfaces4–7, referred 

to as geometric phase (Pancharatnam-Berry phase8–10) optical elements (GPOEs). The main advantage of such 

tailored surfaces is that the large phase shifts can be realized by nanostructured thin films within thicknesses 

smaller than the wavelength of light, and thus can be easily integrated into multifunctional optoelectronic 

systems11–13. 

Designs of dielectric GPOEs have attracted great interest for being a promising alternative to control light 

waves. The most common approach for implementing such optical elements is to exploit nanostructured materials 

which exhibit form birefringence14.  This means that the desired phase pattern of the wave interacting with an 

inhomogeneous birefringent element is directly encoded in the optical axis orientation, and is equal to twice the 
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rotation angle of the locally imprinted wave plate. Although numerous lithography techniques enabling the 

manufacturing of high efficiency and low scattering optical elements with complex phase gradients have been 

reported15–17, the technological flexibility remains a problem; it is still dictated by the material properties, and/or 

requires a long time to process. Here we propose a direct-write ultrafast laser nanostructuring as an alternative 

method capable of fabricating GPOEs in various media. One of the most fascinating aspects of this technique is the 

ability to induce tunable structures6 with subwavelength periodicities that originate form birefringence18. The key 

advantage of using femtosecond 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 

damage19,20. 

First observation of laser-induced periodic surface structures (LIPSS) dates back to the 60’s, when Birnbaum 

reported ripple formation on the surface of semiconductors21. Since then, this phenomenon was observed on 

virtually any type of media including metal, semiconductor, dielectric solids and thin films22–29. Processing 

conditions occurred to be broad with wavelengths ranging from the mid-infrared to visible spectrum and from 

continuous wave operation to femtosecond laser systems. A vast number of applications, including coloration30, 

control of surface chemical and mechanical properties31,32, have been proposed. 

More than a decade ago, Bricchi et al. demonstrated that femtosecond laser pulses focused inside silica glass can 

lead to self-assembled nanogratings, which exhibit birefringence comparable to quartz crystals33. Later, the 

tailored surface nanogratings were introduced showing the three-fold birefringence increase34. Thus, a functional 

birefringent layer should be at least several tens of microns thick. For most applications such a thickness is 

appropriate. However, this limits the design and integration of miniaturized elements. 

To realize the laser-induced nanogratings as functional metasurfaces, the intermediate case between volume 

and surface periodic structuring has to be implemented when the modification of high-index thin films along its 

depth would significantly enhance the resulting anisotropy. Here we demonstrate that the interaction of 

femtosecond laser pulses with hydrogenated amorphous silicon (a-Si:H) thin films induces self-assembled 

periodic lamellae structures oriented perpendicular to the incident beam polarization. These films with the 

induced subwavelength modulation of refractive index behave as a uniaxial birefringent material with the slow 

axis oriented parallel to the imprinted nanogratings. Thus, the form birefringence of two orders of magnitude 

higher than in silica glass can be achieved18,33-35. As a result, large retardation is realized within hundreds of times 

thinner layers (Figure 1a) that can be deposited on various substrates with different textures. 

We leverage the realization of laser-induced periodic thin-film structures as a highly birefringent metasurface to 

design controllable and high precision GPOEs. Here we report on demonstration of various geometric phase 

designs including arrays of polarization micro-converters and micro-lenses, polarization gratings and computer 

generated holograms with phase gradients reaching up to ~1 rad/µm. 

 

2. FEMTOSECOND LASER NANOSTRUCTURING FOR ENGINEERED FORM BIREFRINGENCE 

The experiments were carried out with the 300 nm thick a-Si:H films deposited on a silica glass substrate by the 

plasma-enhanced chemical vapor deposition (PECVD) upon the decomposition of the mixture of silane (SiH4) and 

argon (Ar) at substrate temperature of 250C. The ratio between the gases in the reaction chamber was 25% SiH4 

and 75% Ar. 

The film was processed with the mode-locked Yb:KGW ultrafast laser system (Pharos, Light Conversion Ltd.) operating at a 

wavelength of 1030 nm with the pulse duration fixed at 360 fs. The laser beam was focused to a 4 m spot on the film via a 

0.13 NA-objective lens. 

Surface imaging of laser-induced periodic thin-film structures was performed with a scanning electron microscope (SEM) 

Zeiss Evo50 and optical transmission microscope Olympus BX51. The imprinted elements were optically characterized and/or 

visualized with the VIS/NIR micro-spectrometer CRAIC (Olympus BX51) and the quantitative birefringence measurement 
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system CRi Abrio (Olympus BX51) operating at 546 nm wavelength. Nd:YAG cw laser (Spectra-Physics) frequency-doubled to 

532 nm and supercontinuum fiber laser (Fianium) emitting a broad optical spectrum in the range of 450-950 nm were used to 

characterize the Gaussian beam propagation through the imprinted GPOEs. 

In order to identify the maximum birefringence of the laser-induced periodic thin-film structures, 80 m long lines separated 

by an interline distance of 30 µm were imprinted under different writing conditions. First, the pulse density was varied from 

1.25×105 pulses/mm to 5×106 pulses/mm with various writing speeds to ensure the constant laser repetition rate of 100 kHz. 

Secondly, the writing speed was varied from 0.05 mm/s to 0.4 mm/s with various laser repetition rates to ensure a constant 

pulse density of 5×105 pulses/mm. From here, the resulting retardance as a function of pulse energy varying from 0.005 µJ to 

0.2 µJ was obtained (Figure 1b). 

At the pulse energies slightly above the ablation threshold (> 0.05μJ), the film is modified along its depth organizing into 

periodic structure that is qualitatively dependent on the pulse density (Figure 1b, top graph), while the significant dependence 

on the laser repetition rate or writing speed is not observed (Figure 1b, bottom graph). At pulse densities higher than 

10ହpulses/mm, we detect the formation of birefringent subwavelength periodicity (~ laserߣ 3⁄ ) nanogratings oriented 

perpendicular to the laser beam polarization. The maximum retardation of ܴ546nm ≈  is achieved at 5×105 pulses/mm ߨ0.55

with the related writing speed of 0.2 mm/s and repetition rate of 100 kHz. The retardance drops drastically with the further 

density increase (> 10଺pulses/mm), and the nanogratings are replaced by non-birefringent wavelength-size (~ߣlaser) 

ripples oriented parallel to the laser beam polarization. 

Contrary to the separated lines, the planar wave plate elements were fabricated by partially overlapping the written lines. 

The calibration of imprinted elements was performed under maximum retardation conditions by changing the pulse energy 

from 0.005 µJ to 0.2 µJ at a fixed interline distance of 3 µm (Figure 1c), and varying the interline distance from 1 µm to 7 µm at a 

fixed pulse energy of 0.125 µJ (Figure 1c, inset). The observed retardance linearly grows with the increase of the interline 

distance reaching the peak value of ~0.5ߨ at 4 µm, which correlates well with the spot size of the focused beam. However, 

despite the lower retardance value, the most uniform wave plates are fabricated using the interline distance of 3 µm. When the 

retardance is defined as 

߮ = ℎ(݊௘ − ݊௢) ߨ2 ⁄ߣ ,      (1) 

where h is the thickness of the film, and ne, no – extraordinary and ordinary effective refractive indices, the birefringence of the 

imprinted optical elements with h = 300 nm and 0.5ߨ retardation at 546 nm wavelength corresponds to the form birefringence 

of ∆݊ = ݊௘ − ݊௢ ≈ −0.5. 

Optical performance of the fabricated wave plates is strongly dependent on the linear absorption and scattering of the 

nanostructured material, which can be significantly improved by reducing the value of the complex refractive index. This can be 

achieved by increasing the laser pulse energy as it triggers the oxidation processes and ultimately enhances the transmission 

reaching a three-fold value at the pulse energy of 0.2 µJ, while the birefringence remains of the same order (Figure 1c).  
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Figure 1. Femtosecond laser-induced periodic a-Si:H film structures. (a) Retardation of nanogratings induced in the bulk of 

silica; on the surface of silica; and in the thin-film silicon materials (n=3.5-4.5), based on the experimental reports33-34 and 

effective medium theory18. Both the thickness and the periodicity of structures were set to 300 nm with the duty cycle of 1/6. 

(b) Separated lines with its retardance dependence on pulse density (top graphs) and writing speed (bottom graphs) as a 

function of pulse energy. On the right, optical and electron microscopy generated images of periodic structures induced under 

5×105 (left) and 5×106 (right) pulses/mm at pulse energy of 0.125 µJ: identification of subwavelength birefringent structure 

and wavelength-size non-birefringent ripples formation. Scale bars are 4 µm and 1 µm, respectively. (c) Retardance and 

transmission of imprinted wave plates as a function of pulse energy. The measurement system was operating at 546 nm 

wavelength. The dependence of retardance on the interline distance is shown in the inset. (d) Spectra of phase retardation and 

transmittance for wave plate imprinted at 0.125 µJ. In (c) and (d) the interline distance (d) was kept at 3 µm. The system was set 

to the pulse density of 5×105 pulses/mm with corresponding 0.2 mm/s writing speed and 100 kHz repetition rate. Black 

arrows indicate the laser writing direction; blue arrows – the polarization state.  

 

The dispersion analysis performed in the spectral region from 450 nm to 680 nm revealed a chromatic behavior of the wave 

plates. In the case of pulse energy of 0.125 µJ and interline distance of 3 µm the retardation value varies from 0.29 to 0.47 
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(Figure 1d). Less than 5% variation in retardance is observed in the spectral region from 532 nm to 546 nm wavelength. The 

transmission coefficient at 532 nm, where the phase retardation is about 0.45, is roughly of ~0.1. The transmission as high as 

50% can be achieved at longer wavelengths (~700 nm) where the lower scattering is ensured, as well as the amorphous silicon 

band gap is approached (~1.7 eV36). 

 

3. THIN-FILM METASURFACES FOR GEOMETRIC PHASE MANIPULATION 

The Pancharatnam-Berry phase is a geometric phase achieved by space-variant polarization manipulations14. In 

the next step, we designed GPOEs by controlling the azimuth of the slow axis, ݔ)ܣ,  of locally imprinted ,(ݕ

nanogratings. As a result, the circularly polarized light transmitted through the GPOEs experiences the relative 

phase change equal to ߶(ݔ, (ݕ = ,ݔ)ܣ±2  .where the sign is defined by the handedness of the input polarization ,(ݕ

All GPOEs demonstrated in this work were imprinted using the pulse energy of 0.125 µJ and pulse density of 

5×105 pulses/mm with corresponding 0.2 mm/s writing speed and 100 kHz repetition rate. The interline distance 

was ranged from 3 µm to 4 µm to balance the homogeneity and magnitude of the laser-induced retardation. 

Local orientation of the laser-induced nanogratings was continuously controlled by rotating the half-wave plate 

mounted before the objective lens. The accuracy of 0.002 rad is ensured. The resulting geometric phase as a 

function of rotation of the half-wave plate, ݔ)ߠ,  is expressed as ,(ݕ

,ݔ)߶  (ݕ = ,ݔ)ߠ4)± (ݕ −  (2)      ,(ߨ

where the orientation of the half-wave plate corresponds to the orientation of  the polarization of the linearly 

polarized laser beam, and the phase-offset of ߨ occurs due to the nanogratings orientation, which is always 

perpendicular to the incident polarization. 

In particular, when designing GPOEs by laser direct writing, it is important to ensure the continuity of the 

generated nanogratings. If the phase gradient is introduced, the local field as well as the induced structures are 

perturbed by the previously imprinted structure. Thus, the induced retardance value drops with the decrease of 

the grating period (ܽ) (Figure 2a). 

The efficiency of the GPOEs imprinted in a-Si:H thin films was specified by fabricating the polarization grating 

(PG) with the geometric phase varying in the x-direction as ߶(ݔ) = ߨ2) ܽ⁄ ୫୭ୢ ଶగ|ݔ(  (Figure 2b). The periodicity of 

the PG was set to 30 µm as the achieved phase retardation shows the value of ~90% of the possible maximum 

value. For an incident plane wave with the polarization state |ܧ௜௡ۧ the resulting field generated by the PG is37 

௢௨௧ۧܧ| = ௜௡ۧܧ|ாߟ + ܴۧ|ோ݁௜ଶ஺(௫,௬)ߟ +  (3)    ,ۧܮ|௅݁ି௜ଶ஺(௫,௬)ߟ

where the ߟா = 1 2⁄ ൫ݐ௫ + ோߟ ,௬݁௜ఝ൯ݐ = 1 2⁄ ൫ݐ௫ − ௅ߟ and ۧܮ|௜௡ܧۦ௬݁௜ఝ൯ݐ = 1 2⁄ ൫ݐ௫ −  ௜௡|ܴۧ are the complexܧۦ௬݁௜ఝ൯ݐ

field efficiencies with ܧۦ௜௡|ܴ,  and right-handed |ܴۧ circular ۧܮ| as an inner product of the left-handed ۧܮ

polarizations, ߮ is the retardation of the imprinted element, and ݐ௫,௬  is the real-amplitude transmission 

coefficients for light polarized perpendicular and parallel to the optical axis. From Equation 3, the imprinted PG 

with ݐ௫,௬ ≈ 0.14 (Figure 1d) and ߮ ≈  at a wavelength of 532 nm is expected to diffract around (Figure 2a) ߨ0.39

5% of the light intensity, while 9% would propagate as a non-diffracting beam. Figure 2c shows good agreement 

as roughly 64% of the transmitted light is projected to the 0th order and 36% to the ±1st order. Also, the 

handedness of the diffracted circularly polarized beam is flipped. As the polarization of the generated beams does 

not vary spatially, polarization filtering could be applied in order to completely eliminate the non-diffracted light. 

In addition, if the half-wave retarder is fabricated, the 100% efficiency could be achieved. Potentially, the 

retardation value could be enhanced by introducing a thicker layer of a-Si:H films. 
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Figure 2. Femtosecond laser direct writing of GPOE designed as a polarization grating (PG). (a) Retardance dependence on the 

PG periodicity. (b) Imprinted PG with period of 30 µm: top image – the azimuth of the slow axis of the imprinted nanogratings; 

bottom graphs – the profiles (white dashed line in top image) of retardance and slow axis extracted from the birefringence 

image. Pseudo colours (inset) indicate the local orientation of slow axis. (c) Frequency-doubled Nd:YAG cw laser beam profiles 

of the transmitted right-handed circular (top) and left-handed circular (bottom) polarizations, and its corresponding diffraction 

efficiencies and polarizations states (white and red circular arrows) produced by PG. 

 

The flexibility of the direct-write femtosecond laser nanostructuring technique allows recording of nearly any 

wavefront as a GPOE. The phase profile of an incident plane wave can be manipulated radially, azimuthally or both 

simultaneously resulting in complex designs.  

Here, we demonstrate GPOEs with azimuthal phase variation serving as polarization and phase converters that 

generate optical vortices with radial and azimuthal polarizations. Initial experiments were carried out with a 

radially symmetric 1 mm diameter GPOE (Figure 3a-d). The topological charge of the element was set to c = –1, 

indicating that the resulting orbital angular momentum has opposite sign compared to the input spin 

momentum38. The average value of the induced retardance was ~0.5ߨ at 532 nm wavelength, which corresponds 

to the quarter-wave plate value. 

The generated radially (azimuthally) polarized vortex with the orbital angular momentum l = –1 (l = 1) is 

considered as a superposition of two circularly polarized beams, one possessing the orbital angular momentum l = 

–2 (l = 2) and the other having a plane front39. The circularly polarized vortex with topological charge 2 can be 

separated by filtering with a quarter-wave plate and linear polarizer.  

To verify the radial/azimuthal polarization optical vortex, the converter was inserted into the path of a 

left/right handed circularly polarized frequency-doubled Nd:YAG cw laser beam. For comparison the optical test 

system was modeled using the algorithm based on Jones matrix formalism and Fourier propagation39. The 
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propeller-shaped interference pattern, which is typical for double charged vortex beams, obtained after filtering 

with a linear polarizer confirms successful realization of the imprinted radially symmetric GPOE (Figure 3e-j). 

 

Figure 3. Radial and azimuthal polarization optical vortex converter for circular incident polarization. Imaged (a) azimuth of 

slow axis orientation and (b) averaged retardance value of roughly 0.5 specifies GPOE as a quarter-wave plate working at 

wavelength of 532 nm. Pseudo colors indicate the direction of slow axis. Color bar: 0–0.8 rad. (c), (d) Linearly polarized optical 

transmission images of polarization sensitive element illuminated by circularly polarized light. Scale bar is 300 µm. (e)-(g) 

Simulated and (h)-(j) measured far-field intensity profiles of frequency-doubled Nd:YAG cw laser beam generated by the radial 

(azimuthal) polarization vortex converter. Blue arrows indicate the polarization state of the incident beam; and red arrows 

indicate the polarization state of the light imaged on the camera detector. 

 

In the next step, we imprinted a 2×2 mm array of 100 micron diameter converters (Figure 4). Same as in Figure 

3, an intricate swirling interference pattern was observed in the far-field indicating the presence of the orbital 

angular momentum with l = ±2, where the handedness of the input circular polarization defines both the 

orientation of the generated whirlpool beams and the resulting polarization state (Figure 4b, c). This shows that 

the technique enables imprinting of elements with high resolution and can be exploited to develop miniaturized 

optics for optical manipulation of micro-objects on lab-on-a-chip platform40, or directly imprint wave-plate arrays 

for polarization sensitive detectors41. 
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Figure 4. Beam intensity profiles of frequency-doubled Nd:YAG cw laser beam produced by the radial (azimuthal) polarization 

vortex micro-converters array, where (a) and (b) radially polarized vortices, (c) azimuthally polarized vortices, and (d) 

circularly/linearly polarized plane wave. Blue arrows indicate the polarization state of the incident beam, and red arrows 

indicate the polarization state of the light imaged on the camera detector. The light imaged in (a) was not filtered with polarizer. 

The pattern of the slow axis of the single imprinted converter corresponds to the geometry presented in Figure 3. The diameter 

of a single element is 100 m. Far-field patterns were projected via a 20x microscope objective.  

 

To realize the most basic GPOEs with radially varying phase profiles, we fabricated a 9×9 array of 100 µm 

diameter geometric phase lenses with focal lengths of fi = ±(0.41.2) mm (Figure 5). Each lens was repeated nine 

times to form a 9×9 sub-array (Figure 5a, b). The orientation of the half-wave plate used to control the resulting 

geometric phase is expressed through the phase function of a conventional aspheric lens: 

(ݎ)ߠ = ± ଵ

ସ
൭ߨ + ቀଶగ

ఒ
ቁ ܴ ቆ1 − ට1 − ௥మ

ଶோమቇ൱,    (4) 

with R as the radius of curvature (݂ ≈ 2ܴ), and r as the radial position, which corresponds to ඥݔଶ +  ଶ. Sign of theݕ

phase determines the geometry of the imprinted element, which must be chosen according to the handedness of 

the input circular polarization42. Therefore the same geometry works as a converging or diverging lens for left-

handed and right-handed circular polarizations, respectively (Figure 5c). These GPOEs were incorporated into the 

polarization sensitive optical imaging system operating at 546 nm wavelength. By changing the position (zi) of the 

microscope objective, the imaged object was projected at different locations on the detector with the 

corresponding relative magnification of Mi = fi/(fi-d0), where the distance between the micro-lens array and the 

object is d0  10 cm (Figure 5a). It should be noted that the absolute value of position zi is defined by the overall 

measurement system, and its relative value is proportional to the focal length of the imaging micro-lens.  
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Figure 5. (a) GPOEs designed as a micro-lens array with focal lengths varying from f 1= ±0.4 mm to f 9= ±1.2 mm. Top left image, 

the azimuth of slow axis of imprinted nanogratings. The King John portrait was projected in z1, z2, z3 planes incorporating the 

GPOEs into the polarization sensitive microscope system operating at 546 nm. The illumination is left-handed circularly 

polarized. (b) The azimuth of slow axis of zoomed-in nine lenses with the focal length of f = ±0.8 mm and its corresponding 

image projections using left-handed circularly polarized light. (c) Top graph, the azimuth profile of imprinted single element 

(dotted line in (b)). Bottom graphs, the estimated phase functions of transmitted plane wave with the right-handed or left-

handed circular polarizations. Pseudo colors (inset (a)) indicate the direction of slow axis. The diameter of single element is 

100 m. 

 

 The final example of GPOE showing the simultaneous radial and azimuthal phase manipulation is a computer generated 

geometric phase Fourier hologram (CGH) that converts the initial Gaussian beam into the target intensity distribution. Using the 

adapted weighted Gerchberg-Saxton algorithm43, the 8-bit grayscale CGH element with 0.1 Megapixel and pixel spacing of 3 µm 

was designed to encode the “Light” logo (Figure 6). During the continuous writing process, the maximum relative continuous 

phase change of  between the two adjacent pixels was achieved.  

By using the Fourier transforming properties of a positive lens, the target image was reconstructed within the spectral range 

of 450-950 nm (Figure 6c-h). As it was mentioned before (Equation 3), to attain the high efficiency of an imprinted GPOE, the 

half-wave retardation must be ensured. However, even if the retardance is below this value, the non-diffracted beam can be 

completely removed by the means of polarization filtering (Figure 6a). In addition, the geometric phase is independent of 

wavelength. Therefore, the phase profile for different wavelengths transmitted through the same GPOE will be the same. In this 

case, the broadband sources can be implemented with a filtering efficiency, ߟ = ଵ௦௧ܫ ଵ௦௧ܫ) + ⁄,(଴௧௛ܫ  as high as 100% 
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(Figure 6d-h). It also should be mentioned that the same accumulated phase due to the different wave vectors causes each 

wavelength to diffract at different angles. 

 

Figure 6. Computer generated geometric phase Fourier hologram (CGH). (a) Setup for polarization filtering and target image 

reconstruction: quarter-wave plates (/4), laser imprinted 8-bit grayscale CGH, linear polarizer, lens with f = 50 mm, 

interference filter (IF), Fourier plane (FP). Blue arrows indicate the state of beam polarization. (b) Orientation of slow axis of 

laser-imprinted CGH, and (c-h) it’s resulting reconstructed image. The hologram was illuminated with (c) frequency-doubled 

Nd:YAG cw laser beam, and (d-h) supercontinuum laser beam, where (d) 450-950 nm, (e) 500 nm, (f) 550 nm, (g) 600 nm and 

(h) 650 nm filtered wavelengths. Scale bar is 500 µm. 

 

4. CONCLUSIONS 

In this work, we have demonstrated potential implementations of laser-induced periodic thin-film structures as 

the geometric phase manipulating elements including polarization gratings, Fourier holograms, micro-lenses and 

optical vortex micro-converters. The direct-write ultrafast laser nanostructuring is a high precision, flexible and 

time efficient technique. Through nonlinear light-matter interaction, the subwavelength resolution is ensured 

providing the possibility of reaching phase gradients higher than 1 rad/µm. As a result, the applicability to any 

material that supports laser-induced periodic structures including high-index semiconductors and insulators 

deposited on any substrate with different textures could revolutionize the fields of integrated flat optics and 

provide new methods of printing. The overall fabrication process of the millimeter-sized elements being on the 

time-scale of minutes could facilitate innovative solutions in fields such as security marking, data storage, solar 

cells, sensors & detectors. 
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39  Beresna M, Gecevičius M, Kazansky PG, Gertus T. Radially polarized optical vortex converter created by 

femtosecond laser nanostructuring of glass. Appl Phys Lett 2011; 98: 201101. 

40  Ladavac K, Grier D. Microoptomechanical pumps assembled and driven by holographic optical vortex 

arrays. Opt Express 2004; 12: 1144–9. 

41  Gecevičius M, Beresna M, Kazansky PG. Polarization sensitive camera by femtosecond laser 

nanostructuring. Opt Lett 2013; 38: 4096–9. 



Paper G 

139 

42  Hasman E, Kleiner V, Biener G, Niv A. Polarization dependent focusing lens by use of quantized 

Pancharatnam-Berry phase diffractive optics. Appl Phys Lett 2003; 82: 328–330. 

43  Di Leonardo R, Ianni F, Ruocco G. Computer generation of optimal holograms for optical trap arrays. Opt 

Express 2007; 15: 1913–1922. 

 

 





Paper H 

141 

 

 

 

 

 

 

 

 

Paper H 

R. Drevinskas, J. Zhang, M. Beresna, M. Gecevicius, A. G. Kazanskii, 

Yu. P. Svirko, and P. G. Kazansky 

Laser material processing with tightly focused cylindrical vector beams 

Applied Physics Letters 108, 221107 (2016) 

 

 





Paper H 

143 



Paper H 

144 



Paper H 

145 



Paper H 

146 



Paper H 

147 

 

 





Paper I 

149 

 

 

 

 

 

 

 

 

Paper I 

R. Drevinskas, M. Beresna, O. Deparis, and P. G. Kazansky 

Laser assisted modification of poled silver-doped nanocomposite soda-lime 

glass 

MATEC Web of Conferences 8, 02008 (2013) 

 

 





Paper I 

151 



Paper I 

152 

 



Paper J 

153 

 

 

 

 

 

 

 

 

Paper J 

S. Chervinskii, R. Drevinskas, D. V. Karpov, M. Beresna, A. A. Lipovskii, 

Yu. P. Svirko, and P. G. Kazansky 

Revealing the nanoparticles aspect ratio in the glass-metal nanocomposites 

irradiated with femtosecond laser 

Scientific Reports 5, 1-10 (2015) 

 





Paper J 

155 



Paper J 

156 



Paper J 

157 



Paper J 

158 



Paper J 

159 



Paper J 

160 



Paper J 

161 



Paper J 

162 



Paper J 

163 



Paper J 

164 

 


