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Femtosecond laser writing in transparent materials

by Weijia Yang

Optical waveguides (type-1), with perfect mode rhatg to the standard single-mode
fibore and with an overall insertion loss of ~1 digve been demonstrated in high
index bismuth borate glass by femtosecond lasecdwriting. Broadening of the
transmitted light source by as much as 500 nm weashodstrated through a
waveguide with a length of 1.8 cm. Finally, passna&veguide components such as
Y-splitters and directional couplers have also bésricated using this writing
technique.

Self-assembled, sub-wavelength periodic structrgse-11) are induced in fused
silica by a tightly focused, linearly polarizediftosecond laser beam. Two different
types of periodic structures, the main one withqee(Ag) in the direction of the laser
beam polarization and the second with periagd) (in the direction of the light
propagation, are identified from the cross-sectiomages of the modified regions
using scanning electron microscopy. The perieds proportional to the wavelength
of the writing laser and the periatk in the head of the modified region remains
approximately the wavelength of light in fusedcsili

A new phenomenon in ultrafast laser processingasfsparent optical materials, in
particular silica glass, manifested as a changeaterial modification by reversing
the writing direction, is observed. The effecterables writing with a quill pen and is
interpreted in terms of new physical effect - atigpic trapping of electron plasma
by a tilted front of the ultrashort laser pulseff@ent types of modifications are
induced in fused silica by controlling the pulsenir tilt.

Birefringent modification is demonstrated in thealdogenide glass by femtosecond
laser direct writing. The optical axis of the bire§ent region is not determined by
the laser polarization direction. It is observedttthe information on the direction of
writing can be recorded and be rewritable in th@ladgenide glass.

Finally, a unique non-reciprocal photosensitivsyidentified for the lithium niobate
crystal for ultrafast laser direct writing. Therefpin a non-centrosymmetric medium,
modification of the material can be different wheght propagates in opposite
directions.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation and aims

Since the invention of the laser in 1960 [1], thesw form of light has attracted
enormous interest because its relevance to a &iagerof applications in science and
technology including laser spectroscopy, laser oieeiand laser material processing.
More recently, lasers with pulse duration in thentiesecond regime have been
demonstrated [2]. The ultrashort pulse lasers ogenfrontiers in ultrafast optics and
spawn research groups around the world. Ultrashalse lasers have two main
advantages compared to the conventional laserst, Hire ultrashort pulse duration
enables a measurement with extremely short tempesallution on a femtosecond
scale. Dynamic studies of chemical reactions inegaand charge carriers in
semiconductor have been carried out using ultraghdse lasers [3, 4]. Second, the
focused ultrashort pulses can produce extremely imggnsity enabling new frontiers
in the physics and technology of light-matter iatgions ranging from table-top
ultrafast x-ray generation and filament propagation air to super-continuum
generation and ultrafast laser material procesgng]. The work presented in this
thesis will mainly focus on the study of femtosetdaser interaction with transparent
materials. For the most of the available commerfgaitosecond laser system, the
intensity at the focus can reach'3@/cn? when the laser is tightly focused inside the
transparent material. As a result, nearly any nesernncluding wide band-gap
insulator, such as sapphires and fused silica,beagasily ionized through nonlinear
absorption, resulting in optically induced breakdovwloreover, during the laser
material processing, the absorbed pulse energyaanytransfer to the lattice on the
order of 10 ps. As a result, in contrast to theemak modification using nanosecond

or longer laser pulses where the processing is mmed by the thermal effect, for the
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femtosecond laser interaction with the materialsgly clean modified region with
minimum collateral damage and heat affected zome ke induced making it a
promising technique for high precision micro-sturetg materials. Furthermore, the
nonlinear absorption process enables induced matidin to be confined in the focal
volume where the local intensity is higher than theeshold for modification. The
transparent material can be bulk modified in aghlenensional manner, by simply
moving the transparent material relevant to thalfepot of the laser beam.

Depending on the focusing position of the lasernhesurface patterning or bulk
modification could be realized in transparent materusing focused femtosecond
laser irradiation. In this thesis, we will mainljudy the latter case where the laser
beam is focused inside the bulk transparent matefiae first demonstration of
micro-modification inside bulk glasses using fermstmmnd laser pulses occurred in
1996 by Hirao group where optical waveguides haenlfabricated [8]. In the same
year, Mazur group demonstrated the ability to modife refractive index of sub-
micrometer sized volumes inside the transparenémafproviding a new method for
three-dimensional data storage [9]. Since themifgignt attention has been drawn to
the study of modification of materials with ultrashlaser pulses which generates a
wide range of applications including laser surgd@], integrated optics [8, 11-31],
optical data storage [9, 32-34] and three dimemgioncro- and nanostructuring [35-
66]. Moreover, depending on the exposure parametedsmaterial property, three
qualitatively different kinds of structural changean be induced inside transparent
materials: an isotropic refractive index change niyaiused for the waveguide
inscription [8] (type-l); a form birefringence witegative index change enabling the
realization of retardation plates [39] (type-lIjdaa void suitable for the application
of data storage [34] (type-lll). Despite the proenisf ultrashort laser pulses in
processing transparent material for a variety opliaptions, the mechanism of
inducing different structural changes in transpareraterials is still not fully
understood.

It is with this background that our investigationsthe field of femtosecond laser

interaction with transparent materials began. Tlannobjective of this thesis is to
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explore novel applications using femtosecond laBexct writing technique and to
gain further knowledge of the fundamental light-engtl interactions.

Waveguide writing is one of the most important aagtlon for the femtosecond laser
induced type-I modification. There are only few agp on the femtosecond laser
direct writing in high index glasses such as SkEbaJcogenide and heavy metal oxide
glasses havingo > 1.8 andn, > 10™°cnf/W [18, 27, 46, 67]. Bismuth borate glass
possesses a large walue (5 x 18°cn/W at 1064 nm) which is almost 20 times
higher than the nonlinear refractive index of siliglass [68]. This makes it an
excellent candidate material for the fabricationnohlinear optical devices such as
optical switches or supercontinuum generators. b\ge thermal poling can induce
high second-order nonlinearity in bismuth boratesgl[69], which can be used for
fabricating nonlinear optical devices such as fesmy converters or electro-optic
modulators [24]. Despite these advantages, theemghtation of passive waveguide
components in bismuth borate glass using femtoskdaser direct writing is still
unexploited. In this thesis, type-lI modification sMirstly demonstrated in high index
bismuth borate glass using femtosecond laser diwethg. Low loss waveguides and
passive waveguide components were also fabricated.

Recently, femtosecond laser induced type-ll modifans characterized by
birefringence, anisotropic reflection and negatthenge, have attracted increasing
interests [36-38, 48]. The self-assembled periodimostructures, which have a size as
low as 20 nm and formed in the focal volume of flaged silica, justified all the
phenomena observe for this type of modificationcrighreflectors, rewritable data
storage and micro-fluidic channels have been detrairs using these nanostructures
[37, 38, 48, 54, 55]. Despite the varieties of aapions, there is still lack of
characterization of their properties on variousritation parameters, which are
essential to enable a better understanding of teehamisms responsible for the
formation of the nanostructures, and consequemtly to efficiently exploit them. In
this thesis, Type-Il modification in fused silicaasvstudied using variable repetition
rate femtosecond fiber laser system at two diffevesvelengths. A two dimensional
periodicity, one along the polarization of lightdamne with the value of laser
wavelength along the light propagation directioraswidentified. In addition, a
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guantitative analysis the dependence of the natingsaperiod as a function of laser
parameters was completed. Moreover, it was demaiestthat the range of effective
pulse energy which could produce nanogratings m&xrahen the pulse repetition

rate of writing laser increases

Generally, the femtosecond laser induced modificstidepend on the exposure
parameters (wavelength, pulse duration, repetitate, pulse energy) and material
property (bandgap, thermal diffusivity). Here, avnphenomenon in ultrafast laser
processing of transparent optical materials, irtigaar silica glass, manifested as a
change in material modification by reversing thating direction was observed. The
tit of pulse front was utilized as a new parameter control the structural

modification.

Birefringent modification is induced in the chalemige glass by femtosecond laser
direct writing. Unlike the previously reported pbotduced anisotropy in
chalcogenide glass [70, 71] and form birefringeinctised silica [39, 40], the optical
axes of the birefringent region are not determibgdhe polarization direction of the
irradiating light. Instead, by varying the scanndigection of the laser irradiation, the
optical axes of the birefringence can be changeda Aesult, the information on the
direction of writing could be recorded inside tgaasent materials. Moreover, this
type of photoinduced anisotropy can be erased Imgalimg, and is reversible by
repeatable scanning.

Finally, a unique non-reciprocal photosensitivitgsndentified for the lithium niobate
crystal for ultrafast laser direct writing. It wdemonstrated that when the direction of
the femtosecond laser beam is reversed from +Z I directions, the structures
written in lithium niobate crystal when translatitige beam along the +Y and -Y
directions are mirrored. Therefore in a non-centmosetric medium modification of

the material can be different when light propagategposite directions.
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1.2 Thesis Overview

In chapter two: This chapter provides an introdurctito the basic nonlinear
propagation and ionization mechanisms that govgrtive interaction of ultrashort

pulse with transparent materials.

In chapter three: The experimental setup for thetdsecond laser material
processing was introduced. Quantitative phase angfribgence technique for
characterizing the sample after irradiation has bé&en discussed.

In chapter four: This chapter presents resultsosftve refractive index modification
(type-l) in high index bismuth-borate glass by fesaicond laser irradiation. A
specific set of writing parameters leading to waudgs perfectly mode matched to
standard single-mode fibers at 1/ with an overall insertion loss of ~1 dB and
with propagation loss below 0.2 dB/cm was identifiePassive waveguide
components such as Y-splitters and directional Evghave also been demonstrated.
Finally, the nonlinear refractive index of the wgu@&les has been measured to be 6.6
x 10" cnf/W by analyzing self-phase modulation of the praimg femtosecond
laser pulse at the wavelength of 14®. Broadening of the transmitted light source

as large as 500 nm was demonstrated through a wiaeegith the length of 1.8 cm.

In chapter five: This chapter presents resultsndticed form birefringence (type-Il)
in fused silica by femtosecond direct writing. Ssdsembled, sub-wavelength
periodic structures are induced in fused silicalyghtly focused, linearly polarized,
femtosecond laser beam. Two different types ofguiristructures, the main one with
period (Ag) in the direction of the laser beam polarizatiod #ghe second with period
(Ax) in the direction of the light propagation, arentified from the cross-sectional
images of the modified regions using scanning sd@ciicroscopy. We demonstrate
the spatial coherence of these nanogratings irpldme perpendicular to the beam
propagation direction. The range of effective pudseergy which could produce
nanogratings narrows when the pulse repetition oateriting laser increases. The

period Ag is proportional to the wavelength of the writiraggér and periody in the
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head of the modified region remains approximatbfy wavelength of light in fused

silica.

In chapter six: A new phenomenon was discoveredltmafast laser processing with
transparent optical materials, manifested as agehan material modification by
reversing the writing direction. The effect reseesblvriting with a quill pen and is
interpreted in terms of new physical effect - amigpic trapping of the electron
plasma by a tilted front of the ultrashort laselspuDifferent types of ultrafast laser
induced modifications were demonstrated insideduskca by varying the direction
of pulse front tilt.

In chapter seven: Birefringence is induced by fesmtond laser direct writing inside
chalcogenide glass. The optical axes of the birgémt region are not determined by
the polarization direction of the irradiating lighihstead, the direction of the optical
axis is defined by the laser scanning direction dnedbirefringence is produced by
stress which was induced by thermal expansion efglhss during laser irradiation.
Moreover, the polarization of light, passing thrbudpe modified region, rotates in
opposite directions on the two sides from the eerdf the region, which was
produced by the twist of optical axis along thehtigpropagation direction.
Furthermore, it is observed that the informationtle@ direction of writing could be

recorded and be rewritable inside transparent imater

In chapter eight: It has been a common belief thaa homogeneous medium, the
photosensitivity and corresponding light-inducedtamal modifications do not

change on the reversal of light propagation dicectHere we demonstrate that when
the direction of the femtosecond laser beam isreedefrom +Z to — Z directions, the
structures written in lithium niobate crystal whiganslating the beam along the +Y
and -Y directions are mirrored. Therefore in a mentrosymmetric medium

modification of the material can be different wheght propagates in opposite

directions.

In chapter nine: This chapter concludes the thegisummarizing the key findings

and gives an outlook on future research and apicdirections.
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Chapter 2

Background

In this chapter, the equations describing the neali propagation of ultrashort laser
pulse in transparent material are first reviewe8ewction 2.1. Section 2.2 gives a brief
overview of the nonlinear ionization mechanism iwed during the laser material

interaction process.

2.1 Ultrashort laser pulses in transparent material

The propagation of an electromagnetic wave in anmagmnetic medium, where there

are no electric charges or currents, is governetthdyWlaxwell equations:

_0B(r,t)

OxE(rH) === (2.1)
DXH(r,t):aD;+t) (2.2)
OID(r,t)=0 (2.3)
OIB(r,t)=0 (2.4)

with
D(r,t) = £,E(r,t) +P(r,t) (2.5)
B(r,t) = #oH(r,t) (2.6)

whereE andH are the electric and magnetic fields, respectjvBlyand B are the

corresponding electric flux density and magnetiex fdensity; £, and 4, are the

electric permittivity and magnetic permeability iree space, an® is the induced
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polarization. By solving the Maxwell equations, thave equation that describes the
light propagation in a homogeneous and isotropidioma becomes:
1 0°E 9°P

DPE+—— =~
oz e

(2.7)

/ 1 . o : :

wherec = , and c is the speed of light in vacuum. In coniamatl optics when
SOIUO

the electric field strength is small, the polarizatvectorP is a linear function o

P(r,t) = e, xVE(r,t) (2.8)

where x® is the first order susceptibility tensor and we éhdaaken the material
response to be instantaneous. For an isotropicumedihe linear susceptibility is

defined as the scalar quantit$ . This further simplifies equation (2.7)

n? 9%E
O2E +C—g e = (2.9)
wherengis the linear refractive index
n, =1+ x® (2.10)

The linear relation betweeld andE in equation is only an approximation. At high
field strengths, it is no longer valid. The deperaeof the polarization on the field
becomes nonlinear and is generally described asvamnseries of the electric field:

P=c, (Ve + yPEE+ Y PEEE+.) s[p(l) +p@ 1pB +} (2.11)

where y (j = 1,2,...) is thej™ order susceptibility, andP? is the j™ order
polarization. Generally, the orders over tl‘f’eir$(2.11) are negligible. Moreover, in a

material with an inversion symmetry,® = , @s a result (2.11) becomes:

P=p®4+p® = 80()((1) +:—:X(3)|E|2)E (2.12)
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hence (2.12) can be simplified to:

n® 92E
0%E o =0 (2.13)

The refractive indexr can be given as:

n= \/1+)((1) +:31)((‘°’)|E|2 =n, +n,| (2.14)

3 X(3)
2

wheren, = a
£,ClY

. . L 1 .
is the nonlinear refractive index and= Esocn0|E|2|s the laser

intensity. This nonlinear refractive index giveserito self-focusing and self-phase

modulation when the ultrashort pulses propagateutivahe medium.
2.1.1 Self-focusing

Self-focusing of light is a result of refractivedex variation due to the spatial
distribution of the intensity profile. As shown ingF2.1, when an optical pulse with a
Gaussian shaped spatial profile propagates througasa plate, the intensity profile
produces a Gaussian transverse refractive indexibdison. The material at the
center of the laser beam will have a large refvacindex. As a result, the material is

turned into a positive lens and focuses the inc¢itheser beam.

n=nt+nl

A\

Figure 2.1: The relation between an intense lasambwith a Gaussian spatial profile and a
nonlinear index of refraction in the material.




Chapter 2 Background

Although the refractive index change depends onlaber intensity, the strength of
the self-focusing effect depends only on the peakegr of the laser pulse [72]. As the
power of the laser pulses increased to some crifioaler, filament is formed in

which the self-focusing balances diffraction. Thiical powerP. was given as [72]:

_ (061> A

s, (2.15)

cr

where)y is the vacuum wavelength of the laser radiatiorfued silican; is 3.2 x
10™® cnf/w andng is 1.47, so thal,, is calculated to be 2 MW. For a laser pulse with
150 fs duration, this threshold is correspondingutse energy of 0.fJ. If the peak
power of the laser pulse exceeds this critical potiem catastrophic collapse of the
laser beam could happen [72]. In reality, the &letron plasma created as a result of
nonlinear ionization contributes a negative refk@cindex change which prevents

further self-focusing [73].
2.1.2 Self-phase modulation

Self-phase modulation is the counterpart of seififng in the time domain.
Considering an optical pulse propagating througjtaas plate with the length L, the
phasegt) is given by:

W, w,L
qa(t):nTOL—cuOt:(nomzl(t)) g -

awpt (2.16)

where « is the carrier frequency. If the linear dispersian negligible, the

instantaneous frequenayt) then has the form:

__04t) _ iyl 01 (1)
) == = =2 = (2.17)

As a result, the leading edge of the pulse shdt®ower frequency (red) while the
trailing edge shift to the higher frequency (blu&he spectrum of the laser pulse
broadens with the propagation distance.

10
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2.2 Femtosecond laser induced optical breakdown

In dielectrics, electrons are strongly bound to lditéice and the minimum energy
needed to free electrons from the valence bandlifmnof 9 eV for fused silica) is
well above the single photon energy of the nearefl light source. (800 nm, 1.55
eV). As a result, the infrared light can not beaabsd. However, when the incident
laser intensity is high enough, the nonlinear gitsmm become possible allowing the
transparent material to be modified by light. Thechmnism of ultrashort laser pulse
modification of transparent materials can be digideo two parts: absorption of laser
energy by the materials through nonlinear ionizaiad the subsequent dissipation of
the absorbed energy. The nonlinear absorption tgit@se through three steps:
production of initial seed electrons through no&din photoionization; followed by
avalanche photoionization and finally the plasmamfation. In this section, we first
review three ionization processes that can takeepluring optical breakdown:
multiphoton absorption, tunneling, and avalanchez@ation. A discussion of material
modification due to laser induced ionization andspha generation in transparent

materials will also be presented.

For optical breakdown and material damage to ocoutransparent material, a
nonlinear absorption mechanism must deposit lagergy in to the material by
promoting electrons from valence band to the conolndand. There are two classes
of nonlinear mechanisms that play a role in thisoaption, photoionization and

avalanche ionization.
2.2.1 Photoionization

Photoionizaton refers to direct excitation of thecton by the laser field. Depending
on the laser frequency and intensity, there are tdifferent regimes of
photoionization, the multiphoton ionization (MPIpcatunneling ionization [74]. In
MPI regime, the electron densit¢ grows as:

[dNej =g, " (2.18)
dt MPI

11
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where g, is the multiphoton absorption coefficient forphotons absorption. The
number of photons required is determined by thellestam which satisfies the

relation: miw= E, whereE, is the bandgap energy of the dielectric matena a

g
ha is the photon energy. Typicallyn is ~ 6 for fused silica with 800 nm wavelength,
which shows the high intensity sensitivity of tmenlinear process. In tunneling
regime, the Coulomb potential is suppressed bystheng incident field allowing

valence electrons to tunnel to the conduction bafeldysh showed that both
multiphoton and tunneling regimes could be desdribéh the same framework [75].
The transition from multiphoton to tunneling ioripa is characterized by the

Keldysh parameteydefined as:

1
w(m E,)?
y:—

- (2.19)

whereE is the amplitude of the laser electric field datihg at frequencyy m ande
are the effective mass and charge of the electtren yis much larger (smaller)
than 1, multiphoton (tunneling) ionization domirathe excitation process. In the
intermediate regime, the photoionization is a mtuetween tunneling and

multiphoton ionization. In fused silical,; = 9 eV), y=1 for a laser intensity

=75x10" W/cnt at the wavelength of 800 nm. The laser intengiaches this value

at the focus for a pulse energy of udlin our laser processing setup.
2.2.2 Avalanche ionization

Avalanche ionization involves free-carrier absarptiollowed by impact ionization
(Fig. 2.2). Multiphoton and tunneling ionizationopide the initial free electrons for
the avalanche process that follows. Once the flegrens have been created, they
can gain energy by absorbing photons through ieveremsstrahlung. As the energy
of an electron exceeding the minimum conductiondblay more than the band gap
energy, it can ionize another electron from valebesd, resulting two excited
electrons at the minimum conduction band [76]. Fealanche ionization, the

conduction band electron density grows as:

12
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[dNej =alN, (2.20)
dt avalan

wheread is the avalanche ionization coefficient.

free carrier impact
absorption ionization

Figure 2.2: Schematic diagram of avalanche iorozeffr 4].

2.2.3 Plasma formation:

Seeded by nonlinear photoionization, the densitgleétrons in the conduction band
grows through avalanche ionization until the plasfrequency approaches the
frequency of the incident laser radiation (the icait plasma density). Since the

plasma frequency is defined as:

2
w, = | e (2.21)
EoMypt
the critical plasma density equals:
£,
N, :m (2.22)
€

This high density plasma strongly absorbs laserggnby free-carrier absorption.
Only after the laser pulse is gone is energy teansfl from the electrons to the lattice.

This shock like deposition of energy, on a timelescauch shorter than the thermal

13
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diffusion time, leads to ablation of material ore thurface or permanent structural
change in the bulk. Moreover, the plasma can maittiéyreal part of the refractive

index according to:

N

- 2.2
2n0NCF ( 3)

n=n,

For a Gaussian beam, the plasma induced refragtbex modification has the
smallest value in the beam axis. As a result, #genbis defocused by the plasma,
which acts as a diverging lens. A balance betweelfifecusing and plasma

defocusing leads to filamentary propagation.

14
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Chapter 3
Experimental setup and analysis tools

In this chapter, the setup utilized for femtosecdader material processing is
described in Section 3.1. The rest of the chafitestiates the optical characterization
techniques for analyzing the laser induced modibos: quantitative phase
microscopy for measuring the change of the refvactindex and quantitative

birefringence microscopy for birefringence measuwgein
3.1 Direct writing setup

The experiment setup for the femtosecond lasectdeiting process consists of a
radiation source, the beam delivering system aedhfree-axis stage. The laser beam
used for the most of the work was extracted froBoaerent laser system comprising
of a mode locked Ti:Sapphire oscillator (“Mira”) cara regenerative amplifier
("“RegA”) seeded by the output of the “Mira”. The i’ and “RegA” were pumped
by frequency diode pumped 10 W and 12 W lasersesely. A train of pulses with
150 fs pulse duration, at a repetition rate of RB@, and at a central wavelength of
800 nm, were used in the experiment. The temparatn of the laser beam from
the RegA output was monitored using an autocooeldthe linearly polarized laser
beam passing through a collimated telescope whstipcused into the bulk of the
sample, by a 50X (NA = 0.55) microscope objectd@wn to a focal spot of ~ 1.5 um.
The laser polarization was controlled using a halfre plate and the pulse energy
was varied using a neutral density filter. A conggutontrolled shutter was used for
regulating the laser exposure time. The samplem@sted on a computer controlled,
three-axis, linear motorized stage (Aerotech AL$)13

15
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M Iris L L Shuter M2 ND Iris 50X sample 3-axisstage

150 fs, 800 nm
uJ, 250 kHz

CW,532nm, 12w

Verdi V18 RegA 9000 AC

CW, 532 nm, 10 w

Verdi V10 Mira 900

Figure 3.1: Schematic of direct writing setup. Metaillic mirror, L: lens, ND: neutral density
filter, A/2: half-wave plate, CCD: charge coupled device A@dautocorrelator.

The stage was carefully tuned for various loadireggit before the writing process.
The resolution is 20 nm and the repeatability i@ héh for all three axes of the stage.
A home written HP-VEE program was applied to conthe stage movement. The
desired patterns of modifications were realizedh@ bulk material by moving the
stage, while the laser was irradiating the samiiile thie shutter open. A CCD camera
with high magnification was used to control thedbdepth inside the sample and to
monitor the writing process. To ensure that theutinpurface of the sample was
perpendicular to the direction of propagation ¢ thriting laser, two goniometers
were utilized to mount the sample allowing tiltimgthe xz and yz planes respectively.
The goniometers were adjusted until the reflectiohthe sample were positioned in
the centre of the iris when the objective was teralhoremoved from the setup (Fig.
3.1). This critical alignment could also be confaunby irradiating an ablation line on
the sample surface when the focus point was neasutface within a few microns. A
uniform ablation line would appear on the sampldase, across the edges, when its

surface was perfectly perpendicular to the propagatirection of the writing laser.

Based on the translation direction of the stagéh wespect to the laser propagation
direction, there are normally two different writiggeometries: a transverse writing
geometry in which the sample is translated permpemalily to the beam propagation
direction and a longitudinal writing geometry in iafn the sample is translated along

the beam propagation direction. In this thesis,tthasverse writing geometry is used

16
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since it provides much greater flexibility and all® us to write waveguides or
patterned structures of arbitrary length. In costirdor a longitudinal writing

geometry, the length of the structural modificatietimited by the focal length of the
focusing objective. The transverse writing geomed&sults in an intrinsic asymmetry
of the structure cross section (zy plane). Thismanly due to the fact that: along the

propagation direction of the laser, the sizeis determined by the confocal parameter
2rmv; 1A (wherew, is the beam waist), while perpendicular to thergsropagation
direction, the sizé\y is determined by the focal diamet&w,. Several techniques,

including the astigmatic cylindrical telescope [7@ultiple scan [25], deformable
mirrors [78] and slit beam shaping methods [21ehheen used to overcome this

problem.

50X

Transverse AV 4

Longitudinal

/

Figure 3.2: Longitudinal and transverse writing metries for femtosecond laser direct
writing.

17
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3.2 Optical Characterization

After femtosecond laser irradiation, the sample viespected using an optical
microscope (Olympus BX-51). Optical properties,luding laser induced refractive
index modification and birefringence, were charapgel using quantitative phase and

birefringence imaging techniques.
3.2.1 Quantitative phase microscopy

Depending on the laser parameters and material egiep, three types of
modifications have been induced in the bulk of thaterial by femtosecond laser
direct writing. The fundamental characteristic bédse modifications can obtained
from the quantitative information of refractive adprofile of the focal region after
laser irradiation. There have been several methot®e literature for measuring the
refractive index profile of the structures embeddegide the transparent materials
[79-83]. Their summary is listed in Table 3.1.

: Spatial L .
Techniques resolution Sensitivity Disadvantages
Expensive equipment]
Refractive strict requirement for
near-field profiling| Sub-micrometer On the arder of detector sensitivity and
10 Y
[79] calibration from
reference samples
Phase-stepping . On the order of Home-made setup,
interferometry [80] micrometer 10° difficult to alignment
Digital holography . On the order of . .
Microscopy [81] micrometer 10% Expensive equipment
Igeﬁégllerﬁcsrgzggmg nanometer 19 Expensive equipment,
P Py very hard to setup
[82]
Qu_antltatlve phase micrometer On the arder of Expensive software
microscopy [83] 10

Table 3.1: Various techniques used to measureethective index profile of femtosecond
laser induced modifications.
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A non-interferometric solution: quantitative phasgcroscopy (QPM) [84] was
utilized here to analyze the refractive index peofof the focal region after
modification. By using an optical microscope (Olums@BX-51) in transmission mode,
a set of images: one in-foculg)(and two very slightly positively/negatively.(I-)
defocused images were firstly captured by the C@mera (Fig. 3.3). The images
were then converted into intensity data using thaputer. It is now well established
that the propagation of light field along the ogti@xis z in microscope obeys the

transport of intensity equation [83]:

2mol() _ _fmod -
s D{l(r)m{MD (3.1)

whereT = (x, y) is a two dimensional vector in the trarrseeplane, | is the intensity
distribution of the image and M is the magnificati@of the microscope. The
differential information of the propagation of tfield on the left hand side of the
Equation 3.1 can be obtained from:

6I(F): I, =1
0z 2Nz

(3.2)

whereAz is the defocus distance. Given this informatiod the intensity information
of the in focus image, the Equation 3.1 can beesblysing an appropriate algorithm
[84]. This analysis is based on coherent illummati however, the optical
microscopes used in QPM systems have a partiaigremt illumination source. It
can be shown [84] that a partially coherent sowives an identical result to the
coherent case, in Equation 3.1, provided that tnadiance distribution of the
illumination source shows inversion symmetry. Tleefacused images were obtained
by translating the objective using a motorized stéighysik Instrumente). Both the
image acquisition and the algorithm for phase naputation in the QPM system are
from IATIA Ltd. The refractive index change of tmodified region can then be

calculated using Equation 3.3:

an =22 (3.3)
27
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where A is the wavelength of 550 nm used by IATIA softwdce calculate the
guantitative phase image, d is the thickness oftbdified region andlgis the phase

change between the modified and bulk of the mdtea is measured from QPM.

Examples of QPM measured type-I modifications wasas in Figure 3.4. The three
bright field images were captured with 20X objeeti&and a 8-bit mega-pixel CCD
camera (Pixelink PL-A642). The NA of the condens@s set to be 80% NA of the
objective. Using the QPM technique described prestig the phase information of
the modified structure is shown in Figure 3.4 (&)oreover, the differential
interference contrast (DIC) image can be emulatsthguthe calculated phase
information of the structure (Fig. 1(c)). Furthemaothe QPM technique can apply
both to the non-absorbing and absorbing materg&l [8

|I_
2

CCD I
camera
Microscope — -
Olympus
BX51
20X Pl stage
Sample

]

Figure 3.3: Schematic of quantitative phase miapgsetup.

20



Chapter 3 Experimental setup and analysis tools

L
(a)I+I+I II

0.5

(b)

Phase change (rad)

Dimension (um)

Figure 3.4: QPM measurement of the waveguide strest (a): Three bright field images:
one in one in-focus {J and two very slightly positively/negatively.{}) defocused images

were captured in order to calculate the quantgatihase image. (b): Quantitative phase
change information of the arrow in (a) cross thevegmide structure. (¢) DIC image of the
waveguide structure using the calculated phasenvg#ton from (a).

3.2.2 Quantitative birefringence microscopy

The type-II modification, which shows anisotropéflections, form birefringence and
negative refractive index change, attracts increpsnterest in the application of
microreflectors, rewritable data storage and biessey [37, 42, 54, 55]. The self-
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assembled periodic structures created in the atadivolume of the fused silica
account for all these phenomena. Normally, Scaniilggtron Microscope (SEM)
was used to image the nanogratings and distingiisin from fs induced Type-I
modification. As a main drawback, this techniquénge consuming and also required
the sample to be polished. It was shown that feettmsd laser induced form
birefringence was ascribed to the self-assemblewgratings within the irradiate
volume. As a result, the direct investigation aitfiobirefringence is a very promising
way to study the type-ll modification. Here, a quative birefringenceimaging
system (CRi Abrio) was used for the measurementfemitosecond induced

birefringence.

Abrio Camera

1

Universal compensator

1 ,,

Sample Computer

1

Circular polarizer with filter

t

Light

A

Figure 3.5: Schematic of quantitative birefringengeroscopy setup.

The imaging system is also based on the Olympus1Bd{iical microscope. The

circular polarized green light, generated by pagsite white light through the green
band-pass filter and circular polarizer, was usedliuminating the sample (Fig. 3.5).

The transmitted light was collected by the micrgecobjective and passed through
the liquid crystal (LC) based universal compensaldre univeral compensator can
changes the polarization state of the light withnmaving parts and most importantly
with no image shift. Four intensity images wereorgled for various polarization state
of the universal compensator. The intensity imagese then processed using a

specific algorithm [85, 86] embedded in the comnarsoftware. Birefringence
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information including retardance (R), which is defi as:R=And ( An is the
refractive index difference between two directicansd d is the thickness of the
birefringent material) and azimuth angle(slow akistween horizontal) can be
calculated. As shown in Figure 3.6, the femtosedarsdr induced form birefringence
inside the fused silica was measured quantitatiuslgg this technique. The square is
composed of 100 lines written inside the fusedailiwith a line spacing of fim,
using femtosecond laser direct writing. The squeeieaves as a uniaxial material with
a retardation of 140 nm (Fig. 3.6(b)) and a slowg axiented vertically (Fig. 3.6(c)).
The form birefringence was created as a resulelbessembled nanogratings induced

in the irradiated volume of the fused silica ((RBg(a)).

(b) (€)

Figure 3.6: (a): SEM image of nanogratings in theefl silica after laser irradiation. (b,c):
Quantitative birefringence measurement of the sgudue retardation was measured in (b),
and the slow axis is revealed in (c). The colothef circular legend in (c) shows the direction
of the slow axis. E: electric field of the writitaser.
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Chapter 4

Low loss photonic components in high

iIndex bismuth borate glass

4.1 Introduction

Integrated optical devices including channel wavegs power splitters, couplers,
gratings and waveguide lasers, are finding increasapplications in optical
communication systems. Traditional manufacturintht®logies for waveguides and
related optical devices include photolithographiithwsubsequent etching, ion
exchange and UV-writing. While these techniques aed established, they are
limited to planar processing near the surface efstample. In 1996 a novel technique
for fabrication of waveguides and integrated optasiauits inside glass materials, by
a focused ultrashort-pulse laser emerged [8]. Thgh hntensity of a focused
femtosecond laser beam enables localized non-leleswrption of laser energy in the
focal volume of bulk transparent materials. Thetphgenerated hot electron plasma
rapidly transfers its energy to the lattice, givinge to high temperatures and
pressures; this produces, by a mechanism still uimglestigation, a local permanent
refractive index modification without affecting tkarrounding area. Compared to the
traditional techniques for waveguide fabricatiogxntosecond direct writing provides
a number of distinct advantages. First, there ipimatosensitivity requirement for the
processing material due to the nonlinear absorpti@chanism during the ultrafast
laser irradiation. Nearly all materials, especidlpse traditionally challenged to be
modified by other methods, could be processed uirsgtechnique. By laser beam
scanning or sample translation, complex structeess be directly fabricated inside
the materials in a three dimensional manner. Sedbedlevice prototyping process is
quite flexible. The pattern can be easily changedsbftware control, with a
significant cost reduction with respect to the othechniques which require
photolithographic steps. Third, the direct writilggfast and a one-step process. The
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laser processing setup could be very compact amddanning speed can reach up to

few meters per second.

Various optical components including: buried chdanmaveguides, power splitters,
couplers, gratings and waveguide amplifiers haveenbelemonstrated using
femtosecond laser direct writing [8, 11-18, 20-23, 26, 28, 30, 31, 67, 87-91].
However, glasses with low lineanef and nonlinearr) refractive indices, such as
fused silica, have been used in the majority offdmatosecond laser direct writing
experiments. There are only a few reports on feeatosd laser direct writing in high
index glasses such as SF57, chalcogenide and Imeeta} oxide glasses havimg >
1.8 andn, > 10%°cnf/W [18, 27, 46, 67].

Bismuth borate glass possesses a lasgaiue (5 x 13°cnf/W at 1064 nm) which is
almost 20 times higher than the nonlinear refraciindex of silica glass [68]. This
makes it an excellent candidate material for theri¢ation of nonlinear optical
devices such as optical switches or supercontingenerators. Moreover, thermal
poling can induce high second-order nonlinearitpismuth borate glass [69], which
can be used for fabricating nonlinear optical desvisuch as frequency converters or
electro-optic modulators [24]. Despite these adsges, the implementation of
passive waveguide components in bismuth borate glkiag femtosecond laser direct
writing is still unexploited.

In this chapter, we demonstrate positive index fincation (type-1) in high index
bismuth-borate glass using femtosecond direct ngritl he slit beam shaping method,
utilized in the waveguide fabrication process, wascribed in Section 4.2. A specific
set of writing parameters leading to waveguidedepdly mode matched to standard
single-mode fibers at 1.55m, with an overall insertion loss of ~1 dB, and hwa
propagation loss below 0.2 dB/cm, was identifie@qS4.3). Passive waveguide
components such as Y-splitters and directional lByapave also been demonstrated.
A close agreement between their performances auddtical predictions based upon
the characterization of the waveguide propertieshewn (Sec. 4.4) Finally, the
nonlinear refractive index of the waveguides hasnbmeasured to be 6.6 x 0

cnf/W by analyzing self-phase modulation of the pragieny femtosecond laser
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pulse at the wavelength of 1.48n. Broadening of the transmitted light source as
large as 500 nm was demonstrated through a waveguitl a length of 1.8 cm (Sec.
4.5). Section 4.6 provides a summary of the keyltes

4.2 Slit beam shaping for waveguide fabrication

The bismuth-borate glass sample (BZH7) used fomtheeguide fabrication has the
composition of 12.5B0s-43.75Zn0-43.75B0; (mol %) and the dimensions of 30
mm % 20 mm x 0.5 mm. Using the laser system desdrib Sec. 3.1, the collimated
laser beam was focused via a 50X objective (NA55Dbeneath the input surface of
the sample at various depths, ranging from 10 —4200The polarization direction of
the laser beam was controlled to be perpendicoldhé waveguide structures. The
pulse energyH,) was varied from 12 nJ to 1 pJ using a neutrabitieriilter. The
sample, mounted on a computer controlled xyz stags,translated along the x-axis
(Fig. 4.1(a)), perpendicular to the propagatiorection of the laser beam (z-axis).
The transverse writing geometry allowed the faltiacaof waveguides with a length
and shape limited only by the sample dimensionsvéder, this results in an intrinsic
asymmetry of the waveguide cross-section [77]. @dviechniques, including the
astigmatic cylindrical telescope [77], multiple sd26], slit beam shaping [21] and
deformable mirror [78] methods have been usedveyamme this problem. The slit
beam shaping method was used in our experimene sinallows a simple optical
setup and free adjustment to the required beamesti&pinserting a slit, orientated
parallel to the writing direction (x-axis), close the focusing objective lens (Fig.
4.1(a)), we managed to fabricate nearly circuldicapwaveguides (see Appendix for

details).
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Figure 4.1: (a): Schematic of the writing procéb$. Microscope image of the waveguides in
the yz plane. (c): Aspect ratio versus focal deing various slit widths.
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4.3 Waveguide Characterization

4.3.1 Waveguide cross-section

After irradiation with the ultrashort laser pulséke sample was side-polished and
checked under the optical microscope in transmissiode. In order to determine the
proper slit width for fabricating waveguides withrctilar cross-sections, groups of
channels using the same pulse energy but withvgliths varied from 32@um to 500
pum were fabricated (Fig. 4.1(b)). The pulse energyg \ieasured before the slit. For
each column, the channels were fabricated usings#éimee slit width and, for each
row, the structures were irradiated by focusing ldmer beam at a different focal
depth. The aspect ratio (Fig. 4.1(b)) was decrefsed 1.6 to 0.7 by reducing the slit
size from 500um to 340um at the focal depth of 4iim (Fig. 4.1(c)). By using the
380 um slit, a nearly symmetric structural modificatiasith the dimension of ~ 10
pim can be achieved in the yz plane (Fig. 4.1(b))reédwer, using the same slit size,
the aspect ratio could maintain the same ratibaffocal depth was less than 10®
(Fig. 4.1(c)).Beyond this value, the effect of spherical abesrgtwhich leads to an
increase of aspect ratio, cannot be neglected. Menyvea cover-slip corrected
objective with the designed focal depth could bedu® minimize this effect.

4.3.2 Mode-field diameter and refractive index chage

Near-field mode profiles of the waveguides wereaotdd by coupling 1.55m light
into the waveguides using fiber butt coupling agdrbaging the waveguides output
facets with an Electrophysics-7290 camera usingXadbjective lens (NA = 0.3). As
an example, a typical circular mode-profile foriegée mode waveguide, fabricated
with a 400um slit, 200um/s scan speed and 200 nJ pulse energy, is showig.in
4.2(a). The 1femode field diameter (MFD) is measured to bauiriwith the aid of a
beam analysis system (BeamView Analyzer). The MERhs waveguide matches
well that of a standard SMF-28 fiber, having 10m MFD at 1.55um, therefore low

insertion losses can be anticipated for this palgicwaveguide.
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MFD, = 11 um
MFD, =11 um

Figure 4.2: Near-field mode profiles of the wavelgs at 1.55um and (insert) microscope
images of the waveguide cross-section. (g 200 nJ, w = 40gm. (b): =280 nJ, w =
500 um.

For all the waveguides fabricated in the paramedage of this study, single mode
operation at telecom wavelengths was initially &eec by changing the coupling
conditions and ensuring that higher-order modesldcawt be excited. This

preliminary screening allowed us to conclude thagle mode waveguides in BZH7
glass can only be achieved over a narrow rangeaafegsing pulse energy, from 160
nJ to 240 nJ.

Direct confirmation of the above conclusion was villed by measuring the
numerical aperture (NA) of the single mode wavegsidsing the beam analyzer and
by estimating the normalized frequency or V-nummbéiich is defined as V =
(2/A)aNA (where “a” is the radius of the waveguides)e Tore radius was obtained
from visual imaging of the waveguide cross-sectiomder a calibrated optical
microscope (Fig. 4.2). By assuming a step-indeXilpr@f the waveguide cross-
section, the refractive index chande, at 1550 nm was estimated from the measured
NA value through the relation of NA (2nAn)*? (where n = 1.8). Our results show
that bothAn and V increase while increasing the pulse endfgyrom 160 nJ to 280
nJ (Fig. 4.3). For pulse energies below or equa4d nJ it can be seen, in Fig. 3(b),
that the V number is below 2.405, thus indicatinggle mode operation and

confirming our previous observation.
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Figure 4.3: (a): Refractive index change of the egandes fabricated using 4@on and 500
pm slits versus pulse energy. (b): Normalized freqyeof the waveguides versus pulse
energy.

An reaches the maximum value of 4.5 < }@elding a V-number of 2.7 (Fig. 4.3(b))
and therefore indicating multimode operation (Fd(b)), when using a 500m slit

and 280 nJ pulse energy.

4.3.3 Insertion loss

Waveguide insertion loss measurements were pertbraseng an external cavity
tunable diode laser (Photonetics Tunics-Plus) dperain the 1.3 — 1.6um
wavelength range. The laser beam was launchedamt8MF28 single mode fiber
butt coupled to the waveguides, and collected ugit@X (NA = 0.25) objective. The
insertion loss was obtained from the power measatédtie output waveguide facet
normalized to the power at the input facet. Thaltoisertion losses, measured at 1.55
pm for the 1.8 cm long waveguides are given in Tdble The waveguide fabricated
using the 400um slit, 200 nJ pulse energy and 2Q6V/s scan speed exhibits an
insertion loss of only 1 dB. Such a small valuaultssfrom the circular mode profile
which is perfectly mode matched to the single mdidber and from the small
propagation loss. The insertion loss of 1 dB compdavourably to the reported value
of 0.7 dB/cm for the propagation loss in waveguideitten in high index glass [18].
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4.3.4 Propagation loss

Since Fresnel reflections at the interfaces acctaum®.36 dB, or 8% loss, per facet,
an upper bound of the propagation loss, can benattd. The results, where this
method yields accurate measurements, are repart@@hble 4.1. The error of 0.40
dB/cm arises from three main contributions: the pling loss error; the 1%

fluctuation of the laser power and the error offR.ih the effective refractive index

(neff) .

Slit Size | Pulse Energy | Total Insertion Loss | Propagation Loss

(M) (nJ) (dB) (dB/cm)

300 200 6.93+0.17 3.49+ 0.9
400 160 3.85+0.17 1.75 + 0.4
400 200 0.98 +0.17 0.21+0.%4
400 240 2.16 +0.17 0.80 + 0.4
400 280 1.70 +0.17 0.48 +0.%4
500 160 1.45+0.17 0.46 +0.12
500 200 1.37 +0.17 0.18 + 0.6%
500 240 1.79+0.17 0.71+0.92

Table 4.1: Total insertion loss and propagatiors lfmg different waveguides. The length of
the waveguides is 1.78 cm. The propagation lossbiained from either (a) insertion loss
measurements or (b) Fabry-Perot method.

The insertion loss method provides good estimaieshie propagation loss,, when
oL < 0.3 (ora > 0.74 dB/cm for our waveguides of L = 1.8 cm) [9Bbwever, the
best waveguides fabricated in this work appeahtavsa propagation loss below 0.25
dB/cm (@L < 0.1). Such values are known to be particulazhallenging to be
measured and high accuracy can only be achievddthat Fabry-Perot method [24,
25].
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The Fabry-Perot method owes its name to the fattelwaveguide is considered as a
low-finesse symmetric resonator where the end-facésas mirrors. By varying the
wavelength of the input light source, the transiois®f the waveguide cavity reaches
periodic maximglmay and minima linin). The propagation loss of a waveguide is then
calculated according to Eq. 4.1, whé&re | yi/lmax IS the modulation ratidR = [(Nesr—
1)/(nest + 1)]?is the facet effective reflectivity ardis the length of the waveguides:

o [dB/cni :%Mln(Rx%) (4.1)

One advantage of this method is that it is indepanhaf the value of the coupling
losses. Moreover, the effective indexs can be directly calculated from the free
spectral range&lv of the cavity which is defined a&v = c/(2rneL), where L = 1.7739
+ 0.0001 cm. In order to perform the loss measurgymeare has been taken while
polishing the endfaces to ensure the parallelisnwd®en the two facets. The
inclination was below 0.0&egrees for all the waveguides. The external cduitable
diode laser, mentioned earlier for the characti@anaof the insertion loss, was also
employed in the Fabry-Perot measurement as it gtega a sufficiently narrow
linewidth. The wavelength of the laser source wassed from 1550 to 1550.4 nm in
steps of 0.001 nm, which is the smallest step a&tbviby the instrument. The
waveguide output power was recorded as a functfothe input wavelength and a
typical output of the measurement, relative towaeguide written at 200 nJ pulse
energy using a 50@m slit, is given in Figure 4.4. Equally well-resetV/fringes were
obtained for the other waveguides albeit with défe fringe visibility. The results,
summarized in Table 4.1, show very good reprodligibiOverall, agreement
between the insertion loss and the Fabry-Perot adeth obtained with the former
giving better results for higher attenuations ahé tatter being more suited to
characterize low-loss waveguides. The measurenfahieovaveguide written at 200
nJ pulse energy using a slit aperture of 406 showed the remarkably small
propagation loss of 0.21 + 0.14 dB/cm in agreenwith the indications obtained
from the insertion loss measurement. The relativatge error is intrinsic of the
Fabry-Perot method when applied to such low-lossegaides. The reason can be

understood from equation (4.1) by noting that teecpntage erroda/a comes close

to infinity asa approaches zer®2].
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Figure 4.4: Fabry — Perot loss measurement of neeguide (k= 200 nJ, w = 50um) at
1550 nm.

Another waveguide, written with the same pulse gyndiut with 500um slit width,

showed a comparable attenuation but the error waatlg reduced by weighted
average on several measurements. Further redwdtitne error could be achieved by
mirror-coating the waveguide end-faces to enhanoe tavity finesse or by
fabricating longer waveguides [92]. Within expermted errors, no polarization
dependent loss was observed which comes as a diomtequence of the good

circularity of the waveguides cross-section.

4.4 Optical components

Passive optical components in BZH7 glass, suclplt$ess and directional couplers

were also fabricated and characterized.
4.4.1 Y-splitters

50:50 Y-splitters embedded in bismuth borate gfdates were written at the pulse
energy of 200 nJ and scan speed of @éds using 300 and 500m slits. The Y-
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splitters are composed of an input port which istcmed by an 8 mm long straight
waveguide that splits into two separate branchesrging from each other by an
anglea over a length of 5 mm (Fig. 4.5(a)). For eachddetvriting conditions the
anglea was varied between 0.4° and 2.0° in steps of BA480:50 splitting ratio at
1.55 um was obtained for all the structures. The Y-brahekinga = 0.4, and

written using the 50Qm slit, displayed the minimum insertion loss of tiB.

ThEsmm _» Output
T [ a=04 d=35um
.~ .t ¢ N
Output
Y (a)

(b)

Figure 4.5: (a): Schematic of the Y — splittep, €200 nJ, w = 30Qum) (b): Differential
interference contrast image of splitting part @ th— splitter. (c): Near-field mode profile of
the output facet of the Y—splitter from launching§3um light.
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A differential interference contrast image of thesplitter is given in Fig. 4.5(b). The
50:50 splitting ratio at 1.5m wavelength can be appreciated from the output-nea
field distribution of the Y-splitter (Fig. 4.5(c)).

4.4.2 Directional couplers

Directional couplers with various coupling ratioene fabricated at 200 nJ pulse
energy and200 um/s scan speed with slit aperture of 300 (Fig. 4.6). Different
coupling ratiosy, defined a$>, / (P,+P4), could be obtained by varying the center-to-
center distance, d, between the two arms. Coupétigs ranging from 10%, for d =
30 um, up to 90%, for d = 15im, were demonstrated. The coupling ratio was also
calculated using the BeamProp software (RSoft) basebeam propagation method
(BPM). The simulation was done by Dr. Costantinal@oi. Assuming the step index
profile and elliptical waveguide cross-section, te&active index difference and the
dimensions of the elliptical cross-section meastirech microscope image were used
in the simulation. The result of the computatiomiah is based upon experimentally
measurable quantities without employing any freeapeter, is in excellent
agreement with the experimental data (Fig. 4.7).

Input

Figure 4.6: (a): Schematic of directional coupkgy £ 200 nJ, w = 30@um). Near-field mode
profiles of the output facets of the directionaupters when the centre-centre distance d

equals (b): 3@um. (c): 20um. (d): 15um.
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4.5 Characterization of second- and third-order

optical nonlinearities

Finally the potential of photonics components inHFZglass for non-linear optical
applications such as for supercontinuum generasi@ssessed by measuring the non-
linear refractive index 1 A Ti:sapphire OPA system emitting pulses of ~ I&@&t
1.46um with a 250 kHz repetition rate was used for fhigpose. A linearly polarized
laser beam was coupled into the waveguide by a 4efostope objective (NA =
0.12). The transmitted light was then collectedab$0X objective (NA = 0.3) and

coupled into an optical spectrum analyzer usingudimode fiber.
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Figure 4.8: Normalized spectrum of the input pulslack) and spectrum of the pulse (red)
collected after propagation through the waveguiitle=(240 nJ, w = 50im).

The largest spectral broadening was observed iwtheeguide written with 240 nJ
and a 50Qum aperture. As the peak power in the waveguideim@sased, the output
spectrum broadened by up to 500 nm, correspondiagphase shift of approximately
8.5t (Fig. 4.8). This broadening is due to self-phaselufation of propagating light
inside the waveguide with average power of only W [93]. Since the pulse has
the same instantaneous frequency at two distincttgothese two points represents
the waves of same frequency but different phasaisddn interfere constructively or
destructively depending on their relative phasefetdihce. As a result, this
interference produces multi-peak structures ingectrum [93]. In this experiment,
no index modification was induced, which was canéd by the linear dependence of
the output power versus the input power. The nealinrefractive index ;nof the
waveguide was estimated to be (6.6 + 0.5) **t@f/W, which is comparable to the
reported value of 5 x 11§ cnf/W at 1064 nm for the bulk bismuth-borate samp& [6
and about 20 times higher than theohfused silica.
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Preliminary experiments were carried out on thermpaling of the fabricated
waveguides and to investigate the effect of the tdserond laser induced
modifications on the second-order nonlinearjt?’} produced by poling in bismuth
glass. The thermal poling was carried out at Z9@r 5 minutes at a constant current
of 100pA [94]. The second-order nonlinearity g’ = 0.8 pm/V was measured using
the Maker’s fringe technique. The spatial overlagiween the guided mode in the
waveguides and the second-order nonlinearity indlune poling was optimized by
fabricating a set of waveguides with different depinder the glass surface. The
uniformly poled waveguides were then tested fordemce of second-harmonic
generation (SHG) by launching 1064 nm radiatiomfra Q-switched (repetition rate
1 kH, 200 ns pulse duration) and mode-locked (76 V300 ps) Nd:YAG laser. The
second harmonic (SH) signal was produced only enwwlaveguides buried less than
10 um below the surface which was in agreement with ékpected depth of the

nonlinear region in our glass samples.
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Figure 4.9: Quadratic dependence of the SHG pogeinsat the fundamental pump power.

The measured SH signal exhibited quadratic growtthe pump power (Fig. 4.9) and
was about 3 times higher for the TM-polarized puligit compared to the TE-

polarized light. The deviation from theoreticalioeof the SH harmonic signals of 9:1
is commonly observed in poled waveguides [95]. &irithe assumption that modal-
phase matching was not taking place in the waveguyithe SHG efficiencies for the
waveguide and the bulk geometries were comparethdrbulk geometry the pump

light was focused on the surface of a uniform regbthe poled sample between the
waveguides. After scaling the power densitiegliertwo geometries and considering
that the nonlinear interaction takes place at aecaice length, the values of the
second-order nonlinear coefficient were found totle same for the femtosecond
laser written waveguide and for the bulk of thesglaSince in poled glass,

x@=3x®Ey, where K is the frozen-in field, this result indicatesatlthe third-order
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nonlinearity in BZH7 glass is not affected by teenfosecond laser writing process as
it was concluded from themeasurements presented above.

4.6 Conclusion

Low loss, polarization insensitive, single mode egwides with circular mode
profiles and refractive index changes of 4.5 % fere inscribed by ultrafast laser
radiation in high index bismuth-borate glass. Itieer loss of only 1 dB and
propagation loss of 0.2 dB/cm at 1.%Bn were demonstrated. Y-splitters and
directional couplers were also fabricated and tperformances closely agree with
theoretical simulations based upon experimentalBasarable quantities obtained
from the waveguide characterization. Moreover, 8 &fnh spectral broadening was
obtained by launching less than 2.0 mW average p@@&kW peak-power) of 150 fs
laser pulses at 1.46m through the waveguides. The broadening and quafithe
supercontinuum could be further increased by pugpioser to the zero-dispersion
wavelength. In our case the supercontinuum is matcdused by self-phase
modulation allowing the estimation of a nonlineefractive index pof ~ 6.6 x 10°
cnf/W, which is in agreement with published data [@8jeliminary experiments on
the uniformly poled waveguides show the saxffé value as the bulk glass. Further
experiments to implement quasi-phase-matching ilmg@eally poled waveguides are
in progress. Femtosecond laser written low loss egaides with large snare

attractive for fabricating nonlinear glass basedas.
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Chapter 5

Self-assembled nanostructures by

femtosecond laser direct writing

5.1 Introduction

In the previous chapter, type-I modification, tlee isotropic positive refractive index
modification, has been demonstrated in bismuthteagkass using femtosecond laser
irradiation leading to a promising technique fdorfaating waveguides based devices
in glasses. In this chapter, the femtosecond laskerced type-11 modification, which
shows form birefringence and negative refractieinchange will be studied.

Previous experimental work has shown that strustwetten in fused silica by
femtosecond laser pulses above a certain interbityshold exhibit anisotropic
reflection [37]. At that time, the appearance ofsatropic reflection, only in the
direction of the polarization of the writing laséeam, could be explained by
assuming that a sub-wavelength period grating wasdd within the irradiated focal
volume. This explanation was further strengthengdthe consideration that the
orientation of the suspected nanogratings was ichnto that implied by the
empirical observation of anisotropic light scattgrin our previous work [35]. The
first experimental evidence of self-assembled nanosires created within irradiated
regions in fused silica was presented in [39]. Tige of periodic structure, whose
period is smaller than the laser’s wavelength, &xpld the concurrent appearance of
anisotropic reflection [37], a permanent birefringemicro-layer [38], form
birefringence, and an average negative index chit@je Moreover, changes in the
nanogratings due to variations of the pulse dunatitave been qualitatively
investigated [45]. The extraordinary stability dfese nanogratings has also been
reported [47]. Furthermore, embedded micro-reflestd-resnel lens, and micro-
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fluidic channels based on these nanostructures haes reported [37, 38, 54].
However, in order to have a better understandinthefmechanisms responsible for
the formation of the nanostructures, and consedubatv to efficiently exploit them,

a systematic study of the properties of nanostrastand their dependence on various

irradiation parameters is required.

In this chapter, the investigation of nanogratingshe plane of propagation of light
was carried out (Sec. 5.2). In addition, the quativie analysis of the dependence of
the nanograting period, as a function of laser patars was completed (Sec. 5.3).
Moreover, it was demonstrated that the range @fcéffe pulse energy, which could
produce nanogratings, narrows, when the pulse itepetate of the writing laser is

increased (Sec. 5.4). The application of these gratimgs is discussed in Section 5.5.

5.2 Nanogratings in the plane of propagation of lilgt

In order to study the dependence of nanogratingsvamious laser parameters,
including the wavelength and repetition rate of lHser pulses, two different types of
laser systems have been used in the experiments.fildt laser source was a
regeneratively amplified mode-locked Ti:Sapphireela system (see Sec. 3.1 for
details). The second laser source was a varialgetiten rate fiber laser system
operating at both 1045 nm and 522 nm (IMRA AmeR€PA pJewel D-400). The

repetition rate was adjusted from 100 kHz to 1MIHd ¢he pulse duration was 400 fs.
Using the laser processing setup described in $4g¢.straight lines were written

inside the fused silica sample by translating thende along the +y direction,

perpendicular to the propagation direction of el beam (z-axis), as shown in Fig.
5.1(a). After laser irradiation, the sample A waslgzed using a scanning electron
microscope (SEM) (JSM6500) after chemical etch#ugother two samples B and C

were imaged using backscattering SEM without etghin
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100nm = ;

Figure 5.1: Modified regions in sample A. E: elecfreld of the writing laser, k: wave vector
of the writing laser beam, line,Aand line A: E;= 0.48pJ, V = 200pum/s, A = 850 nm. (a):
Schematic of the sample A showing how the selfrabsesd periodic structures are expected
to be arranged.;rand n: local refractive indices of the plates of thickeei and t,
respectively. (b): SEM images ofiAnd A in the xz plane. (c): Detail of the sub-wavelength
periodic structure formed in the cropped regiodof

As depicted in Fig. 5.1(a), only the ling #ritten with the polarization along x-axis
(Fig. 5.1(b)), in the plane of observation (xz) eals the periodic modulation of the
index change (for these structures, xz is the pfsarpendicular to the plates forming
the nanogratings). On the contrary, the correspantine A, written with the same
conditions, but with the polarization along y-afsg. 5.1(b)) shows a homogeneous
profile (for these structures, xz is the plane parao the plates forming the
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nanogratings). Figure 5.1(c) is a close-up of mdrfig. 5.1(b) revealing that the
filling factor fis ~ 0.3, twice as high as the u#ts reported in [37] (the filling factor is
defined as f =1t/ A, with t; the thickness of the zones of refractive indexnnFig.
5.1(a), and\ the period of the nanograting). In addition, tiE&VBimage of the etched
sample reveals the surface relief created in tbhireg process due to the density
variations in the gratings. Figure 5.1(c) demonssaan abrupt change of density
between the dark area with low density of the nmtér.e. the zones of refractive
index n in Fig. 5.1(a)), and the surrounding regions the. zones of refractive index
ny in Fig. 5.1(a)), suggesting that the mechanisndifgato the modulation of the
refractive index is highly nonlinear. Furthermotbe mechanism of the structural
changes responsible for the nanograting formatimolves the modulation of the
electron concentration, negatively charged oxygeis can be repelled from the dark
area with high electron concentration [39].

5.3 Dependence of nanograting period on laser

parameters

Figure 5.2 presents SEM images of the modifiedoregn the xz plane induced by
three different writing laser wavelengths in sampleand sample C. The periodic
structures can be observed in the head of the reddregions. Besides the main
period Ag, which is in the direction of the polarizationtbe laser beam (E), a second
period A is identified perpendicular té\g, and hence parallel the direction of
propagation of the laser beam (k), as shown in Bi@. Furthermore)g is 710+ 10
nm at 1045 nm (Fig. 5.2(a)), 55@0 nm at 800 nm (Fig. 5.2(b)), and 36D nm at
522 nm (Fig. 5.2(c)) in the head of the modifiedioa, which is very close to the
wavelength of light in fused silica.
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iy
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00 rirm

Figure 5.2: SEM images of nanogratings formed bgdldifferent central wavelengths of the

irradiated laser pulses in sample B and sampl@&&region between two dotted lines is used
for period calculation, E: electric field of theitimg laser, k: wave vector of the writing laser

beam. (a)1, = 520 fs, E=0.9uJ, V = 200um/s, R, = 500 kHz. (b)1, = 150 fs, E= 0.5uJ,

V = 100um/s, R, = 250 kHz. (c)1, = 490 fs, E= 0.15uJ, V = 200um/s, R, = 200 kHz.

In order to quantitatively analyze the peridg and Ax, an algorithm based on the
correlation coefficients between different points the SEM image versus their
distance was developed. By calculating the avevagjee of the periods from the first
maximum of the correlation functions, periods alotigg x and z direction are

obtained, as shown in Fig. 5.3.
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Figure 5.3: (a): SEM image of a written line in tke plane, E: electric field of the writing
laser, k: wave vector of the writing laser bean¥(800 nm,1, =150 fs, = 0.5uJ, V = 100
um/s, Ry = 250 kHz). (b): The region between two dottecedins used for calculation.
Corresponding normalized correlation functions ekated along the x (c) and z (d) axis.

It is revealed thate decreases with increasing ®ithin our study range (Fig. 5.4(a-
b)). In addition, the wavelength dependence ilatsdl in Fig. 5.4(a) suggests that
shorter wavelengths vyield significantly smallerustures; this is also confirmed in
Fig. 5.5(a), which demonstrates that the pereds proportional to the wavelength
of the writing laser. Furthermoréy in the head of the laser-modified region does not
change with the pulse energy or speed and is coefirto be approximately equal to
the laser wavelength (Fig. 5.5(b)).
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kHz, E,= 0.5uJ). (b): Period\y versus three different wavelengths.
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5.4 Nanogratings formed in various repetition rate
regimes

In order to study the nanogratings under variousetiBon rate regimes, lines
structures induced in sample C were inspected ubmdgNomarkski-DIC microscope.
It shows that, when the repetition rate of the igaédses reaches 500 kHz angli&
over ~1pJ (Fig. 5.6(a)), or when the repetition rate reacheMHz and Eis over ~
0.6 uJ (Fig. 5.6(b)), no birefringence or nanogratingsild be observed in the
irradiated regions of the sample. This could bela®pd by the occurrence of an
accumulation effect within the focal volume whee thulse repetition rate is greater
than ~500 kHz [89, 96, 97]. This indicates that thege of the pulse energy which
could produce self-assembled nanogratings narromenwhe pulse repetition rate of

the laser increases.

500 kHz

A E W R Pmlh Pl VI AR IR TN B

0.6

e —— g g

§ 00 o R IR O @I

(D) Gatormann it Mdimsbin v b i daine A

Figure 5.6: Microscope images of the irradiatedaeg in the xy plane in sample C, image on
the left taken by back-illumination without polaeis, image on the right taken by back-
ilumination with cross polarizers of the same dieded area. (a): &= 500 kHz, V = 500
pum/s. (b): Rp=1 MHz, V = 100Qum/s.
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5.5 Application of type-1l modification

Our previous experimental results showed that avagrtain intensity threshold, these
femtosecond laser induced periodic structures lehas an uniaxial form-
birefringence material [40]. This is also confirmesing the FCPA pJewel D-400 at
wavelengths of 1045 nm and 522 nm. Figure 5.7 slteoveplica of IMRA'’s icon that

was made by raster-scanning closely spaced liregi i spacing).

MRA

Figure 5.7: Raster scanned replica of IMRA iconyulf line spacing, 500-kHz repetition rate,
1045-nm wavelength, 1.5-uJ pulse energy, ~12-hooegss time, ~10-mm icon width. (a):
Imaged without cross-polarizers, (b) Imaged witbssrpolarizers.
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5.6 Conclusions

In conclusion, two different types of periodic sttwres have been identified from
cross-sectional SEM images of femtosecond pulsefreddegions in fused silica.
The range of pulse energy which could produce natimgs narrows when the pulse
repetition rate of the writing laser increases. Tegiod Ag is proportional to the
wavelength of the writing laser and the periadin the head of the modified region
(the region between two dotted lines in Fig. 5&nains the wavelength of light in

fused silica.
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Chapter 6

“Quill” writing with ultrashort light

pulses in transparent optical materials

6.1 Introduction

Femtosecond laser induced type-l and type-ll modiibons in glasses and their
applications have been presented in the previoaptehs. The type of modification
depends on several factors including the lasempetiers (wavelength, pulse duration,
energy and repetition rate), the numerical aperfiee focusing lens and the material
parameters (band-gap, thermal properties). In fggea, the transition from type-I to
type-ll and finally to type-lll modification is olbsved with an increase of pulse
energy [8, 34, 48]. Here in this chapter a new phamnon was discovered in ultrafast
laser processing of transparent optical materdi® phenomenon is manifested as a
change in material modification by reversing theiting direction. The effect
resembles writing with a quill pen and is interprein terms of new physical effect -
anisotropic trapping of the electron plasma byltadifront of the ultrashort laser
pulse. Indeed the pulse front tilt can be usedatatrol material modifications and in
particular as a new tool for laser processing aptical manipulation, e.g. for
achieving calligraphic style of laser writing, whtére appearance of a “stroke” varies
in relation to its direction. Moreover new typef modifications manifested as
anisotropic bubble formation and bubble-nanogratiagsition were observed at high

pulse energies.

The observation of the structural modification degence on the writing direction is
described in Section 6.2. The physical mechanismthie quill writing effect is

discussed in Section 6.3. Different types of madifion can be produced inside the
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transparent material by reversing the directiotheftilted pulse front (Sec. 6.4). The
anisotropic bubble formation and bubble-nanograttngnsition are revealed in
Section 6.5.

6.2 Observation of directional dependence

Using the laser processing setup described in $éc¢.a series of lines, with [fm
spacing, were directly written by scanning in alegimg directions towards the edge
of the sample at a depth of 0.5 mm below the framface. The writing speed was
200 um/s and each line was written with only one pas®fie direction) of the laser,
with the polarization directed perpendicular to khe and with a pulse energy of 0.9
pJ. After writing, the structures were side-poldhend imaged with a Scanning
Electron Microscope (SEM). The SEM images exposekls that are elongated in the
direction of light propagation due to the beam’sfogal parameter, and enhanced by
self-focusing effects, with a periodic structuretie direction of light polarization
(Fig. 6.1). On closer inspection it was surprisitag observe a difference in the
structures written in opposite directions. Thidafiénce is revealed in small variations
of the length of the tracks and also in a tilt lo¢ periodic structures written in the
forward and reverse directions. The periodic plamamnostructures are aligned along
the direction of the writing laser polarization aade responsible for the form

birefringence of the irradiated regions.
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.

SEl

Figure 6.1: SEM images of cross-sections of thectires in glass along the light propagation.
The distance between lines igih. The writing direction is shown as the dottecarr

In another experiment, a series of lines were amitising an IMRA-FCPAlJewel D-
400 amplified ytterbium fiber laser system, opewmtiat 1045 nm, with a pulse
duration of 500 fs and repetition rates rangingmrbd00 kHz to 1 MHz. The high
stability of the FCPA laser system is crucial fgstematic studiesThe polarization
of the laser was aligned perpendicular to the mgitirection. The lines were written
in alternating directions from forward to reversaausing different pulse energies
ranging from 0.2 to 1.§J. After writing, microscope images were captursg
both crossed-polarized (CP) and Nomarski-DIC ille@tion (both back-illumination).
Composite images were created which show the sam®mp of each feature using
the two illumination techniques. With these compmsimages, the amount of
birefringence visible with the CP illumination (#apart) can be compared with the
texture of the feature using the DIC imaging tegbri(light part). The magnification
is 500X (50X objective, 10X eye-piece) and the saal the features can be gauged

based on their 5Qm line separation.
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Figure 6.2: Images in crossed polarizers (darK mead Nomarski-DIC (light part) of the lines
written in glass in opposite directions at a repetirate of 500 kHz (a) with a writing speed
of 500pm/s and different pulse energies and (b) with agehergy of 0.9J and at different
writing speeds. The distance between lines igrb0

In one of the experiments, groups of lines witrerating writing directions were
inscribed. Lines written in both directions at l@nergies were the same (Fig. 6.2).
However, with an increase in energy we observedathgearance of a directional
dependence in the written lines, which was stranggésabout 0.8-0.94J. The
directional dependence is more clearly seen inbihefringence of the lines. This
dependence can also be observed in the morphotegiyule) of lines written in
opposite directions, with a line written in oneetition being rougher than a line
written in the reverse direction (Fig. 6.2(a)). Hower, with a further increase of
energy above a certain threshold value, both Ibee®me uneven with indications of
collateral damage, and the birefringence of theslirdisappears as well as the
directional dependence. The latter phenomenon eaexplained by a cumulative
thermal effect [11, 89, 96]. This is supported hg presence of modifications with
rough features, much bigger than the spot of tleembhet high repetition rates (500
kHz -1 MHz) and the absence of such features wadhateral damage at low
repetition rates (below 200 kHz). This agrees Wit heat diffusion time of about 4
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ps. The dependence of the observed effect on wisiireged, near the energy threshold
of the disappearance of directional phenomenon,alsastested. It was observed that
the directional dependence strengthen at loweingrgpeeds (Fig. 6.2(b)).

An intriguing result is the observation differenttextures in the processed material
for laser polarizations perpendicular and pardtlethe movement of the sample
one directionand thesametextures for two polarizations when writing in thgposite
direction (Fig. 6.3(a)). The SEM images of the sresctions of the lines, along the
light propagation, revealed a different texture thre lines written in opposite
directions (Fig. 6.3(b)). Remarkably, the nanogigtdf about 300 nm period, which
is responsible for the form birefringence of iri@@id regions, can be seen only in the
initial part of cross-sections of lines writtenane of two directions. This small area
is followed by one with a collateral damage dughermal effect, which correlates
with a weak birefringence of these lines. It scabbserved, that in almost the entire
cross-sections of the lines, written in the opposlirection, there is the nanograting
along the direction of light polarization with tperiod of about 250 nm together with
the additional periodicity, along the directionlgfht propagation, of about 720 nm,
which is the same value of the wavelength of lightused silica X/n, A = 1045 nm, n

= 1.45) (Fig. 6.3(b)). These lines demonstrate videmce of the collateral thermal

damage and have much stronger birefringence (F3ga).

Lines written at a repetition rate of 100 kHz atdearly show different textures in
opposite directions, without any evidence of cellat damage due to thermal effects.
The SEM images reveal the presence of the nanagrati the direction of light
polarization almost in the entire cross section dme writing direction and the
nanograting, again with additional periodicity ajotte propagation direction with the

value of the wavelength of light, for the oppositeting direction (Fig. 6.4(b)).
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Figure 6.3: (a) Optical microscope images of thediwritten with orthogonal polarizations
with a 500 kHz repetition rate, a writing speed 2bBf/s and a pulse energy 0.9. The
difference in texture for two polarizations is ob&s only for one writing direction (dark
part). The tilted front of the pulse along writidgection is shown. (b) SEM images of cross-
sections of the lines written with the polarizatperpendicular to writing direction are also
shown. The regions of collateral damage are mank#tddashed lines.

Figure 6.4: Optical microscope (a) and correspan@gM (b) images of cross sections of the
lines written in glass in opposite directions widpetition rate 100 kHz, writing speed 100

pm/s and pulse energyd.
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6.3 Discussion of the mechanism

The writing anisotropy is observed only at pari@gecybulse energies, which excludes
the stage movement as the cause. Inspection ohtesity distribution of the laser
beam did not reveal any peculiarities in the shafpthe beam, which was close to
circular (Gaussian shape). The only possibility tefexplain the puzzle of the writing
direction anisotropy is related to the anisotroply tbe frequency distribution
(frequency chirp) in the beam. A spatial frequenbyp and related pulse front tilt is
guite common in femtosecond laser systems [98]nEvemall delay across the beam
that corresponds to ~ 10% of the pulse duraticsyltg in a pulse tilt as strong as tens
of degrees in the vicinity of the focal plane. Tilse front tilt is enhanced in a
dispersive media, as in the case of electron pladose to plasma frequency, which
is formed in the focus of the beam due to multiphobnization of glass. The pulse
front tilt is a tilt in the intensity distributiom the front of the pulse. It is known that,
in the presence of intensity gradients, the chalges. electrons) experience the
pondermotive force (light pressure), which expdis electrons from the region of
high intensity [99, 100]. Indeed, free electrons affected by a variation of the laser
intensity as they quiver in the electric field dktlaser pulse. In the non-relativistic
case this can be expressed with the fluid equaifomotion in an electromagnetic
field by

ov __ € (ux
E+(vm])v_ me(v B+E) (6.1)

wherev is the electron velocity vector, nis the electron mass, e is the electron
charge. The ponderomotive fordg, and potential, Ll follow from this equation by
time averaging the electric field as:

| (6.2)
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e?l

= 6.3
P 2ce,ma’ 63)

where c is the light speed in vacuurgyis the permittivity of free spacey is the
frequency of light and | is the light intensity. Feery short and relativistic laser
pulses, the ponderomotive force can become veryontapt and the resulting
acceleration will tend to push electrons in frohthe laser pulse, as a kind of “snow-
plough” effect [101]. The estimated intensity iretfocus of a laser beam in our
experiments is of about 3 x *0N/cn? which will produce ponderomotive potential
of 30 eV. This potential is much higher than thergy at room temperature, which is
of about 40 meV.Electron plasma in our experiments will still expace this kind
of force in front of the pulse. Due to the tiltthee intensity distribution, the force will
act on the electron plasma along the directiorhefintensity gradient. By moving the
beam, the pondermotive force in the front of thés@uvill trap and displace the
electrons along the direction of movement of thanbeonly in one direction that
corresponds to the tilt in the intensity distrilouti(we refer to this phenomenon as the
“quill effect”). The electron plasma waves, exciiacelectron plasma, are responsible
for the formation of the nanograting [39] and tledf-assembled form birefringence
[40, 48]. The trapping and displacement of the tedexs with the movement of the
beam affects the interference of plasma waves,raladed form birefringence. The
periodic structure, with the period of the waveldngf light observed along the
direction of light propagation is created as a ltesithe interference between plasma
waves and the plasma oscillation. Trapping of feeteon plasmalamps the plasma
oscillation and related interference producing longitudinalqeic structure with the
wavelength of light. The observed difference in theset of the collateral thermal
damage for two writing directions is also the capusnce of the anisotropic trapping
effect (Fig. 6.3(b)). Further support of the progmbanechanism is the evidence of
different textures of modified material for writimgith light polarizations parallel and
perpendicular to the movement in one of writingediions (Fig. 6.3(a)). This
observation is explained by the difference in bawgdconditions for the two
orthogonal polarizations at the interface of thieed pulse front along the writing

direction.
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6.4 Changing the direction of tilted pulse front

The directional dependence is explained by anipatrorapping of the electron
plasma by the tilted front of the ultrashort lapaitse. As a result, the pulse front tilt
can be used to control material modifications an@articular as a new tool for laser
processing and optical manipulation. Based on ites, the first experiment was
carried out using an amplified, mode-locked Ti:.dapp laser operating at 800 nm
wavelength with 70 fs pulse duration and a 250 kejfzetition rate. The linearly
polarized laser beam was focused via a 50X (NA8} Objective at depth of 60m
beneath the surface of the fused silica samplee ktructures were written inside the
bulk material by translating the sample perpendidylto the light propagation
direction, using a linear motorized stage (Aerotétls-130). After irradiation, the
sample was inspected using an optical microscope. first group of lines was
written by scanning in alternating directions iresithe sample with the pulse energy
of 2.6 uJ and the scan speed of BAV/s (Fig. 6.5(a)). The temporal characteristic of
the pulses, in particular the pulse front tilt befahe focusing objective, were
characterized using a GRENOUILLE device (8.50 Mp¢@8]. The measured pulse
front tilt for the first group of lines was 4 x $@s/mm. As shown in (Fig. 6.5(a)), the
directional dependence can be clearly observedemtorphology of the lines written
in opposite directions, with a line written in od&ection being rougher than a line
written in the reversed direction. The directiodapendence can be also revealed by
imaging the lines between crossed polarizers, iichvanly the smooth lines written
in one direction show birefringence. Next the putemt tilt was reversed by tuning
the pulse compressor to the value of -8.64 % fsbmm and the second group of lines
was imprinted by scanning in alternating directigig. 6.5(b)). After comparing the
structures written with the opposite sign of théspuront tilt, the mirror change in the
induced modifications is evident (Figs. 6.5(a) ard)). This experiment
unambiguously demonstrates that the directionaba@pnce of the writing process
and the induced modification is determined by these front tilt of the femtosecond
laser pulses.

Smooth line structures written in one directiong(F6.5) correspond to type-ll

modifications with the evidence of form birefringen while the rough structures
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produced by writing in the opposite direction bejda type-Ill modification with the
evidence of a void formation. At pulse energieolethe threshold value of @J,
both lines written in opposite directions reveaddy?2 modifications. Moreover, when
the pulse energy was increased tquB and above, both lines revealed type-lll
modifications and the birefringence in the industdictures disappeared. The latter
result indicates that the threshold energy for tangatype-lll modification inside
fused silica depends not only on the pulse eneugyalso on the writing direction. For
example, the line structures, written towards the ih Figure 6.5(a), reveal higher
threshold energy for the type-lll modifications th#éhe structures written in the
opposite direction. This threshold dependence segerhen the sign of the pulse
front tilt is changed (Fig. 6.5(b)). Furthermore, directional dependence could be
observed when the pulse front tilt was minimizedunying the pulse compressor.

It should be highlighted that the quill writing eéit depends stronglgn the focusing
depth of the laser irradiation under the sampldéaser Changing the focusing depth
by only 10%, which is from 6@um to 55um or 65um, completely eliminated the

quill writing effect and produced type 2 or typstBuctures in both directions.
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Figure 6.5: Bright field image of the line struatarwritten using pulses with (a) positive
pulse front tilt or (b) negative pulse front tétsrows indicate writing directions.
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An alternative experiment was also carried outrtavjple additional evidence that the
pulse front tilt is responsible for the quill wng effect. A laser source, producing
pulses of 150 fs duration at 250 kHz repetitiorerahd 800 nm, was used in this
experiment. The laser beam was focused via a 50X£N).55) objective at a depth
of ~120um beneath the surface of the sample. The optimypthder the quill effect
in this experiment was different from the previause due to the difference in laser
beam parameters in the two experiments. The fiaifgof four lines with alternating
writing directions was imprinted with the pulse emeof 1.4uJ and scan speed of 50
um/s (Fig. 6.6(a)). One additional mirror was addedthe setup to reverse the
direction of the pulse front tilt before writingegmext group of lines (Fig. 6.6(b)). In
this writing configuration the second group of fdumes was imprinted with all other
writing parameters identical to the previous exmpent. It was observed that the
structural modifications in the lines of the secogup were mirrored when
compared with the lines of the first group. Thasult provides further evidence that
the pulse front tilt is responsible for the directl dependence in the ultrafast laser

writing.
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Figure 6.6: Bright field images (light part) anass polarized images (dark part) of the line
structures fabricated with 140 pulse energy using (a) two mirrors or (b) threeors setup.
The pulse front is shown as the bold red line m skhematic diagram of the experimental
setup.
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We also observed strong white light emission c@oeding to type-lll structural
modifications and a weaker emission correspondinghé nanogratings formation,
which were reproducible in different writing expeents (Fig. 6.7). The light
reflected from the sample was collected. Superoantn generation can be excluded
from the explanation of this emission, becauselehgth of light propagation in the
focus of high NA objective is too small to produzesignificant spectral broadening
effect. The observed white emission can be explaibg thermal radiation, e.g.
bremsstrahlung radiation, emitted by electron p&srhich is heated to thousands of
degrees at high light intensities of about*M/cn? [102].
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Figure 6.7: Spectra of the white emission colleateeflection during inscription of type-Il
and type-lll structures. The spectra for the tiipstructures (red and green curve) were
collected during the rougher lines imprinting prgas shown in the Fig. 6.5(a)) and the
spectra for the type-Il structures (black and ldueve) were collected during the smoother
lines imprinting process (Fig. 6.5(a)).
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6.5 Bubble formation and bubble-nanograting
transition
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Figure 6.8: Bright field images of the structurabricated with the pulse energy of fu#and
scan speed of 5Qm/s. (a) The line structure with the evidence oblide formation. (b)
Cross-section of the line structure with one bubl(e) Phase profile of the bubble obtained
using quantitative phase microscopy technique.
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Another intriguing result was the observation ohew type of femtosecond laser
induced modification, when the pulse energy wareimsed to the level of 2|40 (Fig.
6.8). Neither birefringence structures (type-lipr mough features with evidence of
void formation (type-Ill) could be observed in thedified region. Instead, bubbles
with diameters varying from 1 - 3m were revealed at the boundary of the irradiated
region, which is evident from the cross-sectionalage (Fig. 6.8(b)) and a
corresponding top view image of the line structiig. 6.8(a)). The color of bubbles
visible under white light illumination in the opakt microscope (Fig. 6.8(a)) is
attributed to the Fabry-Perot effect. The bubblageha lower refractive index in the
centre and a higher refractive index in the surdings from QPM measurement (Fig.
6.8(c)), which indicated that they are most likedybe voids surrounded by densified
material. It is well known that voids (type-lll) mabe produced on the axis of a
focused femtosecond laser beam inside transparatdrial as a result of a micro-
explosion [34]. However in our case, the bubbles farmed not in the region of
highest intensity (which is in the centre of a Gaaus beam) but are shifted about 5
pm towards one side of this centre (Figs. 6.8(a)). (b should be noted that the
movement of bubbles along the direction of writhrags been previously demonstrated
in fused silica [103]. Surprisingly, in our expeant, the bubbles are shifted
perpendicular to the writing direction. In additjoit was observed that bubbles
located at both sides of the irradiated region wienwriting direction was reversed
(Fig. 6.9). The mechanism of anisotropic bubbleriation is a puzzle. Bubbles can
be formed on the axis of the focused laser beai r@sult of micro-explosion and
subsequently move from the molten centre to thenthary of irradiated region.
Alternatively, they can be formed directly at theubdary region of a light affected
zone, where tensile stress causes the formatiocawtation bubbles when the rupture
strength in molten glass is exceeded [104]. Ctaifon of the phenomenon’s
mechanism needs further investigation. Howewerpelieve that the light pressure at
the tilted front of the pulse could be responsifide the asymmetry of bubble

formation and its dependence on writing direction.
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D ar—

Figure 6.9: Microscope bright field images withfeient magnifications of the line structures
fabricated in opposite directions (a) and (b) 4t@ pulse energy.

Another interesting observation was an unusuakitian from the regime of bubble
formation to self-assembled form birefringence vahaccurred during the continuous
writing process (Fig. 6.10). The phenomenon revkéagelf as follows during single
line writing. Firstly, bubbles began to appear aimbom the start of writing process.
However, at a certain distance, typically about pé®from the start of writing, the
formation of bubbles abruptly terminated. Instelael modification with the evidence
of form birefringence appeared and continued h#l énd of line writing process. The
transformation in the type of modification was @ated with the change in intensity
of white light emission during the inscription pess (Fig. 6.10(c)), which was
similar to the emission described above (Fig. 6THe emission light was collected
along the laser propagation direction after thearasing a highly multimode fibre
with 0.5 mm diameter. Strong white light emissioaridg the bubble formation
dropped at the modification transition and only kveamission could be observed
during the formation of birefringent structures.stiould be noted that all writing
parameters, including the pulse energy and scarsmiegd, were kept constant during
the encryption process and the phenomenon coulddeated in different areas of the
sample. However there is one parameter which iscooistant, in particular the
temperature of the whole glass sample, which cauddease as a result of light
absorption during the writing process. It should nmted that self-assembled form

66



Chapter 6 “Quill” writing with ultrashort light paés in transparent optical materials

birefringence structures and related nanogratimgmp@ear at temperatures above the
glass transition temperature [47].

Writing direction
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Figure 6.10: (a) Bright field image of the trarsitiregion. (b) Cross polarized image of the
transition region. (c) Spectrum collected during triting process.
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This indicates that local temperature in the imgetl region should drop at
modification transition from the glass melting tesrgture (1718C), corresponding
to the bubble formation, to the temperature belbe glass transition temperature
(1175 °C), corresponding to the nanograting formation. sThical temperature
decrease can be explained by an increase of thedgacity caused by the heating of
the whole glass sampf.Indeed, given thatdT = 4Q/m¢, where AT is the
temperature differencelQ is the heat energy amdis the mass of the substancgis
the heat capacity, the temperature drops when kegtcity increases. The
nanogratings start to form once the local tempeeahas dropped below the glass
transition temperature. The energy is consumed hgrengrating formation process
which locks temperature below the glass transitemperature and explains why
formation of nanogratings does not stop till the ehwriting process.

6.6 Conclusions

In conclusion, it is remarkable that a laser beame of the most modern writing
tools, could be used for calligraphic inscriptiam#ar to writing with a quill pen,
which is based on the anisotropy of a quill's tipage. Moreover, modifications of
materials by light span from photosynthesis andt@in@aphy to material processing
and laser writing and there are only a few paramsetéthe light beam which control
material transformations, in particular wavelengtibensity, exposure time and pulse
duration. Our results add one more parameter te list — direction of beam
movement or pulse front tilt. A change in structunadification was demonstrated in
silica glass sample by controlling the direction milse front tilt, achieving a
calligraphic style of laser writing which is similan appearance to that inked with the
bygone quill pen. Moreover a new type of modificatiassociated with anisotropic
bubble formation, which could be controlled by gt direction, was observed at
high pulse energies. The phenomenon of modificatramsition in a continuous
encryption process was observed. We anticipatephssibility of achieving control
of light-matter interactions by adjusting the giftultrashort pulse front will open new
opportunities in material processing, optical matagion and data storage.
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Chapter 7

Stress birefringence induced in

chalcogenide glass

7.1 Introduction

The results presented in Chapter 5 show that se#rabled nanostructures, within the
irradiated volume, are responsible for the femtosdc laser induced type-Il
modifications which are characterized by anisotr@giattering, anisotropic reflection,
average negative index change and form birefringehrcaddition, the orientation of
the nanostructures and the subsequent optical afkdégrm birefringence can be
controlled by the polarization direction of the tivrgy laser. This type of femtosecond
laser imprinted structures has only been obsemedal limited number of materials,
including fused silica glass and Tg@rystal. In an attempt to clarify the reason for
the non-appearance of self-assembled nanostrudturether optical materials, we
carried out experiments in chalcogenide glasses.

Chalcogenide glasses contain a chalcogen elemdph(s, selenium or tellurium) as
a substantial constituent. These glasses are ¢berad by longer wavelength IR
transmission and high refractive indexes. Morepwedialcogenide glasses can be
doped by rare-earth elements, such as Er, Nd, ter, and hence numerous
applications of active optical devices have beewppsed [105-108]. Chalcogenide
glasses possess high photosensitivity and showriatywaf photoinduced effects
including photodarkening, photobleaching, photaaliisation and photoinduced
anisotropy [109]. These effects may be dynamic y(optesent during optical
excitation) or metastable (remaining after illuntion). Furthermore, they may be
irreversible or reversible. Finally, the changes/rha scalar in nature (independent of
the polarization of the inducing light) or vectol@ependent on the polarization),
leading to optically modified isotropic or anisqtio behaviour respectively [110].
Photoinduced anisotropy in chalocogenide glassahassed considerable interests in
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recent years [70, 71, 110-115]. The phenomenonrsréfe the observations that
chalcogenide glasses exhibit optical anisotropiaenvexposed to linearly polarized
light. In addition, the anisotropic principle axean be tuned by changing the
polarization direction of the exposing light. Fuatimore, the photoinduced anisotropy
can be erased with annealing. The photoinducea@mo®y origin from the fact that
the dielectric tensor of the chalcogenide sampladiated by linearly polarized light
becomes an ellipsoid of revolution with the priradi@axis parallel to the electric
vector of the light [111].

In this chapter, birefringent modification is derstmated in the chalcogenide glass by
femtosecond laser direct writing. Unlike the presly reported photoinduced
anisotropy in chalcogenide glass [70, 71] and fhirefringence in fused silica [39,
40], the optical axes of the birefringent regioa aot determined by the polarization
direction of the irradiating light. Instead, by yeng the scanning direction of the laser
irradiation, the optical axes of the birefringencan be changed. As a result, the
information on the direction of writing could becogded inside transparent materials.
Moreover, this type of photoinduced anisotropy t@nerased by annealing, and is
reversible by repeatable scanning.

7.2 Femtosecond laser induced stress birefringenae

chalcogenide glass

The chalcogenide glass sample is germanium sulfiss {GesS;s) having a nominal
composition of 25Ge-75S (mol %), which is a promgsimaterial for nonlinear
optical and optical amplifier applications [108]sibg the laser system described in
Sec. 3.1, the linearly polarized laser beam wasided via a 50X (NA=0.55)
objective at a depth of ~20@m beneath the surface of the sample. Line strugture
were written inside the bulk material by translgtthe sample perpendicularly to the
light propagation direction, using a linear motedzstage (Aerotech ALS-130). The

scan speed was 2Q0n/s.
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A group of lines was written with various pulse gnes ranging from 0.[uJ to 0.6uJ
(Fig. 7.1 (a)). The width of the imprinted stru@uncreases rapidly with the pulse
energy. Moreover, the width of the modified regi@aches 5um when the pulse
energy increases to the value of A% which is significantly larger than the diameter
of the focused beam of +#n (Fig. 7.1(a)). This indicates that thermal effecan be
responsible for the structural modification in tiegion surrounding the exposed area.
Quantitative phase microscopy was used to charaetdre phase change of the line
structure (Fig. 7.1(b)). A central dip region showsegative phase changdd,
whereas the surrounding regions have a positivesepldnange. The observation
indicates that femtosecond laser irradiation resuita negativedn of the central
exposed region and a positi¥a of the surrounding region. Densification createGa
result of the thermal expansion of the materiaghatfocus of the writing laser beam
can account for the positivé#n of the surrounding region. The modified regionsoal
show birefringence that can be visualised by imggire sample between two crossed
polarizers. Quantitative birefringence microscopyprio system) was also utilized to
measure the retardanc® € And) and identify the optical axis (slow axis) of the
birefringent modification. The retardance of theebingent region R=And)
increases with the pulse energy of the writingrgs@&y. 7.1(c)). Furthermore, it was
surprising to observe that the optical axis of ki part and the right part of the
birefringent line structure is different (Fig. 7c)). Indeed, a “U” shape of the slow
axis orientation in the birefringent line structuw@s revealed (Fig. 7.1(d)). A “U”
shape of modification can be normally observedhm line structures in fused silica
written with femtosecond laser irradiation (Figl(e)). IMRA fiber laser system,
operating at 400 fs pulse duration, 500 kHz repetitate, 1045 nm and 0.9), was
used for writing the line structures in fused silidhe scan speed was 40®/s and
the writing direction is shown with the arrow (Fig1(e)). The thermal expansion and
subsequent cooling can account for this type of Sd&ape of modification in fused
silica, similar to the structural modification rogly observed during laser welding.
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Figure 7.1: (a): Microscope image of the line stuwes. (b): Phase change profile of the line
structure. (c,d): Quantitative birefringence measwegnt of the line structures, the retardation
was measured in (c), and the slow axis is revealéd). (e): Microscope image of the line
structure written in fused silica.

The “U” shape of the slow axis orientation in thealcogenide glass was also
visualized by positioning the line structures betwéwo linear polarizers, oriented
45’ | and viewed under an optical microscope in trassimh mode (Fig. 7.2). An
asymmetry of transmitted light through the lefttpand right part of the modified
region was observed (Figs. 7.2(c), (d)). This teftt asymmetry indicates that the
polarization of light, passing through the modifiedgion, rotates in opposite
directions on the two sides from the center ofrdggon.
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Figure 7.2: Microscope images of modified regiomsthout polarizers (a), with crossed
polarizers (b) with polarizer and analyzer orientéth the angle of 45(c) and -48 (d). p:
polarizer, a: analyzer.

Figure 7.3: Quantitative birefringence measuremehtthe femtosecond laser induced
modifications: with the polarization direction dfet writing laser perpendicular to the line (a)
and parallel to the line (b).Quantitative bireframge measurement of the femtosecond laser
induced modifications: with the polarization diiect of the writing laser perpendicular to the
line (a) and parallel to the line (b). E: Polati@aa direction of the writing laser; the scan
direction is shown as the black arrow; the widthhef line is 3Qum.
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It was mentioned in Chapter 5 that, above a certaiansity threshold, form

birefringence (type-1l) can be induced inside thesedd silica glass. The form

birefringence is created as a result of self-astsmnbanostructures inside the focal
region and the optic axis of form birefringenceduned in fused silica, can be
controlled by the polarization direction of the tvg laser beam. Moreover, it was
reported that linearly polarized light can inducgsatropy in chalcogenide glass and
the axes defining the optical anisotropy can beeduby changing the polarization
direction of the exposing light. However, unlikeetpreviously mentioned type-II

modification in fused silica [40] and photoinducawisotropy in chalocogenide glass
[70, 112]; in our case, the optic axis of the birgfent region does not change when
the writing laser polarization direction is varigeig. 7.3). This demonstrates that the
birefringence of the modifications imprinted in &wgenide glass by femtosecond
laser direct writing is different from the form éfringence induced in fused silica and
that the optical axes of the birefringent regioa aot controlled by the polarization

direction of the writing laser.

crossed polanzers

Figure 7.4: Microscope images of the cross-seatfdhe line structures without polarizers (a)
and with crossed polarizers (b). (c): Second edecimage of the cross-section of the line
structures. (d): Back scattering image of the ecemsgion of the line structures. The laser was
propagating from the bottom of the image, showthaged arrow.
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A microscope image of the cross-section of the $itmactures is shown in Fig. 7.4 (a)
and its corresponding view under cross-polarizersevealed in Fig. 7.4 (b). No
birefringence can be observed in the cross-sedtionage of the line structure,
indicating that no nanostructures were formed m fircal volume of the exposed
region. This was further confirmed by imaging thedified region using SEM (Figs.
7.4(c), (d)).

Indeed another type of birefringence, namely sti@ssfringence induced by the
photoelastic effect, can account for this typeicdfbingence of the modified region in
chalcogenide glass. For stress birefringence, dlaion between the retardance (R)
and stressq) is defined as:

R=C,Wwd (7.1)

whereCye is the photoelastic coefficient,is the thickness of the birefringent region.
The stress is mainly induced from the light indud¢kdrmal expansion. With the
similar laser irradiation conditions producing tlsame amount of stress, the
retardation should increase with increasing thegdlastic coefficient. Based on this
idea, various glass samples with different pho&i@lacoefficients were irradiated
using similar laser irradiation conditions. As shovn Fig. 7.5, compared to
chalcogenide glass, the exposed regions show a meaker birefringence in borate
glass, with theC,e reduced to the value of 4.35 xfPa". In phosphate glass, with a
Coe value of 0.42 x 1& Pa', which is about 50 times smaller than the value in

chalcogenide glass, no birefringence is observed.
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Figure 7.5: Microscope images of the femtosecorskrlanduced line structures inside
chalcogenide, borate and phosphate glass resggctiee left part images are taken without
polarizers and the right part images are taken gribssed polarizers.

7.3 Stress annealing

It is well known that the stress can be removednfrglass by annealing at the
transition temperature. In annealing experimeng thhalcogenide sample with
imprinted structures was heated at a rate & Dder minute, kept at 10 for one
hour and then cooled to room temperature %@ per minute. This treatment was then
repeated at 208C, 240°C, 280°C, and after each annealing step the retardance was
measured. It is observed that the retardance walseued up to 108C and start to
decrease at higher temperature (Figure 7.6).
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Figure 7.6: Measured retardance of the line stractersus the annealing temperature in the
chalcogenide sample. The red dots are the measnteiioe the line structures written with
0.6 uJ and the green dots are the measurements fanéhstiuctures written with 044J.

The retardance becomes zero when the temperatsréneraased to 31U, slightly
above the glass transition temperature (865 This experiment unambiguously
demonstrates that the birefringence induced indige chalcogenide glass by
femtosecond laser irradiation is related to stb@gdringence.

7.4 Directional dependence of the birefringent

modification

It was mentioned previously, in Chapter 6, tifferent types of modifications can be
induced inside fused silica by reversing the wgiidirection. The directional
dependence of modification was interpreted in tewhsanisotropic trapping of
electron plasma by an ultrashort laser pulse vit#dtfront. Here, we also observed a
directional dependence of modification in chalcadenglass. Different left-right
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asymmetries for the structures written in two opjgodirections were revealed in
Figs 7.7(a-b), which were the mirror images of eatier. It was observed that the
orientations of the optical axes in the left and tlght part of the modified region
were different. Moreover, their orientations aresoaldependent on the writing
direction (Fig 7.7 (d)). Unlike previously reportedirectional dependence of
modification in fused silica, where different typaismodifications were imprinted in
opposite writing directions. Here, the same typebiéfringent modification was
induced inside the chalcogenide glass in reversatingv directions (Fig 7.7 (c)).
However, the “U” shape of slow axis orientationeesed when the line structure was
written in the opposite direction (Fig. 7.1(d)).nfar “U” shape of structural
modification and its dependence on the writing icen can also be observed in the
line structures imprinted in the fused silica (Fig7(e)). The thermal expansion and
subsequent cooling accounted for this kind of medostructural modifications in
two writing directions observed in fused silica, igthis different from the “quill”
writing effect discussed in Chapter 6.

We also carried out experiment on the rewriting Istructure in GgS;s sample. A
line structure with double scanning was imagedaifie Abrio system and its optical
axis was shown in Fig. 7.7(f). The first scan dieat was from the left to the right
and across the whole line region in Fig. 7.7(fteAthat, the second scan was started
from right to left as illustrated in Fig. 7.7(f) érthe scanning was finished in the
middle of the previously written line structure.ist shown that optical axis of the
double scanned region is defined by the secondngrdirection (Fig. 7.7(f)). This
demonstrates that the information on the directibwriting can be recorded and be
rewritable in chalcogenide glass.
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Figure 7.7: (a, b): Microscope images of the lirecures written in two opposite directions
using polarizers crossed with the angle of 48) and -4% (b). (c, d): Quantitative
birefringence measurement of the line structuredtemr in two opposite directions, the
retardation was measured in (c), and the slowiaxsvealed in (d). (e): Microscope image of
the line structures written in fused silica, thetiwg condition is the same as the one in Fig.
7.1(d). (f): Quantitative birefringence measurenthe line structure by double scanning.
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7.5 Circular birefringence

In another experiment, a square structure wasaaritiside the GgSys sample. The
pulse energy of the writing laser is u& and the scan speed is 320@/s. The sample
was then placed between two polarizers crossed’aindl imaged using an optical
microscope in transmission. As expected, mirrorragtny of the structures written in
opposite directions was observed (Fig. 7.8(a)). elew, with a simple linear
birefringence model, illustrated in Fig. 7.8(b), wan not explain the left-right
asymmetry between adjacent lines written in ortmagalirection (line 1 and line II).
The polarization direction of the transmitted ligidm the birefringent region should
rotate towards optical axis in this model. Since tinientation of the optical axis in
region 1 and region 4 (Fig. 7.8(b)) is in the sadmection, the transmitted light from
these two regions should has the same colour atehsity between crossed
polarizers, same as the region 2 and region 3 {&{a)). However, a different result
was revealed in our experiment. The polarizatioealion of the transmitted light
from the inner part of the square structure rotate®ne direction regardless of
writing direction. In contrast, the one transmitfeain the outer part rotates in another
direction. We believe such phenomenon could be agxpdl by the circular
birefringence induced in the modified region, sanito the twist nematic effect in
liquid crystals (Fig 7.9(b)). A cross-sectional geaof the line structure along the
light propagation direction is shown in Fig. 7.9(8ue to the carrot shape of the
cross-section, the optic axis in each plane, pelipalar to the light propagation
direction, will be slightly twisted (Fig. 9(a)). Meover, the twist of the optical axis
from the left part and the right part of the stuetis in the opposite direction. As a
result, the polarization of light, passing througé modified region 1 and region 3 (or
through the modified region 2 and region 4) rotatethe same direction following

the twist of the optic axis.
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Figure 7.8: (a) microscope image of a square patteitten in chalcogenide glass using
femtosecond laser direct writing. The image wagtakith polarizer and analyzer oriented at
45, (b) Linear birefringence model of the modifiedjic.
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Figure 7.9: (a): Microscope image of cross-sectibthe line structure. (b): Twisted nematic
effect in liquid crystal [116].
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Figure 7.10: Images of written circular structuvesnved with crossed polarizers: evidence of
chiral patterns.

Finally, a series of circle structures was writtgnrotating the sample clockwise and
anti-clockwise. Imaging in crossed polarizers rés@ahe presence of chiral patterns
(Fig.7.10).

7.6 Conclusions

Birefringence is induced by femtosecond laser dimgdting inside chalcogenide

glass. Unlike the previously reported photoindueadotropy in chalcogenide glass
and form birefringence in fused silica, the optiaaés of the birefringent region are
not determined by the polarization direction of tiadiating light. Instead, the

direction of the optical axis is defined by theelascanning direction and the
birefringence is produced by stress which was iadugy thermal expansion of the
glass during laser irradiation. We also observe dhectional dependence of the
optical axis orientation on the writing directiohhe “U” shape of the optical axis
orientation reverses when the birefringent modiftcawas imprinted in the opposite
direction. Moreover, the polarization of light, pegy through the modified region,
rotates in opposite directions on the two sidesnftbe centre of the region, which
was produced by the twist of optical axis along tight propagation direction.

Furthermore, it is observed that the informationtie& direction of writing could be

recorded and be rewritable inside transparent iater
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Chapter 8
Non-reciprocal ultrafast laser writing

8.1 Introduction

The results presented in the previous chapter igigield the type-l and type-Ii
femtosecond laser induced modifications in glasbesvever glass has intrinsically a
low optical nonlinearity and it is not an ideal datate for the applications of second
harmonic generation and electro-optic modulatioa thuits inversion symmetry. In
contrast, lithium niobate (LINb£), which is a non-centrosymmetric crystal, is an
excellent material for electro-, acousto- and nwedr-optical applications [117-120].
Femtosecond laser induced modifications in LiNIh@ve attracted increasing interest
recently [19, 25, 30, 121-128]. This reason motdathe studies reported in this
chapter, which were originally aimed to induce aefive index modification and
waveguide structures in lithium niobate by femtaset laser irradiation.
Nevertheless, the observation of the new phenomemamifested as a change in
material modification by reversing the light proptgn direction in a homogeneous
medium, led to the first evidence of non-reciproaditafast laser writing, which

became the main focus of this chapter.

The dependence of laser induced modification ostatyaxes and light propagation
direction was described in Sec. 8.2. Section 8&8utises the physical mechanism for

the non-reciprocal ultrafast laser writing. The megsults are summarized in Sec. 8.4.
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8.2 Experimental results

8.2.1 Structures written in different directions
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Figure 8.1: Line structures written along the Ysagf the LiNbQsample. (a-c): QPM phase
images of the lines written along the -Y axis amel + Y axis of LINbQ with pulse energies
of: 1.2uJ (a); 1.8uJ (b); 2.4uJ (c). d: Quantitative birefringence image of time Istructures.
The brightness represents the retardance magnithitie the colour represents the slow axis
of the birefringence region. The colour of the gl legend shows the direction of slow axis.
The dashed lines show the slow axis of the birgénte region. e: Quantitative phase change
profile of the line structure along the dashed imé. f: Quantitative phase change profile of
the line structure along the dashed line in c. Mgitdirections of the structures in a-d are
shown by arrows.
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Firstly, groups of lines with various pulse enesgianging from JuJ to 2.4uJ were
written below the -Z face of the LiINB®@ample, using the experiment setup described
in Section 3.1, with the scan speed of 200/s. The linearly polarized laser beam
(along Y-axis) was focused via a 50X objective (NA0.55) 150um below the
surface of a 1 mm thick sample. For each group, limes were produced with
alternating directions, thus with the writing diiea along the -Y and +Y axis of
LiINbO3 respectively (Fig. 8.1). Different material moddtions, depending on the
pulse energy and the writing direction, were obsérwor the lines written in both
directions with pulses energies below L4, a positive phase change and thus a
positive index change is created in the exposewmedrig. 8.1(a)). The lines have a
width of 3um, which is close to the focal spot size of theddseam (Fig. 8.1(a)). No
difference was observed for the lines written ie thpposite direction. The lines
imprinted with pulses energies between i#Ato 2uJ still have a positive index
change in both directions (Fig. 8.1(c)). Howeverdigectional dependence in the
structures written along the —Y and the +Y axi&idfbO3 appeared. The difference is
firstly revealed in the morphology of the line stiwres. The lines inscribed along the
—Y axis of LINbG have a larger width than those along the +Y akig.(8.1(c)). In
addition, the directional difference can also beeaded from the phase change in the
structures. The lines written along the —Y axe4.ibfbO3; produce a larger positive
phase change than those along the +Y axis (Fige.MWith a further increase of
pulse energy above @J, this dependence could even be distinguished fimam
textures of the lines written in opposite direciorSome optical damage regions
appeared in the lines written along the +Y axi&idfbOs (Fig. 8.1(c)). In contrast, no
damage could be observed in the whole line writtlemg the —Y axis. The phase
change 4¢ profile of the lines measured using QPM technidggieshown in Fig.
8.1(f). As a result, the line inscribed along th€é axis still has a positive phase
change, similar to those created with lower pulsergies, and exhibits a maximum
Agof 1.4 rad. By assuming the length of the structlong the Z axis of about 30
pm, the maximum refractive index modificatiohn, is 4 x 1. However, the line
written along the — Y axis exhibits a more compgdrase change profile. A central
dip region shows a negative phase change, whilestinmounding regions have a
positive phase change. This observation indicdigisfemtosecond laser modification
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results in a negative refractive index change ef tentral exposed region and a
positive index change of the surrounding regiomes3ed regions, created as a result
of the expansion of the material at the focus efwhiting laser beam, can account for
the positive index change of the surrounding rediin 126]. This was confirmed by
the quantitative birefringence imaging of the listeuctures (Fig. 8.1(b)). The line
created along the —-Y axis of the sample shows tinefringent regions surrounding
the central irradiated region and the slow axighef birefringent region is inclined
about 48 toward the writing direction (Fig. 8.1(b)). The amphization of the focal
volume and subsequent stress induced birefringeaa& account for this type of
modification. In contrast, no birefringence featioguld be observed in the structures
written along the +Y axis. It is also noted tha threfringence became weaker when
the pulse energy decreased and no birefringenclel t@uobserved when the pulse

energy was below @J.

@ ,5
= ] —e— +Y axis
8 20+ —o— - Y axis
g
o 157
(@] i
c |
£ 10-
U * -
@ ]
% i
e 057
a ]
O.O7\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
10 12 14 16 18 20 22 24
Pulse energy E_ (1J)
P
(b)
1.5 - _
= 1 —e— +X axis
g il —o— - X axis
.e. -
< 10 4
o |
(@]
S i
@ i
<
S i
o 0.5 1
()] -
© |
<
D_ -
0.0 L I I B

10 12 14 16 18 20 22 24
Pulse energy E, (1J)

Figure 8.2: Comparison of the line structures imigd along the Y-axis and along the X-axis.
a-b: Measured phase change of the line structueesis pulse energies for the lines written
along the Y-axis of the LiNbgsample (a) and the X-axis of the LiNg€ample (b).
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Moreover, the directional dependence does not demsnthe laser polarization.
Compared to the structures imprinted when the alysas translated along the Y-
axis, no directional dependence has been obserbed the structures were written
by translating the crystal along the X-axis (Fi®2)8This indicates that the directional
dependence of the light-induced modifications iNh®; is associated with the
crystal symmetry.

8.2.2 Dependence of writing on crystal axis orientan

To verify that the directional dependence of thedifications along the Y axis of
LiNbOs is defined by the crystal axes, four groups ofdiveere fabricated in the
sample.Two groups of the lines with alternating writingeftitions, along the -Y and
+Y axis respectively, were written inside the samplth the pulse energies of 2.4
and 2pJ. (Fig. 8.3(a)). The sample was then rotated Wy B8ound the Z axis and
another two groups of structures, with the sameingriparameters including the
direction of the stage movement, was then imprimatie sample (Fig. 8.3(b)). By
comparing Figure 8.3(a) and 8.3(b) it can be oles¢hat the modification of the
crystal structure is determined by the orientatémhe writing direction with respect
to the Y axis of the crystal.

(E)Il

Figure 8.3: Phase images of line structures imategtion experiment. a-b: QPM phase images
of lines imprinted along the Y axis with 2@ (top) and 21J (bottom) pulse energies. The
lines were written before (a) and after rotating8@° around the Z-axis (b) of the crystal
respectively.
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8.2.3 Writing with reversed laser beam

|

Figure 8.4: Phase images of line structures irflijpeexperiment. a-b: QPM phase images of
lines written along the Y axis with 2j4] (top) and 3uJ (bottom) pulse energies. The lines
were written by propagating the laser beam aloegth axes (a) and the —Z axes (b) of the
crystal respectively.
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Secondly, groups of structures were written byléser beam propagating along the
+Z (Fig. 8.4(a)) and the —Z (Fig. 8.4(b)) axeslad trystal. As expected, the created
structures were different for writing directionsmd the +Y and -Y axes of the
sample. However, it was surprised to observe aomiohange in the structural
modifications in this case, when the propagatiaedion of the writing beam was
reversed. Indeed, in contrast to the lines, writilemg the +Y axis with 2.4J pulse
energy by the beam propagating along +Z axis, whkiobwed the optical damage
features (Fig. 8.4(a)), no damage could be obseirvate lines imprinted with the
same fabrication parameters by the beam propagalomg —Z axis (Fig. 8.4(b)). The
change in the structural modifications between @hbses is only produced by
reversing the propagation direction of the foculs®r beam with respect to the Z
axis of the crystal. Moreover, the modificationttg@s, which appeared previously in
the line written along the +Y axis by focusing helthe —Z face athe crystal, could
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only be observed in the line written along the xXsavhen focusing below the +Z
face. Therefore a mirror change of the modificatjan two similar structures written
along the Y axis (+Y and -Y directions) with theeesed beam propagatidgection
along the Z axis, is discovered. A similar mirrbange of the phase profiles was also
observed for the line structures without strong aigenfeatures, written with the pulse

energy of 24J.

Another intriguing result is the observation of awy crack revealed by imaging the
deeper region, located slightly beneath the maatibos induced in the focal region
of the laser beam (Fig. 8.5). The wavy crack appedren the pulse energy is above 2
pJ and its amplitude and period depend on the writiinection. However, the wavy
crack could only be observed when the laser beasfe@ised under the +Z face of
the LINbG; It should be noted that the wavy crack could irt feeca helical crack (Fig.
8.5(c)). Similar wavy cracks have been observeguienched glass plates and rubbers
subjected to a biaxial stress as a result of Hdpfdation transitions [129, 130].

Figure 8.5: QPM phase images of wavy crack by (&) @bjective, (b) 100X objective.
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It is observed that the line width increases wéducing scan speed (Fig. 8.6). This
indicates that a heat accumulation effect takesepturing the writing process.
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Figure 8.6: Microscopic images of line structurastten with scan speeds of 1@0n/s and
400pum/s.
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Figure 8.7: Microscopic images of line structuregiten with the picosecond laser pulses.
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8.2.4 Picosecond laser experiment

Groups of line structures were also written in &uZ-LINbO; sample using the
picosecond laser system (Lumera Super Rapid), bpgrat 1064 nm with a 9 ps
pulse duration, a 250 kHz repetition rate and itise energies comparable to those
used with the femtosecond laser system. The matiibics, with crack features, were
observed at fluencies and intensities of aboutayder of magnitude lower compared
to the femtosecond laser system and with no evel@fidche non-reciprocal writing
phenomenon (Fig. 8.7). This indicates that ultrasipulses are necessary for the
observation of the phenomenon, possibly due tdiitdpeer intensities which could be

achieved with femtosecond pulses without strongadgnof the sample.

8.2.5 Lithium niobate crystal versus silica glass

It should be noted that the asymmetry of writingopposite directions (fs-laser quill
writing effect) has already been discussed in Ghapt However, the directional
asymmetry of ultrashort-pulse-light-induced moditions in glass does not depend
on the orientation of a medium or the directiorigiit propagation and it can instead
be controlled by the tilt of a pulse front. It Haeen suggested that the ponderomotive
force (light pressure) at the front of the pulseeisponsible for the phenomenon. The
light pressure produced by the tilted front of thiise can drag electrons of the
electron plasma, generated as a result of multgrhabsorption, in the direction of
the writing light beam movement, in a kind of “sngmough” effect [50].

However, in contrast to glass, the directional dejeece of writing in lithium niobate
depends on the orientation of a crystal with respecthe direction of the beam
movement and the light propagation direction. Spedly, the created structures
possess a strong anisotropy only when the focusathlis translated along the Y axis,
while no anisotropy is observed when the beamaisstated along the X axis. The
mirror symmetry of the structures, created by thbtlbeam propagating along the +
Z and —Z axes of the crystal (see Fig. 8.4), ineégahat the phenomenon observed in
LiNbOs is not relevant to the tilt of the pulse fronttthas responsible for the fs-laser

quill writing effect in glass. In a crystalline mad, even the pressure produced by a

92



Chapter 8 Non-reciprocal ultrafast laser writing

non-tilted pulse front can result in dependencéehefcreated structures on both the
direction of writing and the propagation directioithe laser beam.

8.3 Mechanism of the phenomenon and discussion

A heat currentd, which is carried by the electrons of the plasmeated by the
femtosecond laser pulse, and generated by the pmndéve force and the photon

drag effect, can be phenomenologically presentelerollowing form:
‘Ji :,7ijklmn Ej E(an( E En) + Zijklmn Ej E{ E E‘u K (81)

where subscripts label Cartesian indicEsjs the complex amplitude of the light
electric field, i. e.E,E/ is proportional to the light intensity and is respible for
heating via the plasma absorption. The first awbsed term in the right-hand-side of
Equation (8.1) describe the pressure created byrainé of the pulse and the photon
drag effect [131], respectivelyimn and jxmn = {ikjmn = {imjkn are sixth rank tensors,
k is wave vector. When the light beam propagatesgathe Z axis of the lithium
niobate crystal, the current along the X axis Bnittally zero by symmetry, while
that along the Y axis is the symmetry allowed congas of tensorgixmn and jimn.
For example, for the Y-polarized light beam, therthal current along the Y-axis is
given by the following equation:

‘2

0 E
Iy = Myyyyyz ‘6; +ikayyyy2‘Ey‘2 ‘Ey‘z (8.2)

We will refer to this phenomenon as the photothémfi@ct in noncentrosymmetric
media or the bulk photothermal effect in order ighhght that the light-induced heat
current can be excited even under homogeneousiilation and in a homogeneous

noncentrosymmetric medium [132].
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However, the developed phenomenological descrippibbthe observed effect does
not explain why the heat current produced by ld®am can manifest itself in the
modification of a moving sample. The major diffiguhere is that the timescales of
these processes are very different. Specifically, laser field, which drives the heat
current, described by Eq. (8.1), is last for orthpat 150 fs. The created electrons in
the laser-produced plasma thermally equalize with lattice in a few picoseconds
and finally recombine with nearby ions in a few oseconds or even faster.
However, at the pulse repletion rate of 250 kHe,ttme interval between laser pulses
is at least one thousand times longer. The quesbidie answered is: what is there
that "remembers" what direction the laser beaneiagtranslated in 4 microseconds

later, when the next laser pulse arrives?

The short answer is that the anisotropic energtriloligion, created by the short
lasting current described by Eqg. (8.1), is finathyprinted in the anisotropy of lattice
temperature across the irradiated area. This can $&en as more efficient heating of
the material when subsequent pulses arrive in immeghere the electric-field driven
heat current has already pushed thermal energy &mther part of the beam due to
the crystal anisotropy. To clarify this, we redhbit our experiments were performed
in the so-called thermal accumulation regime [12#].this regime, the material
temperature is determined by the cumulative eftdctmany laser pulses. This is
because, in our experimental conditions (beam diamnde= 2um, thermal diffusivity
D=xlpc, = 10° cnf/s, thermal conductivity = 2 W/mK, specific heat capacity =
714 JIkgK, volume mass densjiy= 4640 kg/m, pulse repetition rate= 250 kHz,
sample velocity = 200 um/s), the effective cooling tinke= d%/D = 4 ps coincides
with 1f and the thermal diffusion length, = (4D/f)*? =4 pm is comparable with
the beam diameter. The distance travelled by thnepleabetween two consecutive
pulsesh = v/f = 0.8 nm, i.e. the number of laser pulses oventgppvithin the beam
diameter iN = d/h = 2500. Such a small beam shift between two pulsgdias that

the beam movement can be considered to be consnuou

The absorption of the laser radiation results enakierage heat production within the
focus area with the rate
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0Q
— =a(r,x f)l 8.3
(6t jhcm o) ©2)
wherel is the laser intensityr, is the pulse duration, ana is determined by the
absorption coefficient, volume of the irradiatedaetc This heating homogeneously
increases the temperature within the whole focah.aHowever, in the focal area of
LiNbO3, there exists an average heat current along thgi&'(Eq. 8.1):

J, =b(r,x )2 (8.4)

where b is determined by relevant non-zero componentshef material tensors
introduced in Eq.(8.1). When the light beam is @gged along the Z-axis of the

crystal, this flow will push the heat along the Xisaat the transfer rate

(a—Qj =AJ, (8.5)
at anisotropt

whereA is the cross-section of the irradiated area intBeplane. This heat transfer
will produce the temperature difference betweerosjip sides of the beam:

AT :i[a_Qj :EJ_y (8.6)
KA at anisotropt K

The sign ofAT depends on the parametgri.e. on the relevant component of the
material tensor responsible for the observed eflecparticular, if the laser beam is
Y-polarized andm({yyyyy) > 0, thenJdy, < O . Therefore, if the Y-axis is horizontal
with the negative direction on the right, the tenapare of the right-hand side of the
irradiated area will be higher than that of the-kend side (Fig. 8.8). In such a case
the direction of the beam movement along the Y-@does matterSpecifically, the
temperature of the crystal when the beam is tréeslalong the Y-axis in the negative
direction will be always higher than that when beam is translated along the Y-axis

in the positive direction.

The mechanism of this direction-dependent writiran doe visualized using the
simplified model presented in Fig. 8.8. In this rabdor the sake of simplicity we
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assume that the beam movement is discontinuoushaethe beam movement along
Y-axis consists of jumps equal to the beam diam#tdength. The conventional
absorption described by Eq. (8.3) produces homagendeating of the irradiated
area at a temperatufg. If no other heating mechanisms are present,eimpérature
is the same for any position of the beam and doeslepend on which direction the
beam is moved. However, if the anisotropic heatimechanism, described by Eqg.
(8.4), is involved, the temperature at the rigliesof the beam is higher than that of
the left-hand side byIT = dJ/x . When the beam jumps right (to the negative
direction of the Y-axis) to its next placement, teenperature of th&eft sideof the
beam increases b+ AT, while the temperature of the right side of tharbasT. The
anisotropic heating mechanism is switched on andeases the temperature of the
right sideso that it will bedT higher than that of the left side of the beamaAssult,
the temperature of theght sideof the beam will be equal td + 24T. The same
temperature increase will happened after the nempj Afterm jumps in the direction
that coincides with the direction of the anisotmopeat flow, the temperature of the
very right irradiated area will be equal to

T =7, + 9T (8.7)

K

When the light beam moves in the positive direca@ng the Y-axis, the temperature
of the left-side of the beam is the same after gaohp. Therefore, although the
anisotropic heating mechanism results in the irszred the temperature of the right-
side of the beam, the temperature of the crystas cot increase (see Fig. 8.8):

T e =To +9><J_y (8.8)

K

Therefore, the anisotropic heating may result drastically different scenario for the
laser writing, which we refer to abfferential heatingof the sample. This increase of
the temperature, described by Eqg. (8.7), will evalty slow down due to thermal
diffusion and melting of the sample. Moreover wme\heating of the sample when
the beam moves opposite to the heat flow, whicldascribed by Eq. (8.8) and
illustrated in Fig. 8.8, may results in a shockuodd damage, which is evident for

one of the writing directions (Fig. 8.3 and 8.4pparently in the real experimental
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conditions, the situation is more complicated bseawe need to account for the
interplay of the thermal diffusion and the accurtiol® however the simplified model
above well illustrates how anisotropic heating camanifest itself in crystal

modification by a moving laser beam.
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Figure 8.8: lllustration of the differential heagimof a crystal as a result of the bulk
photothermal effect. Heat flows in the —Y directiginthe crystal (black arrow). Temperature
of the crystal increases till saturation when tkarh is displaced in the direction of heat flow
(red arrow) and oscillates near the level defingdidotropic heating (green line) when
displacement is opposite to the heat flow (blu@w)r Big circles illustrate the laser beam
and darker colour corresponds to higher temperatiutiee sample in the position of the beam.

The restrictions imposed on the light-induced auirt®y crystalline symmetry explain
the observed directional dependence of writing.c8ipally, since the light beam
propagated along the Z axis does not produce thesaneent along the X axis, the
crystal modification is not sensitive to the tratgin of the light beam along the X
axis. In contrast, when the beam is translatedgalba Y axis, the in-plane heat flow
is either parallel or anti-parallel to the beamoedly. Since the heating of the crystal
is stronger when the direction of the heat flowncales with the direction of the
beam movement, the modification of the non-centrosgtric crystal shows a
pronounced directional dependence independenediltiof the pulse front. It should
also be noted that similar crystal modifications flee X- and Y-polarized beams.
Such an experimental finding is also supported rtygtal symmetry because, in the
LiNbO;3 crystal, the thermal current along the Y-axis a$ forbidden for X- and Y-
polarized beams, however the current is describgd different independent
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components of the material tensor. The similaritytfee crystal modifications just
indicates that these components are of the sanee ofanagnitude.

It can be observed from Eqgs. (8.1, 8.2) that inégrpf the crystal anisotropy and
light-induced heat flow gives rise to a new nonigemcal, nonlinear optical
phenomenon - the nonreciprocal photosensitivitythie LINbG;, the nonreciprocal
photosensitivity manifests itself as changing tign of the light-induced current
when light propagation direction is reversed. Tgisnomenon is visualized when the
modification of the crystal is performed by a mayilight beam; in such a case the
created pattern is mirrored when the light propagadirection is reversed.

8.4 Conclusions

In conclusion, non-reciprocal ultrafast laser wgtiin Z-cut lithium niobate crystal
was first realized by a tightly focused ultrafagsdr beam. It was discovered that
when the direction of the laser beamreversedfrom +Z to — Z directions, the
structures written in the crystal when translatthg beam along the +Y and -Y
directions aremirrored. Therefore, a single light beam interacts with trgstal
differently for opposite directions of light prop#gn. This new non-reciprocal
nonlinear optical phenomenon is interpreted in seahlight pressure at the front of
the ultrashort pulse, the photon drag effect, assb@ated light-induced thermal
current in crystalline media. It should be noteat thonreciprocal phenomena are very
rare in optics and are usually associated withKangaof the time-reversal symmetry
due to the presence of the magnetic field. One reesll the conventional Faraday
effect and magneto-chiral dichroism [133], whenititeraction of a single light beam
with a homogeneous material is different for twgagite directions similarly to the
non-reciprocal photosensitivity reported here.
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Chapter 9
Conclusions and future work

9.1 Summary and discussion

In summary, a structural modification with positirelex change (type-1) has been
demonstrated in high index bismuth borate glasgebyosecond laser direct writing.
This type of modification was used to fabricate agwides in this high index glass.
Low loss, polarization insensitive, single mode egwides with circular mode
profiles and refractive index changes up to 4.0 Were inscribed by ultrafast laser
radiation in this glass. An insertion loss of odlydB and a propagation loss of 0.2
dB/cm at 1.55um were demonstrated. Y-splitters and directionalpters were also
fabricated and their performance closely agreedh Wieoretical simulations based
upon experimentally measurable quantities obtainkdm the waveguide
characterization. Moreover, a 500 nm spectral leoed) was obtained by launching
less than 2.0 mW average power (53 kW peak-powfetp0 fs laser pulses at 1.46
pm through the waveguides. The supercontinuum isignaiaused by self-phase
modulation allowing the estimation of a nonlineafractive index, 5 of ~ 6.6 x 10
Senf/W, which is in agreement with published data [Fliminary experiments on
the uniformly poled waveguides show the sagi@ value as the bulk glass.
Femtosecond laser written low loss waveguides Jatige n are attractive for
fabricating nonlinear glass based devices.

Type-lIl modification was induced inside the fusedica by femtosecond laser
irradiation. Self-assembled, sub-wavelength pecicdructures created in the focal
volume were shown to account for this type of modtion. Two different types of
periodic structures, the main one with periadg)(in the direction of the laser beam
polarization and the second with perigd) in the direction of the light propagation,
are identified from the cross-sectional imageshefinodified regions using scanning
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electron microscopy. The range of effective pulsergy which could produce
nanogratings narrows when the pulse repetitionobtke writing laser increases. The
period,Ag, is proportional to the wavelength of the writiggér and the periody in
the head of the modified region remains approxityatiee wavelength of light in
fused silica.

A new phenomenon in ultrafast laser processingafsparent optical materials, in
particular silica glass, manifested as a changeaterial modification by reversing
the writing direction is observed. The effect rabées writing with a quill pen and is
interpreted in terms of a new physical effect -satropic trapping of an electron
plasma by a tilted front of the ultrashort laselspuMoreover, a change in structural
modification was demonstrated in a silica glassarhy controlling the direction of
pulse front tilt, achieving a calligraphic style ffser writing which is similar in
appearance to that inked with the bygone quill gamthurmore a new type of
modification associated with anisotropic bubblenation, which could be controlled
by the writing direction, was observed at high pudmergies. The phenomenon of
modification transition in a continuous encryptigmocess was observed. We
anticipate that the possibility of achieving cohtad light-matter interactions, by
adjusting the tilt of ultrashort pulse front, wdpen new opportunities in material

processing, optical manipulation and data storage.

Strong birefringence was induced inside chalcogemjthss by femtosecond laser
direct writing. Unlike the previously reported pbotduced anisotropy in
chalcogenide glass and form birefringence in fusi#ida, the optical axes of the
birefringent region are not determined by the ppédion direction of the irradiating
light. Instead, by varying the scanning directidntlee laser irradiation, the optical
axes of the birefringence can be changed. As dt réise information on the direction
of writing could be recorded inside transparent emats. Moreover, this type of
photoinduced anisotropy can be erased by anneaimdy,is reversible by repeatable

scanning.

Photosensitivity is a material property that isevaint to many phenomena and
applications, from photosynthesis and photograpbyoptical data storage and

ultrafast laser writing. It was commonly thoughatthin a homogeneous medium,

100



Chapter 9 Conclusions and future work

photosensitivity and the corresponding light-indigeaterial modification do not
change on reversing the direction of light propmgat In this thesis it was
demonstrated for the first time that when the diogcof the femtosecond laser beam
is reversed from +Z to — Z directions, the strueswvritten in lithium niobate crystal
when translating the beam along the +Y and —Y tloas are mirrored. In a non-
centrosymmetric medium modification of the mateciah therefore differ when light
propagating in opposite directions. This is thestfievidence of a new optical

phenomenon of non-reciprocal photosensitivity.

9.2 Future work

As summarized above, this thesis has advancedeldeof femtosecond laser direct
writing in several respects, but several unanswepgestions and open challenges

remain.

With regards to physics, a complete model of theraction of femtosecond laser
pulses with transparent materials needs to be lettat), including the simulation of
the focused ultrashort pulses in the focal regwith a particular emphasis on
determining the effect of both the spatial and téeporal distortion on the laser
intensity distribution, and subsequent laser indyglasma distribution. This data will

provide a more realistic comparison with the expent results.

With regards to application, femtosecond laser @eduhigh density optical data
storage in fused silica is one of the promisingasreCompared to traditional three
dimensional data storage in optical materials, wlibe density is limited by the focal
spot size, here another “dimension” could be ab#laising the orientation of the
self-assembled nanostructure (type-1l) formed m fibcal area, which is determined
by the polarization direction of the writing lasd@this work is presently underway in
the collaboration set up between our group andHin@o group in Kyoto (Fig. 9.1).

Moreover, photonic devices based on the femtosedaser inscribed waveguide
structures (Type |) are also very attractive. La@ssl waveguides with large optical
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nonlinearitiesare attractive for fabricating frequency convertargl supercontinuum

generators.

Figure 9.1: Type-1l modification induced in fusatcs by femtosecond laser direct writing.
The different colour of each letter is correspogdim the different orientation of the slow axis
of the birefringence.

Overall, the femtosecond laser direct writing tegbe is slowly becoming
commercialized; however it is often limited by tbev processing speed and high cost
of the laser system. More affordable and easiesperate, commercially available,
femtosecond fibre laser systems operating at MHuetigon rates, with uJ pulse
energy, are very attractive. With the ability toalize three-dimensional multi-
component devices, femtosecond laser micromachisimyvs tremendous potential
in the laser material processing field.
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Appendix A

Slit beam shaping method

In this appendix, the slit beam shaping method ueedptimizing the waveguide

cross-section is discussed.

yd /
z
50X y
X
Transverse Nz
j ..... </> ...... — /| A
Ny

Figure A.1: Schematic drawing of the slit beam sigymnethod.

For a circular Gaussian beam with a beam waisheninput plane of the lens, the
energy distribution near the focal point can beregped as:

_ 1 -2(x* +y?)
I_[1+(22/z§)]ex wj(1+22/z§)} (A.1)
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where « is the beam waist at the focal poit, =kaf i the corresponding

Rayleigh length and is the wave vector.

As shown in Figure A.1, for an elliptical Gausslaam exiting from the slit, with its
major axis in thex direction and its minor axis in thedirection, the new intensity

distribution near the focal point can be expressed

1 1 _2X2 —2y2
| = 1 lex;{ ST }ex;{ SN }(A.Z)
b+ @iz e @iz L@ 2RI @, 002 7))

where w,, , @, is the beam waist at the focal point along the d ynulirection; z,, ,
z,, is the corresponding Rayleigh length respectivélg assume that the effective

full width of the elliptical beam along the x ditem is the same size as the input

aperture of the objective lens. As a resulf, and z,, are the same value as the
w,andz;in Equation (A.1). Howeverg,, is now equal t(RX/ Ry)a)OX, whereRy (Ry)
is the radius along the major (minor) axis of thigotical beam; andz,, is equal
to kcuozy /2. Thus, the intensity distribution in thy& plane (x = 0) near the focal spot

can be expressed as:

1 1 -2y?
1(y,2) = T T ex;{ N } (A.3)
[1+(22/z§X)]E [1+(22/z§y)]5 wh, A+ 2°175,)

The intensity distribution in thgz plane with variousR, /R, values is shown in Fig

A.2. It is clear that the intensity distribution ithe focal point can be more

symmetrical if theR /R, ratio is increased. This can be used to imprinedspect

ratio of the waveguide cross-section.
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¥ (pm)

Figure A.2: Computer simulations of intensity distitions near the laser focal spot with

variousR/R; ratios.
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