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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

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 l. 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 | 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:

., aD .
VxH=— (2-1)
ac T/
= 0B
VXE = ~ (2-2)
VD= Pext (2-3)
V-B=0, (2-4)

where E is the electric field, D the electric displacement, H the magnetic field, B the magnetic

induction, fcurrent density and pey; the external charge density. Linear relationship between the

current density and electric field is expressed via conductivity o by:
J =oE. (2-5)
All macroscopic fields are connected via the polarization P and the magnetization M:
D = ¢&E + P = gy¢E, (2-6)
H=

B-M, (2-7)

where ¢ is the relative permittivity or dielectric constant of material, &, and y, are the electric

permittivity and magnetic permeability in vacuum, respectively. In most cases the system is



Chapter 2

non-magnetic, so M=o. Introducing the susceptibility tensor y, from Eq. (2-6) where e =1 — y,

we get polarization,
P= so)(ﬁ, (2-8)
that is expressed by the Taylor series:
P =goxWE + g9y DEE + gy ®EEE + ---. (2-9)

The first term shows the linear polarization while the higher terms indicate the weight of the
nonlinear ﬁnl term. Combining Eq. (2-5)-(2-9) and (2-1)-(2-4) we derive the expression for the

electromagnetic wave:

VXVXE+ oo S + eoto(1 + x ) ZE > E 4 o aaf;l = 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:
E = Eyexp(ikz — iwt), (2-11)

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

expressed by k =k'+ik". From Eqg. (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:
a=2k". (2-12)

Simplifying the electromagnetic wave equation (2-10) by neglecting the nonlinear term and
treating the system as homogeneous with no external charges (VX V X E=VV-E-V2 =

—V2Eand V-E = 0) and substituting the electric field propagation equation (2-11), we have:
2 2 w?
k® = wpogoe(w) = e(w), (2-13)
where ¢ = 1/,/up€o, From here, we get the relation between the dielectric function and the

conductivity:

e(w) =€ +ig"” (1 + @ (w)) M, (2-14)

gow
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where dielectric function, conductivity and linear susceptibility are all complex. In that case, the

complex refractive index is:

n(w) =n' +in" = /e(w), (2-15)

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

absorption, and we get:

g=n?+n"?% (2-16)

g =2n'n", (2-17)

a(w) = ZTwIm\/s(_a) = 27“’x/g_ (2-18)
n'(w) = Rey/e(w). (2-19)

The imaginary part is usually called the extinction coefficient (n" = k and n(w) = n + ix) and
indicates the absorption by medium. The exponential attenuation of the intensity of the field is

linked to the absorption coefficient and the length x of the medium in Beer’s law:
I1(x) = I,e™ %, (2-20)

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:

_ @, o r? T . )
E(r,z) =E, (w(z )exp( —wz(r)) exp< ikz — ik R + lf(Z)), (2-21)
where Ej is the electric field amplitude, @, is the spot size (radius) at the waist, k is the wave
vector, defined by k = 2mn,/A. The function w(z) is the spot size (radius) at which the field
amplitude drops by 1/e, and defines the spot size variation as a function of the distance from the

beam waist,

@ () =wo |1+ (Z—)2 (2-22)
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where Z, = mnywj /A is the Rayleigh range. The radius of curvature is defined by:
Zr\ 2
R@z) =z(1+ (%)), (2-23)
and the phase change close to the beam waist, referred to as the Gouy shift, is defined by:
A
= at — . -
&(z) = atan (ZR) (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, M?, and typically has a value of less than 1.2 for current laser systems.

The important feature of a Gaussian beam is that it does not change its intensity distribution upon
the free space propagation. Also, it preserves its shape as it passes through an optical system
consisting of simple lenses. This is particularly important for material processing as no additional
beam shape control needs to be considered. Thus, the spot size of a Gaussian beam in the focus
is:

M

2
- — 2 -
Wy == 0.32AM*/NA4, (2-25)

where NA = nsin(@) is the numerical aperture of the focusing lens. The spot size for
homogeneous illumination by non-coherent radiation is w, = 0.61AM?2/NA, seemingly bigger
for equal numerical aperture. However, it should be noted that focusing a Gaussian beam will
require the clear aperture of optics to be larger than that of the beam in order to avoid beam

aperturing.

For relatively long laser pulses, the peak power can be measured directly. However for short
pulses, the power is calculated from the pulse duration, 7, and the pulse energy, E, = P/f,
where P is the measured average power and f is the laser repetition rate. The conversion
depends on the temporal shape of the pulse, and typically for Gaussian-shaped pulses the peak

power is:
~ 09422 2-26
B, ~ 0.94-L, (2-26)
and the peak intensity in the focal spot is:

Ip = ZF' (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:

E.
E, = Zn_;g' (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.

23 Nonlinear propagation

For high laser intensities, the nonlinear term of polarization ﬁnl can not be neglected any more. If
we have two frequencies w1, w, interacting in the second order nonlinear medium, we get the

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

- = + = + - -

BT = eopi T ", (2-29)
pW3=wW1—Wz _ W3=W1—W3 W1 FW2

P, = Eolijk Ej E.”, (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 (Ak = k?® —2k® = Qw/c) - (n?® —

n®) = 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:
P = gyWE + g, y®EEE. (2-31)

From the Eq. (2-6) and (2-19) we express the dielectric function and refractive index as:
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e=2 = 14 O 4 ¥OE (2-32)
goE
®)1r|2
n=ng+% EE ng + nyl, (2-33)

where I = gycngE?/2 is the laser intensity, and ny = \/T)((l) and n,,; = 3x®) /4eycnd 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).

x107®

x107 Nyl

Z (m) ° 0

y % -57-0.05

Figure 2-1. Induced refractive index change in silica glass by the Gaussian beam (A4 =1030 nm)
with peak intensity of 6 GW/cm?. X-axis defines the refractive index variation as a
function of the distance from the beam waist (@p =100 x A) of collimated beam.
Nonlinear refractive index coefficient is set to ~2.5x10 c¢cm?/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.

10



Chapter 2

24 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,

3.77A2
Por = ,
87'L'TLOTLnl

(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.

x10™

x10™ E/EO

0 y
§m 0
y X -57-0.05

Figure 2-2. Self-focusing of Gaussian beam (1=1030nm) with peak intensity of 6 GW/cm?

propagating in silica glass. X-axis defines the E/E, variation as a function of the
distance from the beam waist (@p = 100 x A) of collimated beam. Nonlinear refractive
index coefficient and critical power are set to ~2.5x10%® cm?/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

11
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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]:

kwg)?_(n\?
\/’;1 = 0.852 + j0.0219 +0.1347 x (%) (2-35)

When near the boundary obtained for a given spot size ap 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 (Pi, > 10P) (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 (Pi, > 100P.).

i |, (um)

Self-focusing —o—20
103 8o [

—+— 60

o5 80
~ 102 —o— 1003

o
10t .3 Lens-focusing 4
0.01 0.1 1 10

NA

Figure 2-3. Self-focusing versus lens-focusing. Close to the boundary obtained for a given spot size
(mg) of the beam at the plane of lens, both self-focusing and lens-focusing play a
role. The calculations performed for fused silica at 4 =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 (N) contributes a

negative refractive index change [16],

N
2noN,

(2-36)

where N, = w?gym/e? is defined as the characteristic plasma density with its frequency equal to

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

12
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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, E,, of an electron. The direct excitation of electrons via the

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

process, K photons of energy hw are absorbed and the energy balance is:
Ey + Eipt = Khw — E,, (2-37)

where E|, is kinetic energy of the ejected electron and Ej,; is the internal rotational/vibrational
energy of the system directly after the ionization process. Thus, the minimum number K of

photons needed for the MPI process is:
Kho > E,, (2-38)
and the photoionization rate Pp;(I) = oy IX depends strongly on the laser intensity:
Ppi(I) = og X, (2-39)
where oy is the multi-photon absorption coefficient for K-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)).

13
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(a) 4 (b) 4 (c) Vv

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]:

_ w |mcngoky )
Y =7 /—, : (2-40)

where w is laser frequency, m and e are electron reduced mass and charge, I laser intensity, c is
speed of light, n is refractive index of medium and E; 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 hw < E,, the value of the Keldysh parameter identifies the origin of the ionization,
where y < 1 (high intensity and/or low frequency) indicates the tunnelling or over-the-barrier
ionization, and y > 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.

14



Chapter 2

=
o
N
i

(IR
o
-
oo

IR
o
-
N

10°

“A=1.3um

/ A=22um

T T T T T T T T T T T T T

1011 1012 1013 1014
Intensity (TW/cm?)

Photoionization rate (cm=ps)

NN RN RN

Figure 2-5. Photoionization rate as a function of laser intensity estimated by the Keldysh
formulation for A = 0.8 um (red), A = 1.3 um (black) and A = 2.2 um (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
um, 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:

w3 2f T2 . T

flw=1- wi+iTw 1= @p (12w2+1 + lw(12w2+1))' (2-41)
where w, = \/Wmso is the plasma frequency, expressed via the free electron density, electric
permittivity, electron mass and charge, and I' 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 I' =
vr/l = 1/t, where v is the Fermi velocity and 7 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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2
"o_ WpT

E =—F—.
w(t?w?+1)

(2-42)

When the electron density generated by photoionization reaches high values, e.g. wp=w,
N =~ 10*! cm™, with an expected electron scattering time 7 < 23 fs [19,20], a large fraction of the
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).

(a) 74 ) (b) vV
[ P ’
. NI

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:

dN/dt = ng,N, (2-43)

where 7,4, 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].

(a) 4 (b) v

U .
——excit

——exciIon

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—0-Si= with the defects induced by femtosecond
pulses [25—-29]: oxygen deficiency centers ODC(I) and ODC(Il), which are four valent (=Si-Si=) and
divalent (=Si°) 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—0° ), 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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perfect lattice 0DC(I) defect ODC(ll) defect E’ defect NBOHC

Figure 2-9. Structural models of perfect SiO; lattice and most common laser induced defects: =Si—
Si= (Si rich ODC(l)); =Si°® (ODC(ll)); =Si* (E’) and =Si—0° (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 (~\/?) 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].

Energy Conduction band
Free-carrier A T E
absorption_ l :
v 4 selr T
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tunnel/ing"f" : exciton ionization &
state L

Valehce band

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 ~+/7, 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].
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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 10 cm™ to 1022 cm™[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 (e)
and 825 nm (¢)[21,22]. The corresponding pulse width leads to (I) strong non-
equilibrium (Telectron >> Tiattice) Medium with dominant multi-photon and avalanche
ionization; (ll) electron-lattice thermalization (carrier-carrier and carrier-phonon
scattering) during the pulse propagation; (lll) increasing lattice heat with the
resultant damage threshold dominated by thermal diffusion (~\/?); (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.
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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 | will provide the basic concept of the form birefringence, dichroism and geometric
phase, and | 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:
E = Ex(y)exp(—ifz — iKy + iwt), (3-1)

where § and K are the zand y components of the Bloch wave vector, with K corresponding to the
wave vector of the periodic structure. The dispersion relation between A and K for the TE and TM
waves propagating in media with refractive indices n; and n, of the corresponding layers a and b

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

TE: cos(KA) = cos(klya) cos(kzyb) - 0.5 (:ﬁ + zﬂ) sin(klya) sin(kzyb), (3-2)
1y 2y
TM: cos(KA) = cos(klya) cos(kzyb) - 0.5 (:z% + :‘é%) sin(klya) sin(kzyb), (3-3)
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with

2nn 2
kiy 2y = (—11'2) - pB?, (3-4)
B="n,e, (3-5)

where n, , 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 =a + b, where a

and b corresponds to the width of materials with refractive indices of n; and n,.

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

the lowest order approximation {O[(A/A)?] expansion} of Egs. (3-2) and (3-3) can be used [62],

leading to:

'KZ 'BZ_ an
TE: 15 +15= (7) , (3-6)
K2 LB (2m)? i
TM.n—g+n—g—(A), (3-7)

with the resulting effective refractive indices defined by:

1 al b1

= am A (3-8)
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a b
n2 =an +Kn§. (3-9)

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

ik = 10
The layered medium, with A < A, optically behaves as a uniaxial material with the birefringence
being always negative, i.e. An = n, —n, < 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 n; and
n,. 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:

_ _ 3
nd —n2 = 4% (n, — ny)? + 2L 4 0((n, — ny)). (3-11)
2
As a result, the phase retardation of transmitted light can be directly determined by the thickness

(d) of the nanogratings and its possessed form birefringence:
¢ =d-(n, —ne). (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 @ (1) is then defined by:

1 arallel — Icrossed A
p(A) = aCOS( 3 Xo—=AA) X o— (3-13)
Lyaratiet + Ierossea) 2T s

The ratio of the transmitted light intensity polarized perpendicular and parallel to the orientation
of nanostructures (/1sample/lisample) €Xpressed in absorption units, i.e. dichroism, can be defined as

follows:
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D=A,—A =—log (’*—“‘p‘) (3-14)

Iy sample

where A, and 4 are the extinction spectra for two different polarizations.

OF - B - BCY .

>

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

detectoris:

1
I(“»B'X'Y) = Elo(x'}’)
1
+ cos asin f§ cos p(x,y)
—sina sin B cos 2A(x, y) sin p(x, y)
+ cos B sin 2A(x, y) sin (x, y)]| + Lnin(x, y).

(3-15)
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Here I, is the distribution of light intensity after the sample, I,;, is the distribution of the
depolarized background arising from the imperfections of the polarizers. The a and § are the
retardance values for LCA and LCB retarders, respectively. Finally, the characterization of sample
with its intrinsic retardance ¢ (x, y) and azimuth of the slow axis direction A(x, y) are performed
by measuring a series of intensity images for various @ and f values, and extracting the ¢(x,y)

and A(x,y) values [65].

A
Lca LB A ccD

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 (A/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 d or refractive index n = (n, + n,)/2 of a material (Figure

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

$(x,y) = Zn(x,y)d(x ). (3-16)

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:

d(x,y) = 24(x,y), (3-17)

where A is the local azimuth of the slow-axis (or optical axis) of a space-variant anisotropic
material. This allows continuous optical phase shifts and without phase resets (Figure 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%.

N
d

Figure 3-4. Light wave propagation along the optical element. Thickness d and refractive index
n = (n, +n,)/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.

Lens CCD

Attenuator

y e - ; i
4,
— .2

A/2 Pol
Objective lens
A
]
Yb:KGW ultrafast laser system = L XYZ stage
(Pharos, Light Conversion Ltd.) 5 )
M1 White Source

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/cm?, 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]

A
A= 1+sin 6’ (3-18)
where 8 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 (~A), and below single pulse damage threshold — subwavelength ripples with periods
down to 30 nm (4/10) [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
(~2x10%-1x10% cm3), 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
liqguefied 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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(a)

(b)

1

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 An ~ —4 x 1073, 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 SiO, 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 w 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 (>10% cm™). 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 (~10° cm™),

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 A/2n. However, if the plasma
concentration is too high, the dominant enhancement at poles would be initiated, and
nanogratings would not be produced. Recently, the nanoplasmonic model has been elaborated by
introducing the randomly distributed inhomogeneities in fused silica [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 >A/n are formed, and attributed to the interference of the incident and the
inhomogeneity scattered light waves. For high concentrations of nanospheres, the mechanism
changes 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 1/2n. In
fact, the periodicity may decrease drastically with the further increase of inhomogeneities, until
the nanoplanes merge, i.e. generated plasma uniformly distributes over the irradiated region.
Indeed this model could be adapted explaining not only volume nanogratings, but also surface

ripples.

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 SiO, 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].

L 4
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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/cm?,
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.

electric
field

electron
cloud

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/cm? 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. lons 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/cm? 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.
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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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E—E&
P = €EmapEy = 4n£0£mr3ﬁEo, (3-19)

where &, is dielectric function of surrounding medium, € = &' + i€’ is the dielectric function of
metal particle, r is the radius of the particle and the polarizability is

3 €—&m
e+2e’

a, = 4nr (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 V volume particle can be

defined by

_gp®3/2__ e
Texe = IV ¢ &m [e"+2&m, ]2 +er12’

(3-21)

and the Eq. (2-20) could be written as I(x) = I,e~“°%, where C is the concentration of particles.
For most insulating mediums only the real part of dielectric constant &, 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 €.ore = Ecore’ + Ecore. . Tesponsible for the interband transitions of the core
electrons, and corresponds to the high frequency permittivity. Thus, we get Drude-Sommerfeld

expression for the metal dispersion:

(1)2
5((1)) = Ecore +1-— m, (3'22)
Looking at the Eqg.(3-21), the resonance has to satisfy the condition of:
[¢' + 2&,]% + [€”]? = 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:

g = =2¢,. (3-24)

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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wigp = -T2 (3-25)
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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:

E—&m

41
Ayoiqyeg = L), ———————————
xXyiz XYZ 3 epmtletemllyy;

(3-26)
where L is a depolarization factor of the spheroid for each axis (0<L< 1), and for spherical
particle it is L,=L,=L,=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 ¢:

e =g (e+2em)+2¢(e—€m)
off = M (et 2em)~g(e—em)

(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 =Si° (ODC (11)), =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 An = -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. | 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, | 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/cm?, 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/cm? (1-on-1, 1064 nm, 3.5 ns, 10 Hz), which corresponds
to the intensity of ~7 GW/cm? (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/um), 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.
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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

48



Chapter 5

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.

(b) N oV~

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 >1TB/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 | 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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Abstract: Surface texturing is demonstrated by the combination of wet
etching and ultrafast laser nanostructuring of silica glass. Using potassium
hydroxide (KOH) at room temperature as an etchant of laser modified glass,
we show the polarization dependent linear increase in retardance reaching a
threefold value within 25 hours. The dispersion control of birefringence by
the etching procedure led to achromatic behaviour over the entire visible
spectral range. The mechanism of enhanced KOH etching selectivity after
femtosecond laser exposure is discussed and correlated to the formation of
various laser-induced defects, such as silicon-rich oxygen deficiency and
color centers.
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1. Introduction

Femtosecond laser assisted micro-machining through the nonlinear light-matter interaction
attracts considerable interest due to its ability to produce three-dimensional devices in
transparent media [1]. Under certain conditions, the interaction of femtosecond pulses with
silica is known to induce self-assembled nanostructure with stripe-like oxygen deficient
regions oriented perpendicular to the incident beam polarization [2]. The recent works
suggested these regions being a composition of parallel planar nanocracks [3] or nanoporous
planes filled with decomposed SiO, and oxygen [4] with silica nanocrystals of 4 nm size
embedded in the defect-rich nanograting planes [5].

The sub-wavelength periodicity of ultrafast laser induced nanostructures behaves as a
uniaxial birefringent material where the optical axis is parallel to the direction of laser
polarization. The sign of birefringence is negative, according to planar form birefringence,
with the typical value of -4 x 10~ estimated in silica glass. For comparison, quartz is a
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positive uniaxial crystal with the value of 9 x 107. The birefringence resulting from self-
assembled nanostructures in fused silica is exploited for the fabrication of numerous
polarization sensitive optical elements ranging from diffraction gratings to polarization and
optical vortex converters, and data storage [6,7].

More than a decade ago, it was demonstrated that the structure modification with ultrafast
laser irradiation allows a highly selective wet etching process [8]. Generally, the etching is
performed with diluted hydrofluoric acid (HF), which was successfully applied in fabrication
of micro- channels, and tunnels [3,9-15] or more complex structures [8,16—19].

HF is a strong etchant even for pristine glass, therefore the etching rate and selectivity is
mainly determined by the contrast in morphology of the laser modified, i.e. locally induced
stress or nanocracks, and unmodified zones [3,20]. The typical HF based micro-fabrication
gives the etching ratio up to 50 [21]. To enhance the selectivity, a promising alternative for
HF is potassium hydroxide (KOH) [21-25]. 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.
It is suggested that KOH efficiently tackles laser induced Si-rich structures while the SiO,
matrix remains almost unetched, giving the ratio up to 200 for micro-channel fabrication at
high etchant temperatures (80°C) [23].

In this paper, we demonstrate that selective KOH etching reveals high contrast
nanogratings without affecting the unmodified silica lattice and leads to the control of optical
dispersion and enhancement of the retardance exhibited by the nanostructures.

2. Laser assisted KOH etching of fused silica

In order to investigate the laser assisted etching process, several millimetre long lines were
written with a regeneratively amplified, mode-locked Yb:KGW based ultrafast laser system
(Pharos, Light Conversion Ltd.) operating at 1030 nm at a 200 kHz-repetition rate. Two
identical samples were prepared using pulse duration of 700 fs, a linear polarization oriented
perpendicular to the writing direction, a writing speed of 0.2 mm/s and a pulse energy of 2.5
ul. The laser beam was focused in the bulk of the silica substrate using a 0.16 NA-objective
lens yielding a fluence of roughly 19 J/cm?. After the laser irradiation, nanoplanes parallel to
the laser beam propagation and perpendicular to the polarization plane were formed. To reveal
the nanograting cross-section, the sample was lapped and polished.

Taking into account that laser-induced defects [oxygen deficiency centers (ODC II, = Si’%)
and color centers (E’, =Si)] tend to annihilate at high temperatures [26], one sample was
annealed at 900°C for one hour while the other was kept at room temperature. Both the
annealed and non-annealed substrates were then immersed into a KOH (1 mol/L) solution at
room temperature (RT, 20° C) for 24 hours.

Surface imaging during all fabrication steps was performed with a scanning electron
microscope (SEM) (Zeiss Evo50 and Zeiss Evo MEL1S5) operating in two modes: (1) high-
vacuum secondary electron mode (SE) and (2) variable pressure environmental scanning
electron mode (VP-ESEM or VPSE), collecting the luminescence signal by excitation-
relaxation and electron-ion recombination of molecules in gaseous chamber [27].

VPSE mode enables high-resolution scanning without conductive coating and additional
surface etching. In the microscope chamber, gas molecules are ionized via the interaction with
primary, backscattered and secondary electrons. After a short time, on the nanosecond scale,
the excited molecules relax to the neutral ground state, emitting photons. This transition is
caused due to a short lifetime of the excited state and electron-ion recombination, when the
electrons emitted from the specimen or generated in the gas cascade are captured by the ions.
Due to a strong electric field in the chamber, ionized gas molecules are attracted to the sample
and recombined with the surface electrons, mapping its insulator/conductor properties via a
luminescence signal. The better insulator the sample is, the more electrons are built-up and are
emitted [27]. As a result, the regions with more constrained electrons in the VPSE image
appear brighter and vice versa.
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As can be seen in Fig. 1 (a) and (c), after the twenty four hours annealing procedure, some
part of the nano-structures visible in the VPSE image of non-annealed specimens disappeared.
Indeed, images of non-annealed nanograting show the nanoplanes as dark regions surrounded
by a white shell while their annealed counter-parts show only a white pattern. Considering the
physical principle of the VPSE imaging mode, the observation points toward a localized
increase of surface conductivity that disappear during the annealing process. Knowing that
ODC (IT) and E’ defects annihilate, we conclude that these oxygen deficient-regions are the
main reason for the locally increased surface conductivity. It should be noted that bright shells
surrounding etched-grooves are caused by the built-up of electrons showing its tendency to
localize in the higher density at the surface edges which further supports a model of localized
volume expansion in the nanogratings regions [28]. The same specimens were then coated
with a 10 nm gold layers and imaged using the topography based SE mode (Figs. 1(b) and
1(d)). It shows that the width of the etched planes shrinks by a factor of 2 from ~30 nm to ~15
nm. In the case of the annealed specimen, we attribute the ongoing KOH etching to the
dissolution of =Si—Si= bonds generated during laser exposure.

annealed annealed

annealed

i
]
|

|
!

p
u )

3 il
vr'lh.

Fig. 1. SEM images of the cross sectioned single line nanograting, etched for 24 h: (a) non-
annealed, imaged with VPSE mode; (b) non-annealed, imaged with SE mode; (c) annealed at
900°C for 1h, imaged with VPSE mode; (d) annealed at 900°C for 1h, imaged with SE mode.
For SE mode samples were coated with a 10 nm-gold film. The insets show magnified defect-
rich nanoplanes in laser modified silica. Scale bars are 2 pm for full images and 125 nm for
insets.

Structurally, amorphous silica tetrahedra in the bulk consists of silica coordinated
tetrahedras (=Si—O-Si=) with two- and three-fold coordinations with the surface [29,30]. In
order to get a soluble complex, the dissolution of unmodified glass must be based on the
termination of connection through the two or three Si—O backbond sites of the =Si—O-Si=
groups to the neighbouring atoms. After the femtosecond laser irradiation the various types of
defects are induced: Si-rich oxygen deficiency centers (=Si—Si= or ODC I); oxygen deficiency
centers ( = Si’ or ODC 1II); color centers (=Si’ or E’) and non-bridging oxygen-hole centers
(=Si—O" or NBOHC) [26,31]. In that case, the dissolution of laser modified glass is based on
the termination of connection through the combination of zero to three Si—O and Si—Si
backbond sites to the neighbouring atoms.

Considering pure crystalline silicon and silica glass composites, the etching selectivity at
high temperatures (~100° C) gives values of about 100-300, while at RT the ratio increases by
an order of magnitude giving the etching rate of 2-3 um/h for silicon and ~0.8 nm/h for silica
[32]. The dissolution reaction mechanism [32] for pure Si is:
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Si+60H™ +2H,0
—>Si(OH)4+2OH_+2H20+4e_ (1)
— Si0, (OH). +40H™ +2H,,
and for SiO, substrate, it is written:
Si0, +20H" - Si0, (OH ), )

These equations describe the processes under high pH of silicate (SiO,(OH),™) solutions (as
well as orthosilicic acid (Si(OH),) for pure Si) in which potassium ions (K") take part only by
affecting the potential distribution in the electrolyte [32]. Both chemical reactions, described
in Egs. (1) and (2), yield the same final products through different paths (breaking of two and
three Si—O (799 kJ mol™) backbond sites for SiO, substrates and Si-Si (326 kJ mol™ for
native silicon and weaker for =Si—Si= defects) sites for Si substrates [33]).

For femtosecond laser-modified zones, we consider that the higher etching selectivity
results from a combination of two effects, structural and morphological. On one hand, the
femtosecond laser locally modifies the SiO, matrix introducing both backbond and dangling
bond sites. On the other hand, the change in morphology directly affects the etching rate by
increasing the surface area exposed to the etchant and therefore, available for chemical
reaction. In the sequel, we use the high-selectivity of KOH etching to investigate birefringent
surfaces.

3. Laser-induced surface birefringence

In these experiments, the silica glass was irradiated using the laser setup described before. The
sample was modified with 300 fs and 700 fs pulses, polarized parallel (0°) and perpendicular
(90°) to the writing direction. The writing speed was 1 mm/s with 0.5 um interline distance
and the laser pulse energy was in the range of 0.25-0.55 pJ. The laser beam was focused in
the bulk of the substrate via a 0.35 NA objective lens providing a net fluence of 9-20 Jem?.
For each set of parameters (polarization, pulse duration, and laser energy), 32 squares (of 100
pm-side dimension) were written at different depths (z-axis) starting from 75 pm and moving
deeper by 1.5 pm steps (Fig. 2). A total of 512 squares were written.

()

Fig. 2. (a) The sketch of laser-assisted fabrication of surface nanograting: (i) femtosecond laser
writing inside a bulk glass, (ii) lapping and (iii) polishing. (b) Schematic diagram of the
lapping, from the cross-sectioned single line nanograting point of view, showing the structure
sectioning in z-axis direction.
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For the laser processing conditions specified before, the 12 to 16 um-long nanogratings
were fabricated (z-axis direction). The top surface of the sample was lapped/polished
(Logitech LP50) removing 80 + 5 um of the material. As a result, the uppermost squares were
completely cut-off and the lower structures were sectioned at different depths revealing
different cross-sections of the nanograting (Fig. 2 and Fig. 3). The lowest squares remained
unaffected inside the bulk of the substrate. The etching of the nanograting exposed on the
surface was carried out at room temperature (RT, 20° C) by immersing the sample into a KOH
solution (1 mol/L), for a specific period of time, varying from 5 minutes to 1 hour. After each
time period, the sample was dried for subsequent characterizations.

The modified areas were characterized with a quantitative birefringence measurement
system (CRi Abrio mounted on an Olympus microscope BX51) operating at 546 nm
wavelength. The dispersion of retardance was measured using a VIS-NIR birefringence
measurement system (CRAIC also mounted on an Olympus microscope BX51). The polarizer
before the sample was fixed at a 45° angle with respect to the nanograting orientation, while
the polarizer after the sample was rotated either to 45° or to —45°. The spectral measurements
of transmitted light intensity were taken for two configurations of the setup, the first one being
when both polarizers are parallel, (lsans) and the second one when polarizers are
perpendicular one to another (‘cross polarized’, I.,.seq)- The retardance dispersion R(A) was
then calculated as follows [26]:

R(A)=acos Lyaratter = Lerossed
I

parallel Hd, crossed
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Fig. 3. The nanograting lapped/polished at different depths from Z = + 1.0 ym to Z = -21.5
um, written with 300 fs, 0° polarization and 0.45 uJ pulse energy (see Fig. 2). The peak part of
the nanograting is at the depth of Z =0 pm. (a), (b) Retardance (in air, for A = 546 nm) images
before and after total 25 h etching, respectively, with the columns (c) indicating its values at
different cut-off. Color scale: 0400 nm. (d) VPSE SEM images of the sectioned and etched
nanograting, where the cut-off values correspond to (a)—(c). Scale bar: 500 nm.

Within the first 60 min of the etching procedure, the retardance increase rate dropped
almost by one order until it saturated and became constant over the rest time of the experiment
(Figs. 4(a)—4(d)). The change of slope in the retardance growth after one hour is attributed to
the initially high etching rate observed during the first hour. This increased etching rate can be
explained by two factors: an easier access of the etchant to the modified, defects-rich, regions
and the OH -concentration decreasing in time. The second factor seems to be less dominant
because continuous experiments without refreshing the etchant yield the same results as
experiments performed with a continuous refreshing of the etchant. After total 25 hours of
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etching, a three-fold retardance increase was observed for all experimental conditions with 0°
incident beam polarization while a two-fold retardance increase was found for 90°
polarization. In both cases, there is no indication of saturation, what suggests that further
etching would lead to higher retardance level (Fig. 4). From the SEM-based analysis, we can
see that the top 3 to 6 um of the laser-induced structure contains highly-ordered nanopatterns
(Fig. 3(d)) that provides a major contribution to the measured retardance value after the
etching process (Figs. 3(a)-3(c)). Going down from the top to the bottom of the laser affected
structures, the order and the continuity of nanoplanes are lost presumably due to an increase of
the scattering. The uniform planes are fully replaced by randomly distributed porous structure
at depth of 10 to 12 um (Fig. 3(d)). For this reason, all the following results presented in this
paper are related to the squares with the cut-off position — measured from the top of the laser
induced zone - smaller than 1.5 pm.

Before the etching process, the retardance of laser induced nanogratings depends both on
polarization and pulse duration. Pulses with 0.25 pJ-energy and 90°-polarization produce
about 70% higher retardance values than with 0°-polarization without exhibiting a dependence
on the pulse duration. Such a high difference in retardance is caused by the laser processing
conditions close to the threshold for nanogratings formation (~0.2 pJ [6]). For the higher pulse
energy, the retardance difference decreases with the appearance of a dependence on pulse
duration. In the case of 0.45 uJ and 0.55 pJ pulse energies with 700 fs-pulse duration, the
induced nanograting possesses up to ~40% higher retardance values than with 300 fs showing
only a weak dependence on polarization state [34]. However, during the etching experiment
the birefringence exhibits strong dependence on polarization giving ~50% higher retardance
increase for 0° polarization (Figs. 4(a)—4(d)) and show only a weak dependence on pulse
duration (Fig. 5(a)).
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Fig. 4. (a)—(d) Retardance (in air, for L = 546 nm) dependence on the etching time. Nanograting
was written with 700 fs and 300 fs pulse duration, 0° and 90° polarization, energies ranging
from 0.25 pJ to 0.55 uJ; lapped and polished at the top part of the structure. The linear fitting
was performed. (e) Imaged retardance (in air, for A = 546 nm) dependence on the etching time.
Structure was written with 300 fs, 0° polarization and 0.45 pJ pulse energy. Color scale: 0—400
nm.
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The retardance exhibited by the exposed nanograting was linearly increasing with the
etching time. The growth rates extracted from the linear fits of the etching kinetics (Fig. 4)
group into two polarization branches (Fig. 5(a)). At 0.25 uJ the rates are higher for 90°
polarization while at 0.35-0.55 pJ the 0° polarization bypasses it.

The formation of irregularities and periodic ruptures observed for 0.45-0.55 pJ and 90°
polarization is believed to be the key factor for the roughly two times lower retardance growth
rates observed after the etching process (Fig. 5(b)). It is more efficient to maintain the grating
homogeneity assembling it into the orientation perpendicular to the writing direction (0°
polarization) where each new written line extends the nanoplanes.
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Fig. 5. (a) The etching induced retardance growth rate dependence on the laser modification
conditions. The steady-state growth rates were extracted from the fitting curves, see Fig. 4. (b)
VPSE SEM images of the surface nanograting written with 300 fs at various conditions and
etched for 25 h. Inset shows the higher resolution zoomed in etched silica regions/nanoplanes.
Scale bars: 1 um and 300 nm (for inset).

The dispersion analysis revealed achromatic behaviour in the spectral range from 400 nm
to 870 nm for the etched nanostructures induced with 0.45 pJ and 0.55 pJ pulse energies (Fig.
6(a)). In order to create achromatic birefringent device, the constant phase shift for all
wavelengths must be ensured. Knowing that the element before the etching procedure was
chromatic, we estimate that the retardance growth rate at 850 nm was almost two times larger
than at 515 nm. After 25 h of etching, we get 1.2n—1.4x phase shift in the spectral range from
400 to 870 nm.

In general, the etching process offers a method to control the retardance of the surface
elements by removing laser modified silica regions, i.e. when defect-rich nanoplanes are
dissolved. Subsequent control of the retardance is achieved by filling the surface
nanostructure with water. The dispersion variation from air to water medium indicates a
—3.22-1—3.30-7t phase shift per refractive index unit (RIU) with a refractive index resolution
of 6-107 (Fig. 6(b)). For a lower refractive index of the surrounding medium, a higher
retardance is observed. In consequence, modified silica (defect-rich) regions before etching
(“Bulk” line in Fig. 6(b)) have a lower refractive index than the water.
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nanograting filled with different refractive index medium: bulk — before etching (defect-rich
silica); air — etched for 25 h and dried; water — etched for 25 h and immersed in water. The
nanograting was written with 700 fs, 45 wJ pulse energy and 0° polarization. Blue arrow
indicates the increase of medium’s refractive index.

The qualitative analysis of the effective refractive indices change for TE and TM waves
(nze and npy) was performed based on the so-called effective medium theory [35]
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where n; and n, are the refractive indices of silica and variable medium (modified-silica, water
or air), respectively defined with the duty cycle of a/(a + b) (Fig. 7). The retardance can be
determined by the structure depth (d) and the difference in the effective refractive indices:

R=d-(npg —np, ). 9)

To simplify the calculations, we approximate laser induced nanogratings by an ideal cube
shape with a constant order assembly along the entire depth of the structure (Fig. 7). Then,
knowing the retardance value of the unetched nanograting, the total cube’s depth (d) of 8 pm
was estimated. The nanograting period (275 nm) and duty cycle (0.89) used in calculations
were determined from the SEM analysis. Having all these parameters we could calculate
retardance and refractive indices for layered medium by using Egs. (4)—(9). The retardance
values that are close to the experimentally measured ones, were obtained by reducing the
refractive index of modified nanoplanes to 0.767-ng.,. This correction factor takes into
account the porous and defect-rich nature of the material forming the grooves.
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Fig. 7. The sketch of the light wave f (red arrow) propagating along the femtosecond laser
induced nanograting in the silica glass. The optical axis of the fabricated birefringent element is
perpendicular and the slow axis is parallel to the grating nanoplanes with thickness & and
refractive index n,; a and n; corresponds to the unmodified silica glass. The depth (d) of the
nanograting is divided into unetched (d,) and etched (d.) parts.

Using the same modeling parameters, we analyzed the behavior of the etched nanograting
filled with water. From the experimental results (Fig. 6(b)) we clearly see the chromatic
retardance of ~75 nm. The corresponding calculations of modified-silica/silica (d;, bny/an;)
and watet/silica (d,, bny/an;) sandwiches indicate that water penetrates about 4.1 um into the
nanostructure and the water/silica part contributes only for ~9 nm of the total, 75 nm
retardance.

Curiously, the calculations for air/silica produced a weak achromatic behavior and resulted
in retardance much lower than observed in the experiments. We speculate that the achromatic
properties of the structure are caused by the changing duty cycle and non-uniform/dispersive
values of the effective refractive indices along the depth of the grating. The inconsistency
between experiments and modeling in this particular case is attributed to these parameters that
were not taken into account in the calculations.

4. Conclusions

We have demonstrated a fabrication method of birefringent surface elements in fused silica.
Femtosecond laser-induced nanogratings written in the bulk of silica with 0° incident beam
polarization exhibit up to a three-fold retardance increase after lapping/polishing and 25 h of
KOH etching at room temperature. Scanning electron microscopy analysis before and after the
annealing procedure indicates a strong relationship between a locally increased surface
conductivity and laser-induced ODC (IT) and E’ defects that accounts for the high etching
selectivity between modified and unmodified silica zones. The removal of sub-wavelength
periodicity stripe-like oxygen deficient regions by etching and replacement with the different
medium gives a way to effectively control the refractive indices of TM and TE waves. This
observation opens new opportunities for designing both, chromatic and achromatic wave
plates that can be used for micro-optics applications such as polarization sensitive cameras
[36], and flat optics [37].

Acknowledgments

We are grateful to Dr. Stuart Boden for useful discussions in the field of scanning electron
microscopy.

#223680 - $15.00 USD  Received 23 Sep 2014; revised 29 Oct 2014; accepted 17 Nov 2014; published 21 Jan 2015
© 2015 OSA 26 Jan 2015 | Vol. 23, No. 2 | DOI:10.1364/0E.23.001428 | OPTICS EXPRESS 1437

84



Paper B

Paper B

R. Drevinskas, and P. G. Kazansky
Dichroic Surfaces Engineered by Ultrafast Laser Assisted Wet Etching

Manuscript in preparation

85






Paper B

Dichroic Surfaces Engineered by Ultrafast Laser
Assisted Wet Etching

ROKAS DREVINSKAS,* AND PETER G. KAZANSKY

Optoelectronics Research Centre, University of Southampton, Southampton SO17 1BJ, United Kingdom
*R.Drevinskas@soton.ac.uk

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.
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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 pm interline distance and the laser pulse energy of 0.45 pJ. 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 um x 100 pm) were written in different depths starting from 75 pm (the bottom of
the structure) and going deeper every 1.5 pum. The top surface of the sample was lapped/polished (Logitech
LP50) removing ~75-85 um 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.

(1) fs laser writing (2) lapping (5) metal deposition (6) characterization
(3) polishing T
(4) KOH etching g- ’ -2

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).
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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 pm 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 um long in the Z direction.
But only the top 3—5 um 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 um 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
({Lsampie/ isampte) €xpressed in absorption units, also referred to as differential extinction or dichroism, can be
defined as follows:

D = A, - Ay = ~log (1£rme), (1)
Iy sample

where A, and A, 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).
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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.
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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 pm.

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 um 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 um.

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 525nm 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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We propose a single beam method for generating optical vortices with tunable optical angular
momentum without altering the intensity distribution. With the initial polarization state varying
from linear to circular, we gradually control the torque transferred to the trapped non-absorbing
and non-birefringent silica beads. The continuous transition from the maximum rotation speed to
zero without changing the trapping potential gives a way to study the complex tribological
interactions. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4882418]

The optical trapping of microscopic transparent objects
has been demonstrated almost three decades ago.' Since it
was shown that the gradient force can be used in three-
dimensional manipulations, the technique has become attrac-
tive for numerous of fields in physical and biomedical
sciences.”® The light carries linear and angular momentum
that can be transferred to the illuminated objects. Angular
momentum of the beam is comprised of spin angular mo-
mentum (SAM)’ and orbital angular momentum (0AM).B
SAM is associated with the polarization of the light and is
always intrinsic.’ It can be used to rotate absorbing or bire-
fringent particles around their axis.'>*> OAM comes from
the azimuthal phase variation of the beam. It was demon-
strated that the beam with helical phase ¢ = /¢, where ¢ is
phase, ¢ is polar angle, and / is positive or negative integer
number, possess well-defined OAM with 1.8 Such beams
frequently referred to as optical vortices enable the rotation
of transparent non-birefringent particles14 and the rotation
can be both extrinsic or intrinsic.” The ability to tune the
angular momentum adds an extra degree of control to optical
systems and has applications ranging from atomic manipula-
15:16 to quantum information processing.'”'®
The transfer of total angular momentum to the trapped
particles can be accomplished in several ways. Some meth-
ods involve beams without orbital momentum when the in-
tensity distribution or the linear polarization of the beam is
actively rotated in order to torque objects.'*'*?° By chang-
ing the state of polarization, the average spin momentum of
the photon is changed and therefore, the rotation speed of the
particle can be controlled.' 122! Furthermore, without intro-
ducing elliptical or linear polarizations, the transferred tor-
que might be tuned by two counter-propagating waves of
orthogonal circular polarization.”>*

The control of OAM is more complicated. The change
of wavefront helicity affects the geometry of the beam: the
higher |I|, the larger diameter of the beam. As a result, the
angular momentum of the beam can be defined either by
the shape of the beam or by the photon density, which makes
the approach limited for the task that requires a constant gra-
dient of the intensity and tunable angular momentum. OAM
of the beam can be controlled using a spatial light modulator

¥ Author to whom correspondence should be addressed. Electronic mail:
rd1c12@orc.soton.ac.uk

0003-6951/2014/104(23)/231110/4/$30.00

104, 231110-1

95

by generating and superimposing two optical vortices with
opposite handedness® or generating fractional vortices.?®
However, the polarization of two vortices is the same and
leads to an interference fringe pattern while in the partial
vortices case, the beam does not have a symmetric donut
shape. Other approaches introduce azimuthal phase gradients
in holographic rings.”” However, this method is limited to
the range of rotation speed that is quantized and possesses
azimuthal intensity gradient variations.

Here, we propose an alternative method of generating
optical vortices with gradually controlled OAM, which does
not have previously mentioned limitations. We used a super-
structured half-wave plate polarization converter, referred to
as the S-waveplate.”® Such a converter is usually used to
generate beams with radial/azimuthal polarization distribu-
tions. It is also known that such an optical element can be
exploited to generate optical vortices.”®? In this Letter, we
demonstrate the continuous control of an orbital angular mo-
mentum by controlling the spin angular momentum of the
input light. We also show that it does not affect the shape of
the beam and can be used as an optical tweezer with tunable
torque.

The operation of the S-waveplate can be described by
Jones calculus. The matrix for the S-waveplate is as follows:

Ms=( sin ¢ )7

—cos ¢
where ¢ is a polar angle in the polar coordinate system. If
left-handed (right-handed) circularly polarized light is trans-
mitted through the S-waveplate, right-handed (left-handed)
circularly polarized right-handed (left-handed) optical vortex

is generated
> = ( 1 >
i i

A spatially variant phase factor in the exponential part indi-
cates the presence of an optical vortex with the topological
charge |/| =1, where a sign of / depends on the handedness
of the input polarization.

Each photon of circularly polarized light carries SAM of
S =sh, where s = = 1. In the case of optical vortices, the opti-
cal momentum is contributed by OAM with L = /7. Positive /
corresponds to right-handed optical vortex and negative to

cos ¢

sin ¢ M

1

oy = Ms ( @
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left-handed. The S-waveplate changes the incident photon
spin momentum —S to S and transfers orbital momentum L
to the light.

The electric field of any linearly or elliptically polarized
light can be expressed as the superposition of left- and right-
handed circular polarizations. In the case of elliptically
polarized light, at the output of the S-waveplate two optical
vortices with opposite handedness circular polarization and
opposite handedness of the helical phase are produced. The
overall effect of the S-waveplate on the light can be
expressed as

S- waveplute

@) + Bl 10) —— BIT,R) +oll, L), ()

where |1) and ||) are up and down spin states of light, |R) and
|L) are right and left orbital state of light. Coefficients o and 8
describing the state of the orbital angular momentum are
same as for the spin state of light entering the S-waveplate
(Fig. 1(c)). The average OAM transferred to light depends on
the angle of orientation of the quarter-wave plate

<Loul(0)> = _<Szn(0)> (4)

In the case of linearly polarized light when the spin momen-
tum of the photons is zero, the output is radially or azimu-
thally polarized light with the zero orbital momentum.

Now, we need to determine the SAM relationship with
the angle of the quarter-wave plate which transforms linearly
polarized light to elliptically polarized light at the first part
of the beam conversion. The electric field can be described
as

Be=a0)( ! )mor o0 (e

where 0 is the angle of the quarter-wave plate, A® is the
phase difference between two polarizations. The intensity is

Paper C
Appl. Phys. Lett. 104, 231110 (2014)
Ig = A(0)Iy + B(0)Io. (6)

After some algebraic operations done by multiplying Jones
matrices of a linearly polarized electric field by a quarter-
wave plate matrix (Q), left/right handed circular polarizer
(L/R), and expressing the intensity of the final electric field,
A(0) and B(0) are expressed by the simple trigonometric
functions

A(0) = sin(2§) +1 . B(0) = 1- sizn(20). @

Now, we can see the dependence of the spin value on the
orientation of the quarter-wave plate. The elliptically polar-
ized light transmitted through the S-waveplate produces the
superposition of two optical vortices with the opposite top-
ological charges. The amplitude ratio between two vortices
will correspond to the ratio between opposite circular polar-
izations at the input with the elliptically polarized light.
The average OAM of the photon transferred by the
S-waveplate is

(L(0)) = ~(S) = ~H(A(0) - B(6)) = ~sin(20)h.  (®)

As a result, the average OAM value per photon can be not
just integer but any real number in the range [—1 1] and can
be controlled simply by rotating the quarter-wave plate.

In this system, the optical vortex along with the OAM
also possesses the SAM. As the particles are transparent and
non-birefringent, the rotation is not affected by the SAM.
However, if only the OAM is required, the quarter—wave
plate inserted in the optical path after the S-waveplate would
eliminate the SAM from the beam.

Experimentally, the control of OAM was demonstrated
with the optical trapping of fused silica beads (1 um size) dis-
persed in aqueous solution. The experiment was performed
with a regeneratively amplified diode pumped Yb:KGW

FIG. 1. The transformation of a photon
transmitted through a quarter-wave
plate and the S-waveplate. Linearly
polarized photon passes through the
quarter-wave plate (set at the angle 0)
and acquires spin momentum depend-
ing on the 0 value. (a) Light with spin
momentum S =7 and no OAM (right-
handed circularly polarized light) trans-
mitted through the S-waveplate changes
spin momentum to S = —/ and acquires
L=—h (left-handed circularly polar-
ized left-handed optical vortex). (b)
Light with spin momentum S=—/
(left-handed circularly polarized light)
is transformed into the light with the
spin momentum S =/ and L =7 (right-
handed circularly polarized optical vor-
tex). (c) Elliptically polarized light with
spin  momentum  (S(0))  acquires
(L) =—(S(0)) and (S) =—(S(0)). The
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measured intensity profiles of left- and
right-handed optical vortices (d), (e)
and a radially polarized beam (f).
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FIG. 2. (a) Experimental trapping setup. (b) The image of five fused silica
beads assembled into a ring.

(Yb-doped potassium gadolinium tungstate) femtosecond
laser operating at A= 1030nm. The average power was atte-
nuated by a combination of a half-wave plate and Glan polar-
izer. To avoid the damage of silica beads the power was kept
below 300 mW. Additionally, the pulse duration was stretched
from 270 fs to 14 ps and the repetition rate set to the maxi-
mum (500kHz) approaching a quasi CW state. The polariza-
tion of the laser beam was controlled by the quarter-wave
plate mounted on the motorized rotational stage. After the
quarter-wave plate, the laser beam passed through the
S-waveplate and was focused with a 20X microscope objec-
tive (0.65NA) into the cell filled with colloidal silica beads
(Fig. 2(a)). The imaging was implemented by illuminating the
sample with white light and recorded using a digital camera
(Fig. 2(b)).

The dependence of the torque transferred to silica beads
on the OAM was characterized by rotating the quarter-wave
plate with a constant angular speed of 0.5 deg/s. As the rota-
tion speed of the quarter-wave plate was kept constant, at
any given time the angle of the wave plate was known:
0(r) =45° — 0.5°-t, where the OAM can be calculated from
Eq. (8). The rotation speed of the ring was calculated by
comparing the adjacent frames n and n+ 1 using the least
squares method (Fig. 3). Adding the rotation angles between
frames, the total rotation angle dependence on time was
obtained and the dependence of the trapped beads rotation
speed on the OAM and laser average power finally calcu-
lated (Fig. 4).

In the experiment, five SiO, beads were observed to
arrange in a ring by the optical vortex produced by the
S-waveplate. The lowest average power used for trapping
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FIG. 4. Rotation speed of trapped beads dependence on the average orbital
angular momentum of the photons.

silica beads was 109 mW. When the optical axis of
quarter-wave plate was set to 45° the beads started rotating
counter clockwise indicating the presence of the left handed
optical vortex (I=—1) (Fig. 3(a)). As expected, the rotation
direction could be changed by flipping the handedness of
circular polarization (see Eq. (2)). Depending on the aver-
age power of the trapping beam the rotation speed of
the beads’ ring at / = %1 varied from 90 deg/s to 360 deg/s.
By changing the OAM value from /= *1 to zero the rota-
tion was continuously slowing down until it completely
halted by the friction forces forming zero speed plateau
(Fig. 4).

The overall dynamics of the rotation speed dependence
on the OAM and laser average power reflects the behavior of
the system in the presence of friction and inertia (Fig. 4).
Additionally, the rotation is affected by imperfections of
optical trap and irregularities of silica beads. Only at low
OAM values all mentioned factors become significant pro-
ducing strongly asymmetric zero speed plateau. The width of
the plateau depends on the laser power as the higher photon
density gives stronger OAM per beam at the same OAM per
photon. The presence of the inertia and the system imperfec-
tions modulates the plateau introducing the dynamic and
static asymmetries dependent on the direction of rotation.
The observed asymmetry in rotation speed at the /=—1 and
!=+1 decreases with the laser power increase when at the
higher velocities the weight of the factors becomes less sig-
nificant (Fig. 4).

In conclusion, we demonstrate single beam optical
vortex tweezer with tunable orbital angular momentum.

FIG. 3. The rotation of five trapped SiO,
beads. (a) Particles rotate counter clock-
wise when polarization before the
S-waveplate is right-handed circular. (b)
Beads do not rotate when polarization
before S-waveplate is linear. (c) Particles
rotate  clockwise when polarization
before the S-waveplate is left-handed
circular (Multimedia view) [URL:
http://dx.doi.org/10.1063/1.4882418.1].
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FIG. 5. The array of nine polarization converters. Cross-polarized micro-
scope image shows that the topological charge of converters is four (eight
lobes). Such converter can be used in generation of optical vortex with tuna-
ble OAM from (L) =—4% to (L) =4h. The diameter of the converters is
600 pum.

Changing the initial beam polarization, we continuously
maximize or completely eliminate the rotation of silica
beads ensuring the constant trapping potential. The
observed asymmetry in rotation speed proposes a technique
for measuring the interaction between trapped objects and
its environment. Vortices with tunable OAM may allow
precise control of particles rotation of any type materials
and bio-objects such as DNA molecules measuring not only
it is linear® but also rotational response to the system.
Furthermore, micro-channel based fluidic systems can be
implemented applying complex micro-converter arrays
with the maximum achievable rotation speed controlled by
the topological charge (Fig. 5).

Authors acknowledge valuable discussions with Etienne
Brasselet from Université Bordeaux.
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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 pm, including polarization gratings with
efficiency nearing 90% and computer generated holograms with phase gradient of ~0.8n rad/pm, were
fabricated. We also demonstrate a vortex half-wave retarder generating single beam optical vortex with
tunable orbital angular momentum of up to £+100A. The damage threshold of silica elements being as high
as LIDT1-on-1=26.25 * 3.15 J/cm? (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 5W 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.12 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* or dielectric gradient metasurfacess-9 referred to as geometric phase (Pancharatnam-Berry phase!0-12) 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,614-18 the limited technological flexibility and low material durability, e.g. liquid crystals with damage
threshold of 0.2]/cm?, 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.1920

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.2122 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 (An~-4x10-3) and of the same order as the natural birefringence of uniaxial
crystals such as quartz, ruby and sapphire.3 As a result, these modifications serve as a perfect candidate for designing phase
optics. A number of optical elements including Fresnel zone plates,?¢ dynamic phase holograms,25-29 polarization
diffraction gratings and polarization converters’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 ~0.8w rad/um, and vortex
retarders generating orbital angular momentum of up to £100%A. 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 um 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 1x105 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(n, —n,)2n/A = hAn2n /A, where h is the thickness, ne, no - extraordinary and ordinary
effective refractive indices, and A is the probing wavelength. Multiple layers of scanned lines with the interline
distance of 1 um using fixed pulse energy were printed in order to achieve the target phase retardation. The pulse
energies used in experiments were kept below 2 pJ.

Local orientation of nanogratings, i.e. the azimuth of slow-axis of laser induced form birefringence, A(x,y)
(Fig. 1(a)), was continuously controlled by rotating the half-wave plate, 8(x,y), mounted on the motorized

rotational stage before the objective lens. The local azimuth of slow-axis of imprinted element is expressed as,
Alx,y) = 20(x,y) — /2, (1

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 m/2 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 ¢(x,y) = +2A(x, y), where the sign is defined by the
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:YVOs 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.
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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 (0O) 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 (O), pulse energy (&, insets) and numerical aperture (left to right: 0.16-1.2 NA).
Blue open triangles (V) 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 yJ for 0.16 NA, 0.35 NA and 0.55 NA, and 0.4 pJ for 1.2 NA; and the pulse energy experiments were performed
at a fixed azimuth density of 0.5rad/um. 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-x to 7, 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 0.99r, is roughly of ~0.9 (Fig. 1(b)). Despite the negligible linear absorption of silica, the transmission
follows the ~A4* 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/pum, 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 p for 0.16 NA, 0.8 J for 0.35 NA and 0.55 NA, and 0.4 pj 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 worka 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 0.4xrad/um (Fig.2). This corresponds to the phase
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density of 0.8m rad/pum, 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.
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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 0.05n rad/pm to 0.5n rad/pm;
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 ¢(x) = +4(x) =
+(2m/a)x|mod 2z Was printed inside silica glass (Fig. 3(a, b)). The periodicity of the PG was set to a = 60 um. For
an incident plane wave with the polarization state |E;,) the resulting field generated by the PG is |E,,) =
Ne|Ein) + 1re2ACY)|R) 4 1,e =246 1) 31 where the 1z = 1/2 (t, + tye'®), ng = 1/2 (t, — t, e )}(E;n|L) and
n,=1/2 (tx — tyei‘p)(EinIR) are the complex field efficiencies with (E;;|R,L) as an inner product of the
left-handed |L) and right-handed |R) circular polarizations, ¢ is the retardation of the imprinted element, and ¢, ,,
are the transmission coefficients for light polarized perpendicular and parallel to the optical axis. The imprinted
PG with t,, ~ 0.9 and ¢ ~ 0.997 at a central wavelength of 532 nm (Fig. 1(b)) is expected to diffract around 0.9 of

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, 5 = Ey; /Eggal, 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 Ot 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 um. (a) Azimuth image of the slow-axis of the imprinted nanogratings; (b) the profile (white dashed line in
(@)) 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,3334 the 8-bit grayscale CGH element with
0.1 Megapixel and pixel spacing of 1.2 pm was designed to encode the Queen Elizabeth I portrait (Fig. 4). During the continuous
writing process, the maximum relative phase change of 0.8n 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 designed35 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.”3¢ We extend the technology
and demonstrate the generation of optical vortices with topological charge of /=+100 (Fig. 5). Such elements with the damage
threshold being as high as LIDT1.on1= 26.25 # 3.15 J/cm? (1064 nm, 3.5ns, 10 Hz)3¢ 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 (A/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, (¢) 500 nm and (f) 550 nm filtered wavelengths. Scale bar
is 500 um.

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=sh, 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 =Ih, where [ 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 (6) of the quarter-wave

plate:
(L(B)) =c-(S5(8)) = csin(20)h, 2)

where c is an integer number referred to as a topological charge of the vortex half-wave retarder (corresponds to
q = ¢/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 ¢ = lp, where ¢ is phase and ¢ is polar angle, possesses well-defined OAM with /4,37 then the I can be
shown as [ = c-s, where s is an averaged spin per photon.

Here we demonstrate the printed vortex half-wave retarder with ¢ =-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 (/= +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) =-98h to (L) = +98h 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.
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Figure 5. Single beam optical vortex tweezers with continuous control of orbital angular momentum (OAM),
where any value from —98% to +98% defined by the angle of quarter-wave plate can be achieved. (a) Geometric-
phase based optical vortex retarder with topological charge of ¢ = -100. Scale bar is 200 um; 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):
() after the quarter-wave plate (Q); (i) after the Q and vortex retarder (S1) with topological charge of ¢ = -2; and
(iif) after the Q, S1, vortex retarder (S2) with topological charge of ¢=-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:YVO. 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) = -98#A to (L) = +98h were used to trap and rotate SiO2 beads

(size of 1um). Scale bar is 20 pm.

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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Imprinting of anisotropic structures on the silicon surface by double pulse femtosecond laser
irradiation is demonstrated. The origin of the polarization-induced anisotropy is explained in terms
of interaction of linearly polarized second pulse with the wavelength-sized symmetric crater-
shaped structure generated by the linearly polarized first pulse. A wavefront sensor is fabricated by
imprinting an array of micro-craters. Polarization controlled anisotropy of the structures can be
also explored for data storage applications. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4928043]

It is well recognized that tightly focused ultrafast laser
pulses can produce localized structural modifications with the
precision of tens of nanometers."> Consequently, femtosec-
ond laser assisted imprinting has been exploited for imple-
menting a high capacity multi-dimensional optical data
storage,3 fabrication of polarization sensitive elements,4
micro-fluidic channels,” and waveguides.® The interaction of
ultrashort light pulses with materials is defined by multiple pa-
rameters, among which polarization plays a significant roles.”
In particular, the formation of polarization dependent self-
assembled periodic nanostructures is commonly observed, ei-
ther within bulk®™'! or on surface,'z'13 in the experiments of
ultrafast laser direct writing. Another manifestation of the
polarization is the anisotropy of near-field distribution pro-
duced by the interaction of linearly polarized beam with sub-
wavelength structures, which can be revealed via imprinting
in photosensitive polymer'* or ablation of gold nanopar-
ticles.'® In this letter, we report the polarization sensitive writ-
ing with femtosecond double pulse irradiation on the silicon
surface. We demonstrate the imprinting of anisotropic near-
field pattern, which is produced by the interaction of the line-
arly polarized second pulse with a symmetric wavelength
scale structures generated by the linearly polarized first pulse.
The experimental results are supported by numerical simula-
tions of near-field anisotropy of linearly polarized light distri-
bution. We also demonstrate the application of structures
imprinted on silicon surface by a single pulse for wavefront
sensor fabrication.

Experiments were performed using a mode-locked
Yb:KGW ultrafast laser system (Pharos, Light Conversion
Ltd.) operating at a wavelength of 1030 nm, 20 kHz repeti-
tion rate, and 330 fs pulse duration. Series of dots were
printed on the surface of p-type crystalline silicon (111) sub-
strate by either single or double pulse (50 us time delay
between pulses) irradiation with a linear polarization con-
trolled by a zero-order half-wave plate. The laser beam was
focused via a 0.65 NA objective lens in the range from 0 to
12 yum above the surface. The pulse energy was varied up to
300 nJ in order to depict a large modification window.

®Author to whom correspondence should be addressed. Electronic mail:
rd1c12@orc.soton.ac.uk

0003-6951/2015/107(4)/041114/4/$30.00

107, 0411141

After laser irradiation, the morphological changes of the
surface were characterized using an optical microscope (BX51
Olympus, Inc.), scanning electron microscope (SEM) (Zeiss
Evo50), and atomic force microscope (AFM) (Nanonics
Multiview 2000).

A smooth and symmetric 150nm deep crater-shaped
structure with a rim was observed after focusing a single
120 nJ (1.35 J/cm?) pulse 4 um above the silicon surface (Figs.
1(a)-1(d)). The crater’s radius of curvature of 2.69 = 0.08 um
was estimated from AFM profiles (Fig. 1(c)). Material ejection
was not observed at these pulse energies; thus, we assume the
structure was formed by a rarefaction (shock) wave, which
pushed the molten material from the center to the periphery of
the irradiated zone.'® The light was absorbed by electrons,
which afterwards transferred energy to the lattice via electron-
phonon coupling resulting in an isotropic heating zone without
any collateral damage.'” During the irradiation with the first
pulse, substrate’s surface was flat and homogeneous leading to
an isotropic near-field distribution. No asymmetry was
observed in the crater-shaped structures induced by a single
pulse at any of six different orientations of linear polarization.

The isotropic crater structures with their smooth surface
can be implemented as a mold for microlens fabrication or
itself can be employed as an optical microreflector with a
focal length of 1.345 %= 0.04 um (Fig. 1(c)). To demonstrate
this, the sample was examined under an optical microscope in
the reflection mode, when the illumination was partly blocked
by an aperture. While moving the focal position of the micro-
scope objective, we could clearly see the rectangular aperture
imaged by the microreflector (Fig. 1(d)). The array of 5 x5
microreflectors was imprinted on the silicon surface (Fig. 2)
and implemented as a wavefront sensor.'® After examining
the shape of each crater shown in Fig. 2(a), the position of the
geometrical focus was estimated. Tracking the lateral dis-
placement of the imaged aperture (Fig. 2(b)), the map indicat-
ing the wavefront of illumination was extracted (Fig. 2(c)).

Unexpectedly, we observed a completely different mod-
ification with the double pulse structuring of the sample.
Here, an anisotropic transformation of the modified region
was observed with the formation of several peculiar features
(Figs. 1(e)-1(h)). First, in the middle part of the crater, two
enhanced modification zones oriented perpendicular to the

© 2015 AIP Publishing LLC
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FIG. 1. Silicon structures induced by linearly polarized single pulse (a)-(d) and double pulse (e)—(h) femtosecond laser irradiation. (a) and (e) Optical reflec-
tion and (b) and (f) topological SEM images, as well as (c) and (g) AFM profile scans were performed after the first and second pulses; the blue line is the fit-
ting curve for the surface curvature with R = 2.7 um. Pulses with the energy of 120 nJ were focused 4 um above the silicon surface (1.35J/cm?). E indicates
the polarization state of the pulse. The images in (d) and (h) represent the microscope aperture imaged using the laser-induced structures shown in (a) and (e),

respectively. The scale bars: 1 um.
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FIG. 3. SEM images of the linearly polarized double pulse modification induced at different focusing positions varying from 0 um to 2.5 um above the surface.

The pulse energy was fixed at 15 nJ (0.27-0.47 J/cm®?). Scale bar is 1 gm.

light polarization were induced. As a result, a bridge-like
structure with a height of roughly 25nm was formed (Figs.
1(e)-1(g)). The orientation of the bridge was perpendicular
to the polarization and located in the center of the modified
region (Fig. 1(e)). Second, the rim was deformed at the tips
of the bridge slightly elongating the crater shape (Fig. 1(f)).
The crater depth along the direction parallel to the beam
polarization was increased by more than 80%, while along
the perpendicular direction only by 30% (Fig. 1(g)). The two
induced lobes located inside the crater were functioning as
twin microreflectors (Fig. 1(h)).

The shape of the structure was changing significantly
when the laser beam was defocused (Fig. 3). The bridge was
either merging or separating depending on the beam focal
position. If the double pulse laser beam was focused on the
surface, the bridge-shape structure oriented parallel to the
polarization direction was produced (Fig. 3, left), whereas
the structure similar to the one in Fig. 1(f) emerged when the

focus of the beam was above the sample surface (Fig. 3,
right).

The wavelength-sized polarization sensitive structures on
silicon surface may find applications for the polarization-
multiplexed optical memory. The size and orientation of the
structure can be independently manipulated by the energy of

(b)

FIG. 4. Optical microscope images of the silicon surface modified with (a)
single and (b) and (c) writing pulses with two different polarizations indi-
cated by arrows. Pulses with the energy of 40 nJ (0.77J/cm?) were focused
at 2.5 um above the surface. The scale bars: 1 um.
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FIG. 5. (a) and (c) Calculated total electric near-field distribution of the light propagating through an isotropic crater-shape silicon structure, and (b) and (d) its
subsequent polarization sensitive modification measured by SEM. The double pulse laser beam was focused at (a) and (b) O um and (c) and (d) 12 um above
the substrate surface with the pulse energies of 15 nJ (0.47 J/em?) and 300 nJ (0.55 J/cm?), respectively. The dashed black lines in (a) and (c) indicate the con-
tours of crater-shape pattern used for the calculations. Insets in (a) show the geometry of the pattern used to mimic the conditions during the second pulse irra-
diation. The dashed red lines—planes of the near-field monitoring. The scale bars: 1 um.

the first pulse and polarization of the second pulse, respec-
tively. Assuming that the shorter wavelength should produce
proportionally smaller structures with the same polarization
dependence, we estimated that by recording data with wave-
length of 300 nm, a CD-sized disc with the capacity of 36 GB
can be achieved (0.5um between track pitches, 6 bits
polarization-multiplexed data resulting from 64 polarization
states between 0° and 180°, and 2 bits power-multiplexed data
per structure). The read-out technology could be implemented
by monitoring the intensity of the linearly polarized laser
beam, when the reflected light is modulated (Fresnel condi-
tions) by the surface morphology. The modulation in intensity
and polarization could be detected using a quadrupole detec-
tor, which is already exploited in the traditional optical data
storage read-out.

In addition, experiments were performed to demonstrate
the multilevel polarization sensitive encoding on silicon sur-
face (Fig. 4). First of all, the isotropic craters were imprinted
by the single pulse irradiation (Fig. 4(a)). Later, during the
encoding stage, the subsequent irradiation with different
states of polarization of the writing beam was used to control
the orientation of anisotropy of the imprinted structures
(Figs. 4(b) and 4(c)). The slight asymmetry of the patterns in
the direction perpendicular to the polarization could be
explained by the displacement of the focal spot during the
polarization rotation.

For the theoretical analysis, the corresponding total
near-field distribution was obtained simulating the propaga-
tion of the focused second pulse through a symmetric crater-
shape structure pre-defined by the first pulse (Fig. 5). A
commercial-grade simulator (Lumerical) based on the finite-
difference time-domain (FDTD) method was used to perform
the numerical calculations of a total near-field distribution.
Here, we distinguish between two regimes of polarization
dependence for the light propagating through a large size
(d> 1) and a subwavelength size (d < 1) single circular cra-
ter. We can assume that such a structure in the near-field
behaves as an aperture. In this case, the explanation may be
applied on the basis of an anisotropic near-field distribution
dominated for different regions of structure within the
surface-wave modes and the field coupling to the wave-
guided modes of the aperture.19 For all conditions, two sets
of the lobes of an intense field localized under the rim of the
structure are generated with the orientation parallel to the
light polarization (Figs. 5(a) and 5(c)). The generated mode

in the center of the structure almost vanishes when the crater
size is smaller than the excitation wavelength (d/A=0.9)
(Fig. 5(a)). Then the strong field generated inside the rim
region dominates (Fig. 5(a)). In such a system, it is expected
to have a modification localized at the edges of the crater
and oriented parallel to the field polarization. When the cra-
ter size increases (d/A =4.0), the lobes generated inside the
rim are accompanied by the series of perpendicular lobes
generated in the central part of the crater (Fig. 5(c)).

The FDTD simulated field patterns (Figs. 5(a) and 5(c))
are in a good agreement with the morphology of re-solidified
material (Figs. 5(b) and 5(d)) observed experimentally.
Indeed, under the focusing conditions when the modification
area is smaller than the laser wavelength, the symmetric
structure is slightly elongated, and the bridge-like structure
along the polarization is produced (Fig. 5(b)). On the other
hand, the bridge-like structure perpendicular to the polariza-
tion occurs when the beam is defocused (Fig. 5(d)). At the
same time, the regions of the rim perpendicular to the bridge
are modified, matching the intensity distribution visualized
in numerical analysis (Fig. 5(c)).

In conclusion, we have experimentally demonstrated the
polarization sensitive structuring on a silicon surface by the
linearly polarized femtosecond double pulses. The distribu-
tion of electric near-field becomes asymmetric and polariza-
tion dependent when the second pulse propagates through a
circular crater structure produced by the first pulse. The phe-
nomenon enables imprinting of optical microreflectors
within the single pulse irradiation and is exploited for dem-
onstrating the direct mapping of the near-field distribution
within multi-pulse experiments. Polarization sensitive struc-
turing on silicon can be used for the security marking or data
storage applications.

This work was supported by the UK Physical Sciences
Research Council (EPSRC).
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A femto- and picosecond laser assisted periodic nanostructuring of hydrogenated amorphous
silicon (a-Si:H) is demonstrated. The grating structure with the subwavelength modulation of
refractive index shows form birefringence (An ~ —0.6) which is two orders of magnitude higher
than commonly observed in uniaxial crystals and femtosecond laser nanostructured silica glass.
The laser-induced giant birefringence and dichroism in a-Si:H film introduce extra dimensions to
the polarization sensitive laser writing with applications that include data storage, security marking,
and flat optics. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919538]

Form birefringence, which results from spatially inho-
mogeneous patterns, may exceed the natural birefringence of
crystals by several orders of magnitude.' The giant birefrin-
gence has been developed by the means of chemical material
processing or nanolithography techniques in various systems
including optical antenna arrays,” surface nanogratings,>™
ensembles of nanowires,G’7 photonic crysta\ls,8 and nanopho-
tonic waveguides.” The opportunity to design optically ani-
sotropic surfaces is of special interest because it opens a way
to control the light wave front by altering its polarization cre-
ating in particular, the geometrical Panchatraman-Berry
phase.'® Theoretically any phase pattern can be achieved
solely by means of the geometrical phase with the efficiency
reaching 100%.'"" One of the promising techniques for
implementing optical elements with a geometrical phase is
femtosecond laser assisted nanostructuring.'? It has been
demonstrated that materials irradiated with femtosecond
laser pulses undergo the self-assembly process, which results
in nanostructures produced on the surface'*'* or inside the
material.'>1® Recently, this technology was harnessed for
producing a series of birefringent optical elements inside
silica glass,'>'"~" while the optical anisotropy produced by
laser-induced periodic surface structures (LIPSS) has not
been reported. However, as the form birefringence depends
on the refractive index modulation,' the amount of form
birefringence achieved in nanostructured silica glass® is of
the order of natural birefringence found in crystalline materi-
als such as quartz. In order to enhance the optical anisotropy,
a material with a high refractive index is required. A promis-
ing candidate is hydrogenated amorphous silicon (a-Si:H),
which plays a significant role in the world’s production of
electronics and is ubiquitous for many applications ranging
from liquid crystal displays to medical sensors and solar
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106, 171106-1

cells.?! Transforming amorphous silicon (a-Si) into a

nanocrystalline form through ultrafast laser irradiation has
already been demonstrated (nc—Si).m’3 "' In this letter, we
demonstrate that the ultrafast laser assisted nanocrystalliza-
tion of a-Si:H is accompanied by the formation of a laser-
induced periodic structure. The observed pattern with the
subwavelength modulation of the complex refractive index
exhibits a dichroism and enhanced form birefringence, which
is two orders of magnitude higher than commonly observed
in uniaxial crystals such as quartz, ruby, sapphire, or femto-
second laser nanostructured silica glass. The proposed tech-
nology allows implementing functional optical elements
with a sub-micron thickness by exploiting the laser imprinted
geometrical phase patterns. Both birefringence and dichro-
ism can be controlled by changing laser writing parameters
adding extra dimensions to polarization sensitive printing,
which is technologically attractive for flat optics,'" optical
data storage,” and security marking.

Experiments were carried out with 300 nm thick a-Si:H
films deposited on silica glass by the plasma-enhanced
chemical vapour deposition (PECVD) upon the decomposi-
tion of the mixture of silane (SiH4) and argon (Ar) at sub-
strate temperature of 250 °C. The ratio between the gases in
the CVD chamber was 25% SiH4 and 75% Ar.

In the experiments, the a-Si:H films were irradiated with
the mode-locked Yb:KGW ultrafast laser system (Pharos,
Light Conversion Ltd.) operating at A, = 1030 nm (photon
energy ~ 1.2eV) and delivering pulses with a 100 kHz repe-
tition rate. The pulse duration ranging from 360 fs to 4.8 ps
with the pulse energy varying from 0.005 uJ to 0.2 uJ was
employed. The laser beam, polarized parallel or perpendicu-
lar to the writing direction, was focused onto the film surface
via a 0.13NA-objective lens producing the fluence of
0.0068-0.27 J/cm?, or intensity of 1.89 x 10'°-7.5 x 10" W/em?
for 360 fs and 1.42 x 10°-5.6 x 10"°W/cm? for 4.8ps,
respectively. The estimated spot size of the laser beam in the

© 2015 AIP Publishing LLC
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focus was w, ~ 5 um. For all parameters (polarization, pulse
duration, and laser energy), 80 um long lines were written
with an interline distance of 30 um at a 0.2 mm/s translation
speed.

Irradiated regions were analysed with a scanning
electron microscope (SEM) (Zeiss Evo50) and an optical
microscope (Olympus BX51). Raman spectroscopy was per-
formed with a Renishaw inVia system operating at 632.8 nm
excitation. The system was calibrated according to the mono-
crystalline silicon (Si) line at 520.7 em~'. To avoid heat
induced crystallization, the excitation power was restricted to
0.1 mW.

Structural and optical analysis of irradiated regions
revealed several modification regimes (Fig. 1). “Type 0”
modification occurs at the energies of 0.025-0.03 pJ and is
distinguished only for the pulse duration shorter than 2 ps.
Optically, this modification manifests as a darkening of the
film. According to Zanzucchi et al.,** “Type 0” regime
appears due to enhanced optical absorption in visible spec-
trum and is attributed to the hydrogen (H) release. The
Raman analysis of the wagging vibrations of Si-H studied
elsewhere®! confirms that the H release starts at the ener-
gies below 0.02 uJ, and at 0.03 uJ its content drops to 20%
of the initial value.

For “Type I” regime, at the energies slightly below
0.07 wJ for 360 fs or 0.05 uJ for 4.8 ps, amorphous silicon
with the broad Raman band at 480cm™' begins to be
replaced by the crystalline silicon transverse optical (TO)
phonon mode with the peak position at 518.0-519.2cm™",
which we attribute to the formation of nc-Si (Fig. 2). Using
the confinement model,34 the silicon grain size of 4-6nm
was estimated. The morphology analysis revealed that the
nc-Si grains are aggregated into sub-100 nm domains, which
are elongated parallel to the beam polarization and organised
into high spatial frequency structure with the periodicity
defined by the domain width (A =~ 2,;/10) (Fig. 3(top)).

Both the energy and pulse duration affect the position
and full width at half maximum (FWHM) of nc-Si TO mode
(see Fig. 2(b)). The upshift in frequency and the narrowing
of the band indicates the formation of larger silicon grains up
to 8-9 nm size at higher pulse energies in the case of 360 fs

0.2
(Tipeil
Chpe

o
[N
(S))

pulse energy, uJ
o

o
o
5]

1000 2000 3000 4000
pulse duration, fs

FIG. 1. The threshold energies for a-Si:H modification regimes: Type 0—H
release; Type I—silicon crystallization followed by the high spatial fre-
quency structure with low birefringence; Type II—silicon crystallization fol-
lowed by the nanograting structure that corresponds to the laser-induced
dichroism and giant birefringence. Black region indicates the conditions
when the change in film structure was not observed.
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laser pulses. In contrast, the treatment with 4.8 ps pulses
always results in development of smaller crystallites reach-
ing ~5 nm size.

At high energies (>0.09 uJ for 360 fs, and >0.06 uJ for
4.8 ps) slightly above the ablation threshold, the film starts to
crystallize along its depth (“Type II””), periodically organizing
into a nanograting oriented perpendicular to the laser beam
polarization (Figs. 1-3). The average period of the structure is
A ~ 2;/3 that corresponds to A;/ngiy,. Such a subwavelength
modulation of high-contrast refractive index (n,/ngm) origi-
nates form birefringence.! Simultaneously a non-zero imagi-
nary part of the material’s complex refractive index
(extinction k) leads to the polarization sensitive absorption
coefficient (o = 4mk/A), i.e., dichroism.

The laser-induced birefringence and dichroism were
characterized with the quantitative birefringence measure-
ment system (CRi Abrio; Olympus BXS51) operating at
A=>546nm. In this system, the dichroism manifests itself as
an artificial birefringence added to the system.* To recover
the absolute values of the birefringence and dichroism, the
measured data were additionally processed with a mathemat-
ical algorithm.

Figures 4(a) and 4(b) show the retardance and dichroism
extracted from the set of 1600 lines imprinted in a-Si:H film.
With respect to threshold energy diagram (Fig. 1), the
enhanced birefringence corresponds to “Type II” regime,
while “Type I” exhibits roughly two orders of magnitude
lower birefringence values (Fig. 4(a)). Upon 360 fs, the
threshold values of 0.045 uJ for “Type I” regime and 0.1 puJ
for “Type II” regime were identified. While for 4.8 ps, these
thresholds are reduced to 0.035 uJ and 0.065 uJ, respectively.
The laser-induced dichroism follows the “Type II” modifica-
tion (Fig. 4(b)).

According to the Raman spectra shown in Fig. 2, at the
pulse energies higher than 0.1 uJ, irradiation with femtosec-
ond pulses results in larger grains and is 2-3 times more effi-
cient than that with picosecond pulses. Such a pulse duration
dependent lattice transformation indicates that the light in-
tensity plays the dominant role, i.e., the lattice transforma-
tion starts within the first pulses, when only a-Si:H is
present. Specifically, at the initial stage of the irradiation, the
intense femtosecond pulses generate more defects (in com-
parison with picosecond ones) by reducing the hydrogen
content in the lattice. Assuming that most of the hydrogen is
released before the crystallization and laser-induced nano-
structuring,31 the absorption of the film increases drastically.
This is because the absorption coefficient of the produced a-
Si (at photon energy of ~1.2eV) is almost two orders of
magnitude higher than the nc-Si and four orders higher than
the a—Si:H,3'2’35‘38 i.e., a-Si defines the efficiency of the sub-
sequent modification regimes. Over the further multi-pulse
irradiation, the absorption dependent nc-Si content increase
leads to the a-Si:H/a-Si content decrease. As a result, the
threshold energy of enhanced retardance and dichroism due
to higher absorption starts decreasing with the increase of
pulse duration (t > 1 ps) (Figs. 4(a) and 4(b)).

Although “Type II” threshold energy depends on the
pulse duration, the peak values of retardance R ~ 150—180 nm
(phase shift of ~0.77, at A =546 nm) and dichroism D ~ 0.6-1
remain roughly the same ranging from 360 fs to 4.8 ps at
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FIG. 2. (a) Raman spectra of a-Si:H treated by 360 fs (black) and 4.8 ps (red) laser pulses with the energy of 0.05-0.2 uJ. The system was operating at 100 kHz
with writing speed of 0.2 mm/s. The bottom curves show the Raman spectra of untreated a-Si:H film. Black arrows indicate the laser writing direction, blue
arrows—the state of polarization. (b) Effect of laser pulse energy and pulse duration on the peak position (upper panel) and full width at half maximum
(FWHM) (bottom panel) of TO mode of produced nc-Si grains.

pulse energies lower than 0.15 uJ (Figs. 4(a) and 4(b)). The = accompanied by the silicon oxidation, apparent due to the

retardance is defined as enhanced oxygen incorporation into the silicon lattice at
high pulse energies.”®* As a result, form birefringence is
R(A) =d x (n,(2) — ny(2)) = d x An(2), (1) reduced to —0.4 due to the refractive index change from

crystalline silicon to silica glass (Fig. 4(a)).

The dispersion of retardance and dichroism was investi-
gated by using a VIS-NIR birefringence measurement sys-
tem (CRAIC; Olympus BX51). The transmittance of light
was measured when the polarizer before the sample was
fixed at 45° with respect to the nanograting orientation while
the polarizer after the sample was fixed at 45° (I,qqie1) OF
—45° (Iyosseq)- The retardance dispersion R(4) was then cal-

where d is the thickness of the film and n,, n,—extraordinary
and ordinary effective refractive indices. Thus the birefrin-
gence of nanograting with d=300nm and corresponding
retardance values is estimated as An ~ —0.5 to —0.6. The
birefringence induced by ultrafast laser nanostructuring is
comparable to the giant birefringence achieved in amorphous
silicon by electron-beam nanolithography. For comparison, 40
the typical values of n, — n, imprinted by the femtosecond aulaed 2 Tollows:

laser writing inside the silica glass are roughly —5 x 1072 . | — 2
However, when the pulse energy is higher than 0.15 uJ, the R(2) = acos (IT) Xo—=
nc-Si content decreases (Fig. 2(a)). The “Type II” regime is PRReHEL ™ masias

FIG. 3. SEM images of the laser modi-
fied a-Si:H film. The shown single lines
were written with 0.075uJ, 0.09 i,
0.125 pJ pulse energy. The system was
fixed to 100kHz, 360 fs pulse duration
and 0.2mm/s writing speed. Black
arrows indicate the laser writing direc-
tion, while red/blue arrows—the polar-
ization state.
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For the dichroism characterization, the transmittance of light
polarized parallel (||) and perpendicular (L) to the orienta-
tion of nanograting was measured. Then the dichroism D(1)
is defined as

D(2) = ‘7log (%)’ = lflog

where [, || and /., are the light intensities transmitted
through the system with the sample and without it,
respectively.

The dispersion analysis performed in the spectral region
from 450nm to 825nm for the structure fabricated with
0.15 uJ energy and 360 fs pulses revealed a chromatic behav-
ior of the laser-induced anisotropic material (Fig. 4(c)).
The retardance of ~90nm at 450nm wavelength steadily
increases reaching the peak value of ~150nm at 550 nm,
and then results in an asymptotic decrease to a plateau that
corresponds well to the function of refractive index of sili-
con. At the same time, the extinction coefficient of silicon
vanishes in the infrared and increases in the ultraviolet spec-
tral range corresponding to direct band transitions, giving
rise to stronger dichroism at the shorter wavelengths.” The
maximum dichroism of D ~ 0.6 was observed at wavelength
of 510 nm, while it dropped down to D = 0.1 at 825 nm.

Both the dichroism and differential phase-shift reach the
peak at 510-530nm (~2A) wavelengths enabling the imprint-
ing of polarizing and quarter-wave plate elements with the

Iihye ’ 3

U

applications in visible spectrum. The spectral working range
of such optical elements can be tuned by the geometry (thick-
ness and duty cycle) and material properties of the grating.'*!
Thus, the spectral characteristics of phase retardation and
transmittance can be changed by controlling the laser process-
ing conditions. Optical components in the range from ultravio-
let to near infrared can be fabricated.>”

To demonstrate the application of laser assisted nano-
structuring of a-Si:H, we imprinted Einstein’s portrait (250
x 250 pixels) by encoding grayscale information via the
laser beam’s polarization (Fig. 5). Each 5 um size pixel was
written with the 0.2 mm/s translation speed. Rotating the lin-
ear polarization, sixteen different states in the range of
0°-90° and 0°-45° for the dichroic and birefringent images,
respectively, were imprinted following the grayscale distri-
bution of the portrait.

The portrait was illuminated with four polarization con-
figurations producing the negative (parallel), positive (perpen-
dicular), high contrast (cross-polarized), and weak contrast
(unpolarised) images in optical transmission mode (Fig. 5).

In conclusion, we have demonstrated a femto- and pico-
second laser assisted nanostructuring of a-Si:H film produc-
ing dichroic and birefringent material properties. Within a
certain range of pulse energies, distinctive modification
regimes are observed identifying hydrogen release from a-
Si:H lattice (Type 0); silicon crystallization followed by
the periodic surface structures self-organized parallel to
the beam polarization (Type I); and silicon crystallization

FIG. 5.The polarization sensitive
Einstein’s portrait imprinted in a-Si:H
film by femtosecond laser nanostructur-
ing. Arrows indicate the polarization
states used for the optical transmission
imaging. (Multimedia view) [URL:
http://dx.doi.org/10.1063/1.4919538.1]
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followed by the periodic structures organized perpendicular
to the beam polarization (Type II). “Type I” regime defines
the conditions to produce tandem modules of amorphous and
nanocrystalline silicon with potential applications in photo-
voltaics. While “Type II”” regime corresponding to the laser-
induced dichroism and enhanced form birefringence is a
promising alternative for fabricating functional micro-optical
elements with thickness of less than 300 nm.

An anisotropic laser texturing demonstrated in this paper
was implemented in the polarization sensitive ultrafast laser
printing. The technique enables imprinting of optical ele-
ments with the sub-micron resolution and can be used for
demonstrating ultrathin optics for complex shaping of phase
and polarization, as well as in security marking or data stor-
age applications.

The work was supported by FP7 Marie Curie NANOCOM
project.
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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 An = -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 ~1rad/um 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 responsel. 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 metamaterials?3 or dielectric gradient metasurfaces*-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 birefringence!4. 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
reported!5-17, 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 structures® with subwavelength periodicities that originate form birefringence!8. 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 semiconductors?!. 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 coloration3?,
control of surface chemical and mechanical properties3132, 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 achieved!833-35, 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/um.

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 um 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 um long lines separated
by an interline distance of 30 pm were imprinted under different writing conditions. First, the pulse density was varied from
1.25x105 pulses/mm to 5x10¢ 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 5x105 pulses/mm. From here, the resulting retardance as a function of pulse energy varying from 0.005 pJ to
0.2 pJ was obtained (Figure 1b).

At the pulse energies slightly above the ablation threshold (> 0.05y]), 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
10°pulses/mm, we detect the formation of birefringent subwavelength periodicity (~ Aj,ser/3) nanogratings oriented
perpendicular to the laser beam polarization. The maximum retardation of Rs4¢,, = 0.557 is achieved at 5x105 pulses/mm
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 (~2,,cer)
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 pJ to 0.2 pJ at a fixed interline distance of 3 pm (Figure 1c), and varying the interline distance from 1 pm to 7 pm ata
fixed pulse energy of 0.125 pJ (Figure 1c, inset). The observed retardance linearly grows with the increase of the interline
distance reaching the peak value of ~0.57 at 4 um, 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 um. When the

retardance is defined as
Q= h(ne - nn) 2m/2, 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 0.57 retardation at 546 nm wavelength corresponds to the form birefringence
of An =n, —n, = —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 1, 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 reports33-3¢ and
effective medium theory!8. 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
5x105 (left) and 5x10¢ (right) pulses/mm at pulse energy of 0.125 pJ: identification of subwavelength birefringent structure
and wavelength-size non-birefringent ripples formation. Scale bars are 4 pm and 1 pm, 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 pJ. In () and (d) the interline distance (d) was kept at 3 pm. The system was set
to the pulse density of 5x105 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 pJ and interline distance of 3 um the retardation value varies from 0.297 to 0.47x
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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 0.45m, 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 manipulations!4. In
the next step, we designed GPOEs by controlling the azimuth of the slow axis, A(x,y), of locally imprinted
nanogratings. As a result, the circularly polarized light transmitted through the GPOEs experiences the relative
phase change equal to ¢(x,y) = +2A(x, y), where the sign is defined by the handedness of the input polarization.
All GPOEs demonstrated in this work were imprinted using the pulse energy of 0.125 puJ and pulse density of
5x105 pulses/mm with corresponding 0.2 mm/s writing speed and 100 kHz repetition rate. The interline distance
was ranged from 3 pm to 4 um 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, 8(x, y), is expressed as
d(x,y) = £(46(x,y) — 1), ()

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 m 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 (a) (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 ¢p(x) = (27/a)X|mod 2z (Figure 2b). The periodicity of
the PG was set to 30 um as the achieved phase retardation shows the value of ~90% of the possible maximum

value. For an incident plane wave with the polarization state |E;;,) the resulting field generated by the PG is37
|Egue) = N|Ein) + nge2ACY)|R) 4 nye=24E0|L), 3

where the ng = 1/2 (t, + tye'®), ng = 1/2 (t, — t,e"?)(E;n|L) and n, = 1/2(t, — t,e'?)(E;n|R) are the complex
field efficiencies with (E;,|R,L) as an inner product of the left-handed |L) and right-handed |R) circular
polarizations, ¢ is the retardation of the imprinted element, and t,, is the real-amplitude transmission
coefficients for light polarized perpendicular and parallel to the optical axis. From Equation 3, the imprinted PG
with t,,, = 0.14 (Figure 1d) and ¢ =~ 0.397 (Figure 2a) at a wavelength of 532 nm is expected to diffract around
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 Ot order and 36% to the x1st 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 um: 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 ¢ = -1,
indicating that the resulting orbital angular momentum has opposite sign compared to the input spin
momentums38, The average value of the induced retardance was ~0.57 at 532 nm wavelength, which corresponds
to the quarter-wave plate value.

The generated radially (azimuthally) polarized vortex with the orbital angular momentum / = -1 (I = 1) is
considered as a superposition of two circularly polarized beams, one possessing the orbital angular momentum / =
-2 (I = 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).

() azimuthal (g) radial

0

e

Figure 3. Radial and azimuthal polarization optical vortex converter for circular incident polarization. Imaged (a) azimuth of

simulation

measured
far-field
000

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: 0-0.8n rad. (c), (d) Linearly polarized optical
transmission images of polarization sensitive element illuminated by circularly polarized light. Scale bar is 300 pm. (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 2x2 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 [ = *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 platform9, or directly imprint wave-plate arrays

for polarization sensitive detectors4.
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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 um. Far-field patterns were projected via a 20x microscope objective.

To realize the most basic GPOEs with radially varying phase profiles, we fabricated a 9x9 array of 100 um
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 9x9 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:

e(r)=i§<n+(27")R<1— /1—%)) 4)

with R as the radius of curvature (f ~ 2R), and r as the radial position, which corresponds to m Sign of the
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 (z:) of the
microscope objective, the imaged object was projected at different locations on the detector with the
corresponding relative magnification of M; = fi/(fi-do), where the distance between the micro-lens array and the
object is do =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 f1= #0.4 mm to fo= +1.2 mm. Top left image,
the azimuth of slow axis of imprinted nanogratings. The King John portrait was projected in z;, 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 pum.

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 um
was designed to encode the “Light” logo (Figure 6). During the continuous writing process, the maximum relative continuous
phase change of t 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 6¢-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, n = I 5/ (I1s¢ + Ioen), 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.

(@)

t ﬂ
polarlzer
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Figure 6. Computer generated geometric phase Fourier hologram (CGH). (a) Setup for polarization filtering and target image
reconstruction: quarter-wave plates (A/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, (€) 500 nm, (f) 550 nm, (g) 600 nm and
(h) 650 nm filtered wavelengths. Scale bar is 500 pm.

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/pm. 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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We demonstrate a comprehensive modification study of silica glass, crystalline silicon, and
amorphous silicon film, irradiated by tightly focused cylindrical vector beams with azimuthal
and radial polarizations. The evidence of the longitudinal field associated with radial
polarization is revealed by second harmonic generation in z-cut lithium niobate crystal.
Despite the lower threshold of ring-shaped modification of silicon materials, the modification
in the center of single pulse radially polarized beam is not observed. The phenomenon is
interpreted in terms of the enhanced reflection of longitudinal component at the interface with
high-index contrast, demonstrating that the longitudinal component is inefficient for the flat
surface modification. Enhanced interaction of the longitudinal light field with silicon nanopillar
structures produced by the first pulse of double-pulse irradiation is also demonstrated.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953455]

The radially polarized beams focused with high nu-
merical aperture optics lead to strong longitudinal electric
fields, which are attractive for many applications, includ-
ing particle acceleration,' high capacity optical recording,”
near-field microscopy,® optical trapping of metallic par-
ticles,* and second-harmonic (SH) generation.5‘7 However,
refractive index mismatch at the interface can strongly
affect the light field that oscillates perpendicular to the
surface.®® Specifically, the field is suppressed when the
beam propagates from a low refractive index into a high
refractive index medium. This implies that it may be
difficult to employ the field component perpendicular to
the surface in the laser processing of materials with high
refractive indices.

Successful ablation experiments of borosilicate glass by
the single or multi-pulse irradiation'® and modification of sil-
icon with relatively high-index by the multi-pulse irradiation
with the pronounced longitudinal field were reported.11
Furthermore, enhanced modification by an electric field com-
ponent perpendicular to the surface via a resonant absorption
mechanism'? was suggested to explain the results of the
laser-induced nickel ablation.' Nevertheless, the direct ex-
perimental evidence confirming that the normal field compo-
nent could produce stronger surface ablation was not
demonstrated.

The vectorial distribution of the electric field could be
visualized via self-assembled nanogratings, which are
always aligned perpendicular to the electric field of the inci-
dent beam.'®'*"'® Tailored optical vector beams including
radially and azimuthally polarized could be also exploited
for complex surface structuring with ultrashort light
pulses."”

®Author to whom correspondence should be addressed. Electronic mail:
rd1c12@soton.ac.uk

0003-6951/2016/108(22)/221107/5/$30.00

108, 221107-1

In this letter, using amorphous silicon (a-Si:H), we
demonstrate that the longitudinal component of the single
pulse tightly focused radially polarized beam is inefficient
for modification of flat surface. On the other hand, double
pulse experiments indicate that the same vector beams ex-
hibit an improved micromachining performance when
employed for processing of pillar-like nanostructures on a
crystalline silicon surface. The interaction of tightly
focused radially and azimuthally polarized beams at the
interfaces with different index contrast is experimentally
analyzed for both bulk and thin film materials including
silica glass, crystalline silicon and amorphous silicon. The
experimental results agree well with the analytical and
numerical simulations. In addition, to verify the presence
of a strong longitudinal field, the total field of tightly
focused radially and azimuthally polarized beams is indi-
rectly visualized by second harmonic patterns generated
in a z-cut lithium niobate (LiNbOs;) crystal. Moreover, the
longitudinal electric field of the focused radially polarized
light beam is revealed by the characterization of the self
assembled nanogratings inside silica glass.

The experiments were performed with a femtosecond
laser system (Pharos, Light Conversion, Ltd.) operating at a
wavelength of 1030 nm and delivering pulses of 270 fs at
repetition rates of 20kHz (for silicon materials) and
200kHz (for silica glass and lithium niobate crystal). The
lower repetition rate was used to eliminate any possible
heat accumulation in silicon between the first and second
pulses. The longitudinal component was generated by
tightly focusing radially polarized laser beam, using
0.65NA dry objectives and 1.2NA water immersion objec-
tives (Fig. 1).

The Fourier computer generated hologram (CGH) that
converts the initial Gaussian beam into the target annular
beam was generated using the adapted weighted
Gerchberg-Saxton (GSW) algorithm.'® The beam with

Published by AIP Publishing.
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FIG. 1. Setup for femtosecond laser direct writing. Spatial light modulator
(SLM), lenses (L), half-wave plate (HWP), S-waveplate (S), objective lens
(0); d is the distance necessary for the beam to propagate after the reflection
from SLM, and 2fj, f; correspond to the focal lengths of lenses with
f1=300mm.

annular intensity distribution shaped with an electrically
addressed spatial light modulator (SLM) (Hamamatsu,
LCOS-SLM) was used to enhance the longitudinal compo-
nent.>'>?° The Keplerian beam expander was used to adjust
the beam size to match the pupil size of the objective
lenses. The cylindrical distribution of the electric field
polarization was controlled using a spatially variant polar-
ization converter”' referred to as S-waveplate. The radially
or azimuthally polarized laser beams are generated by rotat-
ing the orientation of the incident linear polarization via a
half-wave plate placed before the S-waveplate.

The electric field distribution of the focused annular cy-
lindrical vector beams at the focal region is defined as
follows:*>

Radial : En'ansver'sf ("7 Z)
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where r and z are cylindrical coordinates, ¢ and [ are the
focusing angles determined by the outer and inner radius
of the annular shaped beam, and /(0) is the relative am-
plitude of the field. If the non-annular shapes are used,
the f value becomes zero. In the case of f/oa ~ 0.5 and
uniform relative amplitude, the ratio of the generated lon-
gitudinal and transverse light intensities in immersion me-
dium is around 0.58 for 0.65NA dry objective and 2.5
for 1.2NA water immersion objective. Such focusing con-
ditions were used in all following experiments and
simulations.

Longitudinal field does not propagate and is confined
to the focal region making its observation very difficult.
However, longitudinal component can be visualized via a
second harmonic generation. The second harmonic (SH)
patterns generated by radially and azimuthally polarized
beams can be obtained using the following second-order
polarization P(2w) generated in the z-cut LiNbO;
crystal*>2*

cos(0)sin(0)1(0)J, (krsin(0))e*<@ a0,
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E
E2
P.(2w) 0 0 0 0 dy —dn )
P,20w) | =| —dn dn 0 dy 0 0 21?;12 ,
P.(20) dy dy ds 0 0 0 EE
2E,E,
for azimuthal :
P.(20) = —2dxnE,E,,
Py(2w) = —dnE; +dnE;,
and for radial :
P (2w) = —2dynE Ey +2d3 E,E,,
Py(20) = —dpEs +dpEy +2d3EyE, 4)

where E, . are Cartesian components of the electric field of
the fundamental beam introduced in Egs. (1)—(3), and
dyp=2.1pm/V, d3; =4.3pm/V, and d33 =27pm/V are the
absolute values of components of nonlinear susceptibility
tensor.?>

In order to verify the existence of the longitudinal field,
the cylindrical vector beams were focused inside a z-cut lith-
ium niobate crystal via a 0.65NA microscope objective
100 um beneath the surface. The generated SH was collected
with a 1.2 NA water immersion objective after the sample,
imaging the focal plane and far-field intensity distributions
of the focusing lens. The SH patterns were observed for both
cylindrical radially and azimuthally polarized beams, while
the pronounced longitudinal component in the radially polar-
ized beam results in ~70% higher SH power (at 1.5 TW/cm?
pump intensities) in comparison with that produced by the
azimuthally polarized beam. The SH power increase is
caused by the 2d3,E(E. and 2d3,EyE. components of the
second-order polarization produced by the non-zero longitu-
dinal (E,) component of the field at the fundamental fre-
quency (Eq. (4)). When the longitudinal field is enhanced,
e.g., the ratio with transverse field is 0.58, the contribution of
these terms in SH generation increases.

The focal plane SH pattern has the shape of an annular
ring for both radial and azimuthal polarizations (see Figs.
2(b-iii) and 2(d-iii)), while in the far-field SH beam profile
becomes polarization dependent. Specifically, if the funda-
mental beam is azimuthally polarized, the far-field SH beam
remains ring-shaped (Fig. 2(b-vi)), while the radially polar-
ized fundamental beam in the far-field evolves into a three-
lobed pattern (Fig. 2(d-vi)), which is determined by the
orientation of the X and Y axes in the z-cut lithium niobate
crystal. These experimental observations agree very well
with the results of numerical simulation shown in Figs. 2(a)
and 2(c), where the polarization component P,(2w)=ds;
(EXZJrEyz)er%EZ2 is not considered because it does not
contribute to the transversal SH field measured in our experi-
ments. One can conclude that the difference in the transverse
SH patterns generated by the focused radially and azimu-
thally polarized beams originate from the longitudinal com-
ponent of the fundamental light field. It should be noted that
since the Figure 2 shows only transversal component of the
SHG wave, the observable quantitative difference in the
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FIG. 2. Second-harmonic patterns gen-
erated by focusing ((a) and (b)) azimu-
thally and ((¢) and (d)) radially
polarized laser beams, (i, ii, iii) imaged
focal plane and (iv, v, vi) the far-field
of the focusing lens. In simulations,
only the transverse component is
shown. White arrows indicate the
polarization state of light after the lin-
ear analyzer. The x and y axes show
the crystal orientation. All intensities
are normalized.

Experiment

SHG intensity calculated (iii-c) and measured (iii-d) origi-
nates from the nonzero longitudinal component, which—
according to Eq. (4)—is nonzero in the focal plane. As well,
the imaging performed with the high numerical aperture
optics makes the measurements very sensitive to any minor
deviations in the system that can affect the signal.

In further experiments, single dots were imprinted inside
silica glass to visualize the vectorial distribution of electric
field in the focus. A train of 2000 pulses with 250 nJ pulse
energy was focused via a 0.65 NA objective, 120 um beneath
the substrate surface. Under these conditions, the self-
assembled nanogratings are induced. The nanostructures
with the sub-wavelength periodicity behave as a uniaxial
birefringent material where the slow axis is oriented perpen-
dicular to the beam polarization. The slow axis orientation
with corresponding vectorial distribution of electric field was
mapped using quantitative birefringence measurement sys-
tem (CRi Abrio; Olympus BX51) (Fig. 3).

The birefringence cannot be observed if the optical axis
is oriented perpendicular to the image plane (Fig. 3(a-iii)).
Thus, the slow axis induced by the longitudinal field can be
visualized only from the side of the structure. One can
observe from Fig. 3(b-iii) that the center of the light-induced
modification is occupied by an anisotropic structure (light
beam) having a slow axis (polarization) oriented perpendicu-
lar (parallel) to the beam propagation direction. However, on
the sides of the modified region, the nanogratings with or-
thogonal orientation are induced, which reveals the trans-
verse component of the light polarization (Fig. 3(b-iv)). In
contrast, after irradiation with the azimuthally polarized
light, the anisotropy associated with longitudinal component
is not observed (Fig. 3(b-1)).

Further, to directly imprint the intensity distribution of
the tightly focused annular cylindrically polarized beams in

high-index material, we carried out the experiments on irra-
diation of 300nm thick a-Si:H film. The water immersion
microscope objective of 1.2 NA was used for focusing of the
beam. The irradiation with pulse energies below 150 nJ were
ensured to induce the nanocrystalline type of modification
without ablation in amorphous silicon.?*?” In total, the 21
sets of dots were imprinted by a single pulse irradiation of
radially or azimuthally polarized beams at different focusing
depths ranging from —10 ym to 10 um (0.5 um step), relative
to the substrate surface (Fig. 4). By choosing the strongest
modification, we ensure that the modification is performed in
the focus (Fig. 4(i), (ii)).

Weak dependence of the modification on the focus depth
was observed indicating a Bessel-like long Rayleigh length,
typical for cylindrically polarized beams (Fig. 4). The thresh-
old energy of modification was more than 40% lower for

Azimuthal Radial

(i)

3 X

FIG. 3. Slow axis characterization of the birefringent structures inside silica
glass induced by azimuthally (left) and radially (right) polarized laser
beams. (a) (i, iii) Top view and (b) (i, iii) side view of the slow axis orienta-
tion, with (a) (ii, iv), (b) (ii, iv) their corresponding schematics of the possi-
ble nanogratings distribution. Pseudo color indicates the direction of slow
axis (insets).

W)
||!
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FIG. 4. Optical transmission images of structures imprinted by annular-
shape of radially and azimuthally polarized beams in amorphous silicon film
at different focus planes, where in the inset the same structures are compared
in transmission (i) and reflection (ii) modes. The pulse energy in the inset
(right images) varies from 30 nJ to 70 nJ.

radially polarized than for azimuthally polarized beams,
30nJ versus 50nJ, respectively. This phenomenon could be
explained by the lower Fresnel reflection and different mate-
rial transformation dynamics for p-polarization compared to
s-polarizations at the interface of modified region.”®
However, in both cases, only the ring-shaped patterns were
produced. The modification in the center of annulus, where
the strong longitudinal field is present, was not observed.
The surface of the film remains flat in the conditions of irra-
diation below the ablation threshold. Consequently, if the
second pulse is fired, modification of the film qualitatively
will be the same as by the first pulse and will not reveal the
presence of longitudinal component.

Finally, we performed experiments on ablation of p-type
crystalline silicon (111). The radially and azimuthally polar-
ized beams with pulse energy of 150 nJ were focused on the
surface via a 1.2 NA water immersion objective. The irradia-
tion by the single pulse radially polarized beam resulted in a
ring-shaped modification with nanopillar structure in the
center (Fig. 5 (top-left)). Specifically, the molten silicon is
pushed away radially from the region with maximum depos-
ited energy leading to the ring-shaped ablation pattern. The
excess material pushed to the center of the ring solidifies
forming the nanopillar structure. In the case of azimuthal
polarization, the nanopillar structure is not formed due to the
lack of deposited energy and possibly the different material
dynamics after irradiation.”® The deposited energy is sup-
pressed by the higher Fresnel reflection for s-polarization
(azimuthal case) compared to p-polarization (radial case) at
the interface.

The laser-induced nanopillar, which was emerged along
the beam propagation direction, was subsequently ablated
during the second pulse irradiation due to the enhanced
transmission of the longitudinal field along the distorted
interface (Fig. 5 (top-right)). However, the irradiation by
double pulse azimuthally polarized beam kept the center
untouched partially covering it with the ablated material
(Fig. 5 (bottom)). This observation indicates that the needle
shaped surface structures aligned along the beam propaga-
tion direction are necessary for interaction with the longitu-
dinal field.

Numerical simulations of focused vector beams were
performed® to understand why the strong effect of
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Raial

FIG. 5. SEM images of the laser processed crystalline silicon surface. Each
spot was irradiated with single (left) and double (right) pulse radially (top)
and azimuthally (bottom) polarized beams with energies of 150 nJ.

longitudinal field did not produce modification in amorphous
and crystalline silicon. The simulations revealed that the
transverse electric field propagates without significant ampli-
tude changes, while the longitudinal electric field is discon-
tinuous through the interface when the incident beam is
focused at the water/silicon interface (Fig. 6 (top)). The
magnitude of longitudinal component decreases by a factor
of &,/ (~7.4), where &, and ¢, are the dielectric constants of
the media. Moreover, the total intensity distribution of radi-
ally and azimuthally polarized beams after the transmission
through the water/silicon interface (Fig. 6 (top)) match well
with the structures imprinted in the amorphous silicon film
(Fig. 4).

On the other hand, inside the silica glass, the magnitude
of longitudinal and transverse components are of the same
order, since the refractive index contrast at the air/silica
interface is relatively low (Fig. 6 (bottom)). Experimentally,
it was confirmed by the nanogratings formation both parallel
and perpendicular to the beam propagation direction (Fig. 3).

In conclusion, we have demonstrated the evidence of
longitudinal component of tightly focused radially polarized
beam by the observation of enhanced second harmonic gen-
eration in the z-cut lithium niobate crystal and by the laser-
induced anisotropy oriented perpendicular to the longitudinal
field in silica glass. Despite the lower threshold of
ring-shaped modification in amorphous silicon film and the
nanopillar formation in crystalline silicon, the longitudinal
electric field generated by the single pulse radially polarized
beam produces a negligible modification, which can be
explained by the discontinuity of longitudinal field at the
high-index-contrast interfaces. Thus, the longitudinal electric
field is not effective for modifying flat surfaces of materials
with high refractive index when irradiating from a low index
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mediums. On the other hand, the effect of the high-index-
contrast interface can be eliminated by using high numerical
aperture immersion objectives, e.g., solid immersion lenses.
Alternatively, the sub-wavelength structures oriented along
the beam propagation direction such as nanopillars or
enhanced surface roughness could be beneficial for material
processing by pronounced longitudinal field.
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Abstract: Thermal poling assisted homogenization of polydisperse Ag nanoparticles embedded in
the soda-lime glass is demonstrated. The homogenization leads to the narrowing of the localized
surface plasmon resonance. The subsequent irradiation with linearly polarized ultrashort laser
pulses induces spectrally defined and four times larger dichroism than in non-poled sample.

Metal-doped nanocomposite glasses are of interest for their unique linear and nonlinear optical properties.
Simple and low cost fabrication technique of nanocomposite glass is based on ion exchange. In this technique the
metal ions are embedded in glass matrix by ion exchange with further annealing in a reducing atmosphere, resulting
in randomly distributed metal aggregates with an exponentially decreasing filling factor across the depth [1]. The
optical properties of nanoparticles can then be controlled by ultrashort laser pulses with a wavelength close to
localized surface plasmon resonance [2]. However, a non-uniform distribution of nanoparticles in the glass matrix
complicates any laser assisted modification. In this work we demonstrate the poling assisted homogenization of Ag
nanoparticles embedded in soda-lime glass matrix, which improves laser assisted modification of optical properties.

The polydisperse nanocomposite sample prepared from soda-lime float glass by Ag"-Na" ion exchange method
was provided by CODIXX AG. The spherical Ag nanoparticles of 30-40 nm mean diameter were distributed in a
thin surface layer of several micrometers thickness with the high filling factor close to the surface. The sample was
thermally poled in air inside the oven using pressed-contact electrodes, with the anode facing the Ag-doped area.
The laser modification of Ag nanoparticles was performed using a regeneratively amplified, mode-locked Yb:KGW
based ultrafast laser system (Pharos, Light Conversion Ltd.). The laser system was operating at 515 nm (frequency
doubled) and 200 kHz repetition rate. The laser beam was focused on the top of sample via a x5 (NA=0.13)
objective lens. The modification of poled area was carried out using 1 ps pulse duration, linear polarization,
0.5 mm/s writing speed with 5 pm interline distance, 10000 pulses/mm density and the varying laser pulse intensity
from 2.2x10" W/em® to 4.4x10'" W/cm?, i.e. below the damage threshold of soda-lime glass. For the modification
of pristine area we used 700 fs pulses, linear polarization, 5 mm/s speed with 5 pm interline distance,
40000 pulses/mm density and the intensities from 5.0x10'° W/em® to 2.3x10' W/cm?®. For the optical
characterization, the absorption spectra of pristine and poled areas were taken with UV-VIS-NIR spectrophotometer
(Varian, CARY 500) and optical characterization of modified micro-areas was made with UV-VIS-NIR imaging
spectrometer (Andor, Shamrock SR-303i) and VIS microspectrometer system (Olympus BX51, CRAIC). The
spectral dependence of modified Ag-doped glass for s- and p-polarizations was measured by inserting linear
polarizer before the sample. Images were taken with Olympus BX51 system using x60 objective lens.
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Fig.1. (a) Absorption Spectra of pristine (black) and thermally poled (red) Ag-doped soda-lime glass. (b) Schematic procedure
for poling, red arrow indicates the gradient of released Ag ions.

Absorption (a.u.)

The thermal poling procedure leads to the ionization of Ag clusters. The higher the filling factor of Ag
aggregates, the higher the concentration of Ag ions is released [1]. As a result, the top layer is ionized much faster

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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than the bottom layers reducing the concentration and size of the nanoparticles located close to the surface. After
thermal poling procedure we observe narrowing and increase of the absorption band of Ag nanoparticles (Fig.1)
indicating that size distribution of the nanoparticles is reduced. This is a clear evidence of homogenization of Ag-
doped glass matrix.

T T T T T T T

(@ 0.022 TW/cm? 0.44 TW/ecm?
—— p-polarization =~ —— p-polarization|
s-polarization s-polarization ]

POLED Ag

=
o + + + t t Th
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—— p-polarization =~ —— p-polarization
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400 450 500 550 600 _ 650 700 750
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Fig.2. Absorption spectra of (a) poled areas modified with 2.2x10'° W/cm?® and 4.4x10" W/ecm® laser pulse intensities and (b)
pristine areas modified with 5.0x10'® W/cm? and 2.3x10"" W/ecm?, spectra were collected both for s- and p-polarized excitation. (c,d)
Images of the poled area modified with the highest energy, for s- and p-polarized illumination, respectively. Green arrows indicate

the direction of movement of spectra after the modification.

Ultrashort laser pulse assisted modification of metal-embedded glasses can cause both linear and nonlinear
effects due to extremely high peak intensities and the local enhancement of electric field, especially when the
irradiated frequency coincides with oscillations of electrons localized on metal surface. As a result Ag clusters in a
strong electric field are ionized leading to the shape deformation and dissolution [2, 3]. The deformed Ag
nanoparticles exhibit the differential absorption for s- and p-polarizations (Fig. 2). Although the laser pulse
frequency is off the peak of SP resonance, we observe strong laser induced dichroism in thermally poled sample.
The laser induced dichroism in the poled area was four times larger than in pristine sample at 640 nm. We assume
that there is a combination of two states, modified and non-modified Ag clusters, where the interline-unaffected Ag
clusters are dominant in the absorption spectra with the peak at 416 nm and elongated Ag clusters responsible for the
SP resonance splitting into two peaks, one around 640 nm for p-polarized excitation and another very weak below
416 nm for s-polarized excitation. Combination of thermal poling with ultrafast laser writing can lead to a fine
control of optical and structural properties of metal-doped soda-lime glass and can be applied for fabrication of
optical components and optical data storage [4, 5].
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We studied a femtosecond laser shaping of silver nanoparticles embedded in soda-lime glass.
Comparing experimental absorption spectra with the modeling based on Maxwell Garnett
approximation modified for spheroidal inclusions, we obtained the mean aspect ratio of the re-
shaped silver nanoparticles as a function of the laser fluence. We demonstrated that under our

: experimental conditions the spherical shape of silver nanoparticles changed to a prolate spheroid

. with the aspect ratio as high as 3.5 at the laser fluence of 0.6 J/cm>. The developed approach can be
employed to control the anisotropy of the glass-metal composites.

Ensembles of elongated metal nanoparticles embedded in transparent media are of interest due to their
intrinsic anisotropy' that results in linear and nonlinear dichroism and birefringence**. Conventionally,
such anisotropic glass-metal nanocomposites (GMNs) are fabricated by stretching glass slabs containing
. spherical nanoparticles®. In particular, this technique is used in commercially available dichroic polarizers,
: which employ glasses containing elongated silver or copper nanoparticles. 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
the wavelength. These devices are 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® or ion beams!®!!.
Irradiation of glasses containing spherical silver nanoparticles by femtosecond'?, picosecond'®, nano-
: second’ pulses or even continuous-wave (CW) laser beams'* results in the formation of metal spheroids
. with the processing condition-dependent shape. The type—prolate or oblate—and aspect ratio of the
. spheroidal nanoparticles are usually characterized with transmission electron microscopy (TEM)>!>16,
TEM and other characterization techniques, however, cannot be used to examine the shape of the nan-
oparticles in-situ as it is required for fabrication of complex, polarization-sensitive planar plasmonic
and photonic systems. At the same time, the laser-induced anisotropy of the metal nanoparticles mani-
fests itself in the polarization sensitivity of the optical absorption spectra; these spectra have been thor-
oughly studied in silver-based GMN in a wide range of expositions'. Although the information on the
ensemble-averaged aspect ratio of the nanoparticles is stored in the polarization-sensitive absorption and
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Figure 1. Experimental setup of femtosecond laser modification: femtosecond laser (FSL), second
harmonic generator (SHG), half-wave plates (\/2), polarizer (Pol), power meter (PM), flip-mirror (F-M)
allowing to send the radiation to the power meter (PM), dichroic mirrors (M), lens (L), objective lens
(0.21 NA), XYZ translation stage. Laser processing was monitored by CCD camera. Inset shows the optical
transmission (T) and reflection (R) images of laser-modified regions of GMN (of 1 x 1 mm?) irradiated with
various laser fluences. Black arrow indicates the laser writing direction, red arrow—the state of polarization.
Drawn by Rokas Drevinskas.

reflection spectra, the problem of revealing the nanoparticles aspect ratio from the linear dichroism of
the laser processed GMN is still unresolved.

In this paper, we report an investigation of the linear dichroism spectra of silver-based GMN irradi-
ated with intense femtosecond laser pulses at a wavelength of 515nm. Using an effective media approx-
imation for ellipsoidal inclusions'’, we analyze the measured differential transmission spectra for the
light polarized parallel (s) and perpendicular (p) to the polarization azimuth of the femtosecond laser
beam used for the GMN modification, and depict the dependence of the aspect ratio of nanoparticles in
laser-exposed GMN on the processing conditions.

Methods

GMN layer fabrication. GMN samples were prepared from soda-lime float glass by Ag*-Na* ion
exchange method described in details elsewhere!®. Ion exchange process was carried out at 325°C
immersing the soda-lime glass slides into Ag,sNa,osNO; solution for 20 minutes, when the subsurface
of the glass was enriched with silver ions. Later, the sample was annealed in hydrogen atmosphere at
atmospheric pressure for 10 minutes at 250°C. During the annealing, the silver ions in the glass were
reduced and then aggregated into nanoparticles’. Finally, we made two roughly 100 nm thick layers of
several nanometers sized silver nanoparticles (Ag NPs) embedded in the glass beneath both surfaces of
the slide?. Our TEM measurements showed that the procedure we use results in step-like concentration
profile of Ag NPs in the glass. According to the evaluations from Ref. 20 for similarly manufactured
GMN, the volume fraction of spherical nanoparticles is about 0.1 for 2nm particles radii. This size was
taken from the best fit of the measured optical absorption spectrum, supposing the width of the Ag NPs
size distribution was below 15%2.

Femtosecond laser modification of glass-silver nanocomposites. In order to investigate the
laser modification of the GMN, the sample was irradiated with 330fs pulses generated by regeneratively
amplified, mode-locked Yb:KGW based ultrafast laser system (Pharos, Light Conversion Ltd.) operat-
ing at 515nm (frequency doubled) at a 20kHz repetition rate. We irradiated the series of 1 x 1 mm?
square regions of the sample by writing 1 mm lines with 2 pm interline distance. The writing speed was
0.5mm/s, and the laser pulse energy was controlled by a half-wave plate and linear polarizer (Fig. 1) and
varied in the range of 0.01-0.065u] for different squares. The laser beam was polarized parallel to the
writing direction. The beam was focused inside the substrate via a 0.21 NA objective lens providing a net
fluence of 0.25-1.625J/cm? (0.76-4.9 TW/cm?), each point under the beam was irradiated with ~60 laser
pulses. For a set of laser energies the series of squares were written (Inset in Fig. 1).

Laser induced linear dichroism measurements. Optical characterization of the pristine and irra-
diated GMN regions was performed with UV-VIS-NIR microspectrometer system (Olympus BX51,
CRAIC). The absorbance spectrum of the pristine GMN was measured using a non-polarized light
(Fig. 2). The dichroism of the irradiated regions of the GMN was studied by measuring differential opti-
cal density AD = logw(]ﬂ/ TLP, where Tj and T, are the transmittances of light polarized along
(s-polarization) and perpendicular (p-polarization) to the writing beam polarization, respectively (Fig. 2).
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Figure 2. Absorbance spectra of original GMN (dashed), and after laser irradiation with 0.5J/cm?*
fluence (solid) in s (red) in p (black) polarized light. Green line denotes the wavelength of the modifying
laser.

We controlled the polarization of the probe light beam by inserting a linear polarizer before the
sample.

Results

Figure 3 demonstrates the difference in optical densities AD = logw(]ﬂ/ T_L) of the modified GMN for
orthogonally polarized probe beams. One can see two strong bands in the vicinity of 450 nm and 750 nm
that dominate the linear dichroism spectrum of the processed GMN substrate. The linear dichroism
originates from the splitting of the surface plasmon resonance (SPR) when spherical silver nanoparticles
are elongated by the femtosecond laser irradiation?. In other words, the SPR position in the transmittance
spectrum is different for s and p-polarized probe beams.

Figure 3 shows that the linear dichroism of the modified GMN is non-monotonous function of the
laser fluence. Specifically, the SPR associated with T, (i.e. when AD is negative) becomes stronger when
the fluence increases up to 0.625J/cm? (Fig.3(a)), and its strength decreases for higher fluences (Fig. 3(b)).
Figure 4 shows the spectral position of the differential optical density minimum as a function of laser
fluence. The dependence behaviour can be due to the heat accumulation at higher laser intensities that
prevents complete solidification of silver spheroids between two subsequent femtosecond pulses and
partial destruction of nanoparticles'®.

Discussion

The reshaping of silver nanoparticles under laser irradiation is caused by the enhancement of the local
electric field in the vicinity of metal inclusion in dielectric. At high laser intensities, the local field gives
rise to the ejection of electrons from metal nanoparticle into the glass matrix and drastically increases
the local temperature!® driving the system out of equilibrium. This provokes the transformation of spher-
ical nanoparticles to spheroids with rotation axis along the polarization azimuth of the laser beam and
eventually leads to the optical dichroism.

For the analysis of the GMN modification, it is instructive to consider optical properties of the homo-
geneous composite medium consisting of identical metal spheroids with permittivity ¢, embedded into
a host matrix with permittivity e. We assume that the spheroids size is much less than light wavelength
and that they all have the same shape and orientation prescribed by the polarization of the processing
femtosecond laser beam. Since we studied silver-based GMN with the metal concentration less than 15
vol.%, we employ Maxwell Garnett approach (MGA)?! by describing the permittivity tensor of the com-
posite in terms of the polarizability tensor of the spheroids’.

The polarizability tensor of an isolated spheroid with the radii of a and ¢ (rotation axis) can be pre-
sented in the following form: a;;=v,0;, where vy=4mca*3 is the volume of the spheroid. If z axis is
dirglcted along the rotation axis ¢ of the spheroid, tensor 3; is diagonal one, 3, = 3, = 3, and 8,, = ),
an

€m — €

A= TN e =9 )

Here Ny, are depolarization factors of the spheroid',

2 o0
Nllzﬂf z3dj 0
2 Jo (s+ A2 (s + a?)

SCIENTIFIC REPORTS | 5:13746 | DOI: 10.1038/srep13746 3

157



PaperJ

www.nature.com/scientificreports/

400 500 600 700 800 900
0.10 T T T T

0.05 4

0 J/iem?

0.00

~ -0.05 Fluence 0.25 Jiem’ 1
Ly grow
=~
o -0.104 -
g 0.3125 Jiem?
-0.15 4
-0.20 5
5 0.5 J/cm
0.375 Jicm
0.10 + } t t
0.05 b 4
1.625 J/ecm?

0.00

1.125 J/em?

- -0.05 0.875 J/lcm? p
=
=-
© -0.10 g
2 2
2 0.625 J/em
0.15 i
2
0204 Fluence 0.5 Jiem J
grow
-025 K T T T
400 500 600 700 800 900

Wavelength, nm

Figure 3. Differential optical density of the modified GMN. (a) Low power regime: the resonance band
shifts towards longer wavelengths, and its strength increases as the laser power increases. (b) High-power
regime: the resonance band shifts towards shorter wavelengths, and its strength decreases as the laser power
increases.
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Figure 4. The position of the differential optical density minimum as a function of laser fluence. The
data are extracted from the spectra shown in Fig. 3.

and N, = (1 - N") /2. For a sphere N, = N = 1/3, while for prolate and oblate spheroids the depolar-
ization factor is & < Nj < land 0 < Nj < 1/3, respectively.

The dielectric permittivity of silver in the visible spectral range can be well described in the Drude
model framework?:
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Figure 5. Surface pl n re e wavelengths calculated for oblate and prolate silver spheroids of
different aspect ratios in the glass matrix. Red and black solid line show SPR wavelength for the light
polarized along a- and c-axis, respectively. The following parameters were used for the numerical
simulations: e, =4, \,= 135nm, Yw,=0.1 [23], e=2.72.

w(w+ i)’ (2)

where €, is the high frequency permittivity, w, is the plasma frequency, and v is the electron scattering
rate?. The model’ allows calculating SPR for a silver spheroid for the plasmonic oscillation along a-axis
and c-axis. The dependence of SPR wavelengths on the spheroid aspect ratio is illustrated in Fig. 5. It is
worth noting that in Fig. 5, the electron scattering at the surface of the spheroid is not taken into con-
sideration, i.e. the size of the spheroid is not accounted for.

When the c-axes of the spheroids are aligned in the same direction, the composite possesses the
properties of uniaxial material. Thus the dielectric permittivity tensor of the composite is diagonal,

— — — 17
€ = €, = €, and ¢, = ¢, where

4=t

8.1
e
1= N, By

and f is the volume fraction of the spheroidal inclusions.

It is convenient to express ¢ and ¢, in terms of AN = N — 1/3, a quantitative measure of the sphe-
roidicity of nanoparticles that constitute the composite:

3(1 + ANBy) + (2 — 3AN)f B,

©)

D= S0 1 ANBy) — (1 1 3AN)f5, (4)
. _ 32— ANG) + (2 + 3AN)fB,
T 32— ANBy) — (2 - 3AN)fB, (5)
Here
_ 3(€m — 6)
bo= €t 26 (6)

represents the polarizability ay= v, of a sphere with volume v,. One can see that at AN=0, Eqs (4,5)
give the permittivity of the isotropic composite consisting of spherical nanoparticles,
g=¢eL=¢(3 + 2fB,)/(3 — fBy).- When AN=0, i.e. when nanoparticles are spheroids, the GMN is
anisotropic. However, the optical anisotropy of the composite can be controlled not only by the particle
spheroidicity AN, but also by the volume fraction f In particular, Eqs (3,4) yield ¢ — ¢,
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AN (e, — €)f (1 — f), i.e. in the Maxwell Garnett composite (f<<1), the anisotropy is proportional
to the product of ANY. This implies that the change of particles shape and metal volume fraction provides
us two independent channels for the GMN optical response control.

The anisotropy of the composite comprising of metal spheroids embedded into the dielectric matrix
manifests itself in the linear dichroism contrary to almost pure birefringence observed in glasses without
nanoparticles after ultrashort pulse irradiation?. Specifically, in the irradiated nanocomposite the posi-
tion and the width of the SPR are different for the light polarized along c- and a-axis of the spheroid.
The SPR wavelength in a spherical particle can be determined within the conditions of vanishing the real
part of the denominator in Eq. (6), Refe,, + 2¢} = 0. However, in the composites comprised of sphe-
roids, the SPR resonances for the light polarized along ¢- and a-axes take place at different frequencies
that can be found from the following equations:

R{ 2—3AN+fU+3Am}_
%= (1 +3AN)(1 — f) o

7)

B 4+ 3AN + 2f (2 — 3AN)
eqe =

" (2= 3AN)(1 - f) (8)
It is instructive to obtain an analytical formula for the SPR resonance in the composite using Drude
model. By using Eqs (7,8) and taking into account that in the visible spectral range w,>>1, one can
obtain the following equations for the surface plasmon wavelengths for light polarized along and per-
pendicular rotation axis of metal spheroids comprising the composite:

sy [, 2= 3AN T+ 3AN)
I pyfTe0 (1 +3AN)(1—f) )

4+ 3AN + 2f (2 — 3AN)
(2 -=3AN)(1 - f)

)

)‘EPR = )\p\/goo + €
(10)
SPR

where \,=2mc/w, is the plasma wavelength. At f < 1, A} and )\"sp R depend on the aspect ratio simi-
larly to resonant wavelengths of the isolated spheroid (see Fig. 5).
By using Eqs (9,10) we can show that with w,, w>>, the SPR has Lorentzian shape,

tm{eyy ()} oc | (A = ATF) + (AXTRY

’ (11)
where the linewidth is determined by the electron scattering rate,
SPR ., Y ySPR
Ad AL (12)

It is necessary to mention that electron scattering rate -y in a nanoparticle can be considerably higher
than that in a bulk metal. Specifically, for silver spherical nanoparticle with radius r, the scattering rate is
~y=1/7+ AV/r where 72230 fs and V= 1.4 x 10%cm/s are the electron collision time and Fermi velocity
in the bulk silver, respectively, and A is the parameter of the order of one?. Since in our experiment, the
GMN was comprised of silver nanoparticles with radius less than 10nm?, one may expect that in our
experimental conditions, the collisions of free electrons with the particle’s surface dominates +.

From Egs (9,10) we observe that SPR can be shifted by changing the metal volume fraction. In par-
ticular, for prolate spheroids 0 < AN < 2/3, ,\HSP R varies in the spectral region )\HSP R )\DSP R while )\fP R
changes in the region A% < A\ SPR. Here

2+f
1—f

is the SPR wavelength for the nanocomposite comprised of spherical nanoparticles.

It is worth noting that modification of the particle shape also affects the electron scattering rate v in
Eq. (8). Specifically, in spheroids, the collision rate, which is the function of radius in spherical metal
nanoparticles?, depends on whether electron moves along c- or a-axis®. If we assume that the particle
volume v,= 477*/3 does not change under its transformation from a sphere to a spheroid, the scattering
rates for electrons oscillating along c- and a- axis can be expressed asy = v (a/ o)andy, = y(c/a)’,
respectively.

)\GSPR = )‘P €+ €
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Figure 6. (a) Absorbance of the non-modified GMN calculated using MGA (black solid line) and obtained
in the experiment (wide grey line). (b) Solid lines represent differential optical density of the GMN after
laser irradiation with fluence of 0.375 J/cm? (black), 0.5]/cm? (red), and 0.625J/cm? (blue). Dash lines
represent differential optical density of the GMN calculated using MGA upon c¢/a=3.32, {=0.37 (black);
c/la=3.61, {=0.38 (red), and c/a=3.74, {=0.31 (blue). Inset shows nanoparticles inside the laser modified
sample. (c¢) Simulated spectrum of the differential optical density vs aspect ratio and resonance wavelength
for {=0.31. The following parameters were used for the numerical simulations: ¢, =4, A, =135nm,
Yw,=0.09, L=10nm, f=10.06, ;= 0.016 nm™, the refractive indices of the bare and silver-enriched glass
are 1.5 and 1.65, respectively.

SCIENTIFIC REPORTS | 5:13746 | DOI: 10.1038/srep13746

161



PaperJ

www.nature.com/scientificreports/

3.5+

]
(=)
!
L

Aspect ratio (c/a)
Noow
L. P

o
I
L

=)

02 04 06 08 10 12 14 16
Fluence, Jicm®

o
o

Figure 7. Aspect ratio, c/a, of prolate silver spheroids as a function of the modification laser fluence.
The relation between the peaks of differential optical density and the aspect ratio of spheroids were extracted
from the processed transmission spectra partly shown in Figs 3 and 6(b). The inset schematically show
nanoparticles shape and location inside the laser irradiated sample.

Equations (4,5) allow us to model polarized transmission spectra of the structure consisted of a layer
of the modified GMN, bare glass substrate, and a layer of the pristine GMN comprising spherical nan-
oparticles. The latter should be taken into account because the ion exchange technique (see Section 2)
results in the formation of nanoparticles beneath both surfaces of the glass plate, while the tight focusing
of the femtosecond laser beam leaves the back surface of the sample unmodified.

In order to reveal the parameters of nanocomposite we performed fitting of measured linear absorp-
tion spectrum of the non-modified GMN. In the fitting, we used conventional Drude model parameters
for silver, e, =4, \,=135nm, y/w,=0.09%, and assumed that the refractive indices of the bare and
silver-enriched glass are 1.5 and 1.65. This difference in the refractive indices originates both from the
ion exchange and increase of silver ions concentration in the subsurface region of glasses in the course
of the hydrogen processing'®?. The scattering losses in the subsurface layer were taken into account
phenomenologically by introducing extinction coefficient o, =0.0016nm~'. One can observe from
Fig. 6(a) that we obtain a good agreement between the calculated (solid line) and measured (broad grey
line) spectra upon the f=0.06 and the thickness of silver-enriched layer L =100nm.

The obtained parameters of the non-modified composite allow us to reproduce the spectra measured
after the femtosecond laser irradiation (Section 2.2). We assume that the laser processing results in the
transformation of spherical metal nanoparticles into spheroids only beneath the front surface of the
sample. However, it is worth noting that in our experiments, the distance between lines is 2pum, with
the spot diameter of 1.6 pum. According to the lower intensity in the periphery of the focal spot and the
periodicity of the inscribed lines, considerable area of the processed region remains unmodified. Despite
the fact that only modified regions of the sample possess linear dichroism, both modified and non-modified
areas contribute to the transmittance: I,/I; = {Ty, + (1 — &) Ty. Here Ty, and Ty are transmittances of
the modified and non-modified regions, while & describes relative area of the modified region. That is
from Fig. 6(b), where we presented experimental and calculated spectra of differential optical density
AD = log, 0(7]| /T L), one may conclude that in our experimental conditions more than 30% of the nan-
oparticles beneath the front surface of the glass were modified. We also simulated the spectrum of the
differential optical density as a function of the spheroids aspect ratio and plot it in coordinates of c/a and
resonance wavelength (Fig. 6(c)).

The fitting of the experimental spectra shown in Fig. 6(b) allows us to obtain the aspect ratio of
reshaped particles as a function of the fluence of the processing laser beam (Fig. 7). By comparing Figs 4
and 7, one can conclude that A’ is a nearly linear function of the aspect ratio the same way as for
isolated spheroids in Fig. 5. In our experimental conditions, this function takes the following form:
Xgpr[nm] A2 145(c/a) + 275 nm. This is in a good agreement with the estimations made for the isolated
spheroids®.

One can observe from Fig. 7 that in our experiment, we obtained the maximum aspect ratio of
c/am3.5 at the fluence of about 0.625]J/cm? It is worth noting however that increasing laser fluence
results in the drop of the aspect ratio down to ~2.6. The observed phenomenon can be understood if one
recall that elongation of nanoparticles within focal area of the writing beam is accompanied by their
rapid heating due to the relatively slow (0.5mm/s) translation of the sample and relatively high (20kHz)
repetition rate. Since each pulse increases the nanoparticle temperature by AT =~ v I/Ar,, where I is the
laser pulse intensity, k,~ 1 W/mK is the thermal conductivity of the glass, v, is the nanoparticle volume?,
even at moderate intensities melting of the nanoparticle and softening the surrounding glass occur?.
These thermal effects influence the electric and surface tension forces, whose balance determines the
shape of the nanoparticle. In our experimental conditions, one may expect the elongation of the nano-
particles caused by electrical forces at fluences above 0.625]/cm? results in their partition with the
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formation of less elongated nanoparticles, which gives rise to the decreasing of aspect ratio at fluences
between 0.625]/cm? and 1]/cm?. When we increase fluence higher a strong local electric field eventually
destroys nanoparticles'>? similarly to their destruction by strong DC electric field*.

Conclusion

By comparing the experimental and theoretical differential transmittance spectra of the femtosecond
laser processed silver-based GMN we demonstrated that in the wide range of the laser fluences the aspect
ratio of the reshaped silver nanoparticles comprising GMN is a linear function of the fluence. This result
opens avenues towards the control of shape and optical properties of metal nanoparticles essential for a
variety of plasmonic and nanophotonic applications. In particular, this is important for modification of
GMN with high spatial resolution in order to create a plasmon enhanced gratings and widely tunable
surface components. Spectral separation between the SPR peaks of orthogonally polarized light as high as
400 nm was obtained, that corresponds to transformation of the spherical silver nanoparticles into prolate
spheroids with the aspect ratio up to 3.5. This light-induced anisotropy can be increased even further
by using GMN substrates with larger metal particles and by controlling the overall modification process.
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