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Optical waveguides (type-I), with perfect mode matching to the standard single-mode 
fibre and with an overall insertion loss of ~1 dB, have been demonstrated in high 
index bismuth borate glass by femtosecond laser direct writing. Broadening of the 
transmitted light source by as much as 500 nm was demonstrated through a 
waveguide with a length of 1.8 cm. Finally, passive waveguide components such as 
Y-splitters and directional couplers have also been fabricated using this writing 
technique.  
 
Self-assembled, sub-wavelength periodic structures (type-II) are induced in fused 
silica by a tightly focused, linearly polarized, femtosecond laser beam. Two different 
types of periodic structures, the main one with period (ΛE) in the direction of the laser 
beam polarization and the second with period (Λk) in the direction of the light 
propagation, are identified from the cross-sectional images of the modified regions 
using scanning electron microscopy. The period ΛE is proportional to the wavelength 
of the writing laser and the period Λk in the head of the modified region remains 
approximately the wavelength of light in fused silica.  
 
A new phenomenon in ultrafast laser processing of transparent optical materials, in 
particular silica glass, manifested as a change in material modification by reversing 
the writing direction, is observed.  The effect resembles writing with a quill pen and is 
interpreted in terms of new physical effect - anisotropic trapping of electron plasma 
by a tilted front of the ultrashort laser pulse. Different types of modifications are 
induced in fused silica by controlling the pulse front tilt. 
 
Birefringent modification is demonstrated in the chalcogenide glass by femtosecond 
laser direct writing. The optical axis of the birefringent region is not determined by 
the laser polarization direction. It is observed that the information on the direction of 
writing can be recorded and be rewritable in the chalcogenide glass.  
 
Finally, a unique non-reciprocal photosensitivity is identified for the lithium niobate 
crystal for ultrafast laser direct writing. Therefore, in a non-centrosymmetric medium, 
modification of the material can be different when light propagates in opposite 
directions. 
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Chapter 1 

Introduction 
 

1.1 Motivation and aims 

 

Since the invention of the laser in 1960 [1], this new form of light has attracted 

enormous interest because its relevance to a wide range of applications in science and 

technology including laser spectroscopy, laser medicine and laser material processing. 

More recently, lasers with pulse duration in the femtosecond regime have been 

demonstrated [2]. The ultrashort pulse lasers open new frontiers in ultrafast optics and 

spawn research groups around the world. Ultrashort pulse lasers have two main 

advantages compared to the conventional lasers. First, the ultrashort pulse duration 

enables a measurement with extremely short temporal resolution on a femtosecond 

scale. Dynamic studies of chemical reactions in gases and charge carriers in 

semiconductor have been carried out using ultrashort pulse lasers [3, 4]. Second, the 

focused ultrashort pulses can produce extremely high intensity enabling new frontiers 

in the physics and technology of light-matter interactions ranging from table-top 

ultrafast x-ray generation and filament propagation in air to super-continuum 

generation and ultrafast laser material processing [5-9]. The work presented in this 

thesis will mainly focus on the study of femtosecond laser interaction with transparent 

materials. For the most of the available commercial femtosecond laser system, the 

intensity at the focus can reach 1013 W/cm2 when the laser is tightly focused inside the 

transparent material. As a result, nearly any materials including wide band-gap 

insulator, such as sapphires and fused silica, can be easily ionized through nonlinear 

absorption, resulting in optically induced breakdown. Moreover, during the laser 

material processing, the absorbed pulse energy only can transfer to the lattice on the 

order of 10 ps. As a result, in contrast to the material modification using nanosecond 

or longer laser pulses where the processing is dominated by the thermal effect, for the 
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femtosecond laser interaction with the materials, a very clean modified region with 

minimum collateral damage and heat affected zone can be induced making it a 

promising technique for high precision micro-structuring materials. Furthermore, the 

nonlinear absorption process enables induced modification to be confined in the focal 

volume where the local intensity is higher than the threshold for modification. The 

transparent material can be bulk modified in a three dimensional manner, by simply 

moving the transparent material relevant to the focal spot of the laser beam. 

 

Depending on the focusing position of the laser beam, surface patterning or bulk 

modification could be realized in transparent materials using focused femtosecond 

laser irradiation. In this thesis, we will mainly study the latter case where the laser 

beam is focused inside the bulk transparent material. The first demonstration of 

micro-modification inside bulk glasses using femtosecond laser pulses occurred in 

1996 by Hirao group where optical waveguides have been fabricated [8]. In the same 

year, Mazur group demonstrated the ability to modify the refractive index of sub-

micrometer sized volumes inside the transparent material providing a new method for 

three-dimensional data storage [9]. Since then, significant attention has been drawn to 

the study of modification of materials with ultrashort laser pulses which generates a 

wide range of applications including laser surgery [10], integrated optics [8, 11-31], 

optical data storage [9, 32-34] and three dimensional micro- and nanostructuring [35-

66]. Moreover, depending on the exposure parameters and material property, three 

qualitatively different kinds of structural changes can be induced inside transparent 

materials: an isotropic refractive index change mainly used for the waveguide 

inscription [8] (type-I); a form birefringence with negative index change enabling the 

realization of retardation plates [39] (type-II); and a void suitable for the application 

of data storage [34] (type-III). Despite the promise of ultrashort laser pulses in 

processing transparent material for a variety of applications, the mechanism of 

inducing different structural changes in transparent materials is still not fully 

understood.  

 

It is with this background that our investigations in the field of femtosecond laser 

interaction with transparent materials began. The main objective of this thesis is to 
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explore novel applications using femtosecond laser direct writing technique and to 

gain further knowledge of the fundamental light-material interactions.  

 

Waveguide writing is one of the most important application for the femtosecond laser 

induced type-I modification. There are only few reports on the femtosecond laser 

direct writing in high index glasses such as SF57, chalcogenide and heavy metal oxide 

glasses having n0 > 1.8 and n2 > 10-15 cm2/W [18, 27, 46, 67]. Bismuth borate glass 

possesses a large n2 value (5 × 10-15 cm2/W at 1064 nm) which is almost 20 times 

higher than the nonlinear refractive index of silica glass [68]. This makes it an 

excellent candidate material for the fabrication of nonlinear optical devices such as 

optical switches or supercontinuum generators. Moreover, thermal poling can induce 

high second-order nonlinearity in bismuth borate glass [69], which can be used for 

fabricating nonlinear optical devices such as frequency converters or electro-optic 

modulators [24]. Despite these advantages, the implementation of passive waveguide 

components in bismuth borate glass using femtosecond laser direct writing is still 

unexploited. In this thesis, type-I modification was firstly demonstrated in high index 

bismuth borate glass using femtosecond laser direct writing. Low loss waveguides and 

passive waveguide components were also fabricated.   

 

Recently, femtosecond laser induced type-II modifications characterized by 

birefringence, anisotropic reflection and negative change, have attracted increasing 

interests [36-38, 48]. The self-assembled periodic nanostructures, which have a size as 

low as 20 nm and formed in the focal volume of the fused silica, justified all the 

phenomena observe for this type of modification. Micro-reflectors, rewritable data 

storage and micro-fluidic channels have been demonstrated using these nanostructures 

[37, 38, 48, 54, 55]. Despite the varieties of applications, there is still lack of 

characterization of their properties on various fabrication parameters, which are 

essential to enable a better understanding of the mechanisms responsible for the 

formation of the nanostructures, and consequently how to efficiently exploit them. In 

this thesis, Type-II modification in fused silica was studied using variable repetition 

rate femtosecond fiber laser system at two different wavelengths. A two dimensional 

periodicity, one along the polarization of light and one with the value of laser 

wavelength along the light propagation direction, was identified.  In addition, a 
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quantitative analysis the dependence of the nanogratings period as a function of laser 

parameters was completed. Moreover, it was demonstrated that the range of effective 

pulse energy which could produce nanogratings narrows when the pulse repetition 

rate of writing laser increases 

 

Generally, the femtosecond laser induced modifications depend on the exposure 

parameters (wavelength, pulse duration, repetition rate, pulse energy) and material 

property (bandgap, thermal diffusivity). Here, a new phenomenon in ultrafast laser 

processing of transparent optical materials, in particular silica glass, manifested as a 

change in material modification by reversing the writing direction was observed. The 

tilt of pulse front was utilized as a new parameter to control the structural 

modification. 

 

Birefringent modification is induced in the chalcogenide glass by femtosecond laser 

direct writing. Unlike the previously reported photoinduced anisotropy in 

chalcogenide glass [70, 71] and form birefringence in fused silica [39, 40], the optical 

axes of the birefringent region are not determined by the polarization direction of the 

irradiating light. Instead, by varying the scanning direction of the laser irradiation, the 

optical axes of the birefringence can be changed. As a result, the information on the 

direction of writing could be recorded inside transparent materials. Moreover, this 

type of photoinduced anisotropy can be erased by annealing, and is reversible by 

repeatable scanning.  

    

Finally, a unique non-reciprocal photosensitivity was identified for the lithium niobate 

crystal for ultrafast laser direct writing. It was demonstrated that when the direction of 

the femtosecond laser beam is reversed from +Z to – Z directions, the structures 

written in lithium niobate crystal when translating the beam along the +Y and –Y 

directions are mirrored. Therefore in a non-centrosymmetric medium modification of 

the material can be different when light propagates in opposite directions. 
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1.2 Thesis Overview 

In chapter two: This chapter provides an introduction to the basic nonlinear 

propagation and ionization mechanisms that governing the interaction of ultrashort 

pulse with transparent materials. 

 

In chapter three: The experimental setup for the femtosecond laser material 

processing was introduced. Quantitative phase and birefringence technique for 

characterizing the sample after irradiation has also been discussed.  

 

In chapter four: This chapter presents results of positive refractive index modification 

(type-I) in high index bismuth-borate glass by femtosecond laser irradiation. A 

specific set of writing parameters leading to waveguides perfectly mode matched to 

standard single-mode fibers at 1.55 µm with an overall insertion loss of ~1 dB and 

with propagation loss below 0.2 dB/cm was identified. Passive waveguide 

components such as Y-splitters and directional couplers have also been demonstrated. 

Finally, the nonlinear refractive index of the waveguides has been measured to be 6.6 

× 10-15 cm2/W by analyzing self-phase modulation of the propagating femtosecond 

laser pulse at the wavelength of 1.46 µm. Broadening of the transmitted light source 

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

 

In chapter five: This chapter presents results of induced form birefringence (type-II) 

in fused silica by femtosecond direct writing. Self-assembled, sub-wavelength 

periodic structures are induced in fused silica by a tightly focused, linearly polarized, 

femtosecond laser beam. Two different types of periodic structures, the main one with 

period (ΛE) in the direction of the laser beam polarization and the second with period 

(Λk) in the direction of the light propagation, are identified from the cross-sectional 

images of the modified regions using scanning electron microscopy. We demonstrate 

the spatial coherence of these nanogratings in the plane perpendicular to the beam 

propagation direction. The range of effective pulse energy which could produce 

nanogratings narrows when the pulse repetition rate of writing laser increases. The 

period ΛE is proportional to the wavelength of the writing laser and period Λk in the 
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head of the modified region remains approximately the wavelength of light in fused 

silica.  

 

In chapter six: A new phenomenon was discovered in ultrafast laser processing with 

transparent optical materials, manifested as a change in material modification by 

reversing the writing direction. The effect resembles writing with a quill pen and is 

interpreted in terms of new physical effect - anisotropic trapping of the electron 

plasma by a tilted front of the ultrashort laser pulse. Different types of ultrafast laser 

induced modifications were demonstrated inside fused silica by varying the direction 

of pulse front tilt. 

 

In chapter seven: Birefringence is induced by femtosecond laser direct writing inside 

chalcogenide glass. The optical axes of the birefringent region are not determined by 

the polarization direction of the irradiating light. Instead, the direction of the optical 

axis is defined by the laser scanning direction and the birefringence is produced by 

stress which was induced by thermal expansion of the glass during laser irradiation. 

Moreover, the polarization of light, passing through the modified region, rotates in 

opposite directions on the two sides from the centre of the region, which was 

produced by the twist of optical axis along the light propagation direction. 

Furthermore, it is observed that the information on the direction of writing could be 

recorded and be rewritable inside transparent materials.  

 

In chapter eight: It has been a common belief that in a homogeneous medium, the 

photosensitivity and corresponding light-induced material modifications do not 

change on the reversal of light propagation direction. Here we demonstrate that when 

the direction of the femtosecond laser beam is reversed from +Z to – Z directions, the 

structures written in lithium niobate crystal when translating the beam along the +Y 

and –Y directions are mirrored. Therefore in a non-centrosymmetric medium 

modification of the material can be different when light propagates in opposite 

directions. 

 

In chapter nine: This chapter concludes the thesis by summarizing the key findings 

and gives an outlook on future research and application directions. 
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Chapter 2 

Background 
 

 

In this chapter, the equations describing the nonlinear propagation of ultrashort laser 

pulse in transparent material are first reviewed in Section 2.1. Section 2.2 gives a brief 

overview of the nonlinear ionization mechanism involved during the laser material 

interaction process.  

2.1 Ultrashort laser pulses in transparent material 

The propagation of an electromagnetic wave in a nonmagnetic medium, where there 

are no electric charges or currents, is governed by the Maxwell equations: 
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 ),(),(),( 0 ttt rPrErD += ε  (2.5) 

 ),(),( 0 tt rHrB µ=  (2.6) 

where E and H are the electric and magnetic fields, respectively; D and B are the 

corresponding electric flux density and magnetic flux density; 0ε  and 0µ  are the 

electric permittivity and magnetic permeability in free space, and P is the induced 



Chapter 2 Background 

 

8 

polarization. By solving the Maxwell equations, the wave equation that describes the 

light propagation in a homogeneous and isotropic medium becomes: 
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where 
00

1

µε
=c , and c is the speed of light in vacuum. In conventional optics when 

the electric field strength is small, the polarization vector P is a linear function of E 
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where )1(χ  is the first order susceptibility tensor and we have taken the material 

response to be instantaneous. For an isotropic medium, the linear susceptibility is 

defined as the scalar quantity)1(χ . This further simplifies equation (2.7) 
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where n0 is the linear refractive index 
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The linear relation between P and E in equation is only an approximation. At high 

field strengths, it is no longer valid. The dependence of the polarization on the field 

becomes nonlinear and is generally described as a power series of the electric field: 
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where )( jχ  (j = 1,2,…) is the j th order susceptibility, and P(j) is the j th order 

polarization. Generally, the orders over the 3rd in (2.11) are negligible. Moreover, in a 

material with an inversion symmetry, 0)2( =χ , as a result (2.11) becomes: 
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hence (2.12) can be simplified to: 
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The refractive index n can be given as: 
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ε
χ= is the nonlinear refractive index and 

2

002

1
EcnI ε= is the laser 

intensity. This nonlinear refractive index gives rise to self-focusing and self-phase 

modulation when the ultrashort pulses propagate through the medium. 

2.1.1 Self-focusing 

Self-focusing of light is a result of refractive index variation due to the spatial 

distribution of the intensity profile. As shown in Fig. 2.1, when an optical pulse with a 

Gaussian shaped spatial profile propagates through a glass plate, the intensity profile 

produces a Gaussian transverse refractive index distribution. The material at the 

center of the laser beam will have a large refractive index. As a result, the material is 

turned into a positive lens and focuses the incident laser beam.  

 

 
 

 

 

I n = n0+n2 I 

 

Figure 2.1: The relation between an intense laser beam with a Gaussian spatial profile and a 
nonlinear index of refraction in the material. 
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Although the refractive index change depends on the laser intensity, the strength of 

the self-focusing effect depends only on the peak power of the laser pulse [72]. As the 

power of the laser pulses increased to some critical power, filament is formed in 

which the self-focusing balances diffraction. The critical power Pcr was given as [72]: 

 
20

2
0

2

8

)61.0(

nn
pcr

λπ=  (2.15) 

where λ0 is the vacuum wavelength of the laser radiation. In fused silica, n2 is 3.2 × 

10-16 cm2/w and n0 is 1.47, so that Pcr is calculated to be 2 MW. For a laser pulse with 

150 fs duration, this threshold is corresponding to pulse energy of 0.3 µJ. If the peak 

power of the laser pulse exceeds this critical power, then catastrophic collapse of the 

laser beam could happen [72]. In reality, the free electron plasma created as a result of 

nonlinear ionization contributes a negative refractive index change which prevents 

further self-focusing [73]. 

2.1.2 Self-phase modulation 

Self-phase modulation is the counterpart of self-focusing in the time domain. 

Considering an optical pulse propagating through a glass plate with the length L, the 

phase φ(t) is given by: 
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where ω0 is the carrier frequency. If the linear dispersion is negligible, the 

instantaneous frequency ω(t) then has the form: 
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As a result, the leading edge of the pulse shifts to lower frequency (red) while the 

trailing edge shift to the higher frequency (blue). The spectrum of the laser pulse 

broadens with the propagation distance. 
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2.2 Femtosecond laser induced optical breakdown  

In dielectrics, electrons are strongly bound to the lattice and the minimum energy 

needed to free electrons from the valence band (binding of 9 eV for fused silica) is 

well above the single photon energy of the near-infrared light source. (800 nm, 1.55 

eV). As a result, the infrared light can not be absorbed. However, when the incident 

laser intensity is high enough, the nonlinear absorption become possible allowing the 

transparent material to be modified by light. The mechanism of ultrashort laser pulse 

modification of transparent materials can be divided into two parts: absorption of laser 

energy by the materials through nonlinear ionization and the subsequent dissipation of 

the absorbed energy. The nonlinear absorption takes place through three steps: 

production of initial seed electrons through nonlinear photoionization; followed by 

avalanche photoionization and finally the plasma formation. In this section, we first 

review three ionization processes that can take place during optical breakdown: 

multiphoton absorption, tunneling, and avalanche ionization. A discussion of material 

modification due to laser induced ionization and plasma generation in transparent 

materials will also be presented. 

 

For optical breakdown and material damage to occur in transparent material, a 

nonlinear absorption mechanism must deposit laser energy in to the material by 

promoting electrons from valence band to the conduction band. There are two classes 

of nonlinear mechanisms that play a role in this absorption, photoionization and 

avalanche ionization. 

2.2.1 Photoionization 

Photoionizaton refers to direct excitation of the electron by the laser field. Depending 

on the laser frequency and intensity, there are two different regimes of 

photoionization, the multiphoton ionization (MPI) and tunneling ionization [74]. In 

MPI regime, the electron density Ne grows as: 

 m
m

MPI

e I
dt

dN σ=







 (2.18) 
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where σm is the multiphoton absorption coefficient for m-photons absorption. The 

number of photons required is determined by the smallest m which satisfies the 

relation: gEm ≥ωh , where gE  is the bandgap energy of the dielectric material and 

ωh  is the photon energy. Typically, m is ~ 6 for fused silica with 800 nm wavelength, 

which shows the high intensity sensitivity of this nonlinear process. In tunneling 

regime, the Coulomb potential is suppressed by the strong incident field allowing 

valence electrons to tunnel to the conduction band. Keldysh showed that both 

multiphoton and tunneling regimes could be described with the same framework [75]. 

The transition from multiphoton to tunneling ionization is characterized by the 

Keldysh parameter γ defined as: 

 
eE

Em g
2

1
* )2(ω

γ =   (2.19) 

where E is the amplitude of the laser electric field oscillating at frequency ω, m*  and e 

are the effective mass and charge of the electron. When γ is much larger (smaller) 

than 1, multiphoton (tunneling) ionization dominates the excitation process. In the 

intermediate regime, the photoionization is a mixture between tunneling and 

multiphoton ionization. In fused silica (gE = 9 eV), γ = 1  for a laser intensity I 

= 13105.7 ×  W/cm2 at the wavelength of 800 nm. The laser intensity reaches this value 

at the focus for a pulse energy of 1.4 µJ in our laser processing setup. 

2.2.2 Avalanche ionization  

Avalanche ionization involves free-carrier absorption followed by impact ionization 

(Fig. 2.2). Multiphoton and tunneling ionization provide the initial free electrons for 

the avalanche process that follows. Once the free electrons have been created, they 

can gain energy by absorbing photons through inverse bremsstrahlung. As the energy 

of an electron exceeding the minimum conduction band by more than the band gap 

energy, it can ionize another electron from valence band, resulting two excited 

electrons at the minimum conduction band [76]. For avalanche ionization, the 

conduction band electron density grows as: 
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e IN
dt

dN α=






  (2.20) 

where α is the avalanche ionization coefficient. 

 

 

Figure 2.2: Schematic diagram of avalanche ionization [74]. 

2.2.3 Plasma formation: 

Seeded by nonlinear photoionization, the density of electrons in the conduction band 

grows through avalanche ionization until the plasma frequency approaches the 

frequency of the incident laser radiation (the critical plasma density). Since the 

plasma frequency is defined as: 

 
opt

e
p m

eN

0

2

ε
ω =  (2.21) 

the critical plasma density equals: 

 2
0

2
0

e

m
N opt

cr

εω
=  (2.22) 

This high density plasma strongly absorbs laser energy by free-carrier absorption. 

Only after the laser pulse is gone is energy transferred from the electrons to the lattice. 

This shock like deposition of energy, on a time scale much shorter than the thermal 
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diffusion time, leads to ablation of material on the surface or permanent structural 

change in the bulk. Moreover, the plasma can modify the real part of the refractive 

index according to: 

 
crNn

N
nn

0
0 2

−=  (2.23) 

For a Gaussian beam, the plasma induced refractive index modification has the 

smallest value in the beam axis. As a result, the beam is defocused by the plasma, 

which acts as a diverging lens. A balance between self-focusing and plasma 

defocusing leads to filamentary propagation. 
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Chapter 3 

Experimental setup and analysis tools 
 

In this chapter, the setup utilized for femtosecond laser material processing is 

described in Section 3.1. The rest of the chapter illustrates the optical characterization 

techniques for analyzing the laser induced modifications: quantitative phase 

microscopy for measuring the change of the refractive index and quantitative 

birefringence microscopy for birefringence measurement.  

 

3.1 Direct writing setup  

 

The experiment setup for the femtosecond laser direct writing process consists of a 

radiation source, the beam delivering system and the three-axis stage. The laser beam 

used for the most of the work was extracted from a Coherent laser system comprising 

of a mode locked Ti:Sapphire oscillator (“Mira”) and a regenerative amplifier 

(“RegA”) seeded by the output of the “Mira”. The “Mira” and “RegA” were pumped 

by frequency diode pumped 10 W and 12 W lasers respectively. A train of pulses with 

150 fs pulse duration, at a repetition rate of 250 kHz, and at a central wavelength of 

800 nm, were used in the experiment. The temporal duration of the laser beam from 

the RegA output was monitored using an autocorrelator. The linearly polarized laser 

beam passing through a collimated telescope was tightly focused into the bulk of the 

sample, by a 50X (NA = 0.55) microscope objective, down to a focal spot of ~ 1.5 µm. 

The laser polarization was controlled using a half-wave plate and the pulse energy 

was varied using a neutral density filter. A computer controlled shutter was used for 

regulating the laser exposure time. The sample was mounted on a computer controlled, 

three-axis, linear motorized stage (Aerotech ALS-130).  
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Figure 3.1: Schematic of direct writing setup. M: metallic mirror, L: lens, ND: neutral density 
filter, λ/2: half-wave plate, CCD: charge coupled device and AC: autocorrelator. 
 

The stage was carefully tuned for various loading weight before the writing process. 

The resolution is 20 nm and the repeatability is 120 nm for all three axes of the stage.  

A home written HP-VEE program was applied to control the stage movement. The 

desired patterns of modifications were realized in the bulk material by moving the 

stage, while the laser was irradiating the sample with the shutter open. A CCD camera 

with high magnification was used to control the focal depth inside the sample and to 

monitor the writing process. To ensure that the input surface of the sample was 

perpendicular to the direction of propagation of the writing laser, two goniometers 

were utilized to mount the sample allowing tilting in the xz and yz planes respectively. 

The goniometers were adjusted until the reflections of the sample were positioned in 

the centre of the iris when the objective was temporally removed from the setup (Fig. 

3.1). This critical alignment could also be confirmed by irradiating an ablation line on 

the sample surface when the focus point was near the surface within a few microns. A 

uniform ablation line would appear on the sample surface, across the edges, when its 

surface was perfectly perpendicular to the propagation direction of the writing laser. 

 

Based on the translation direction of the stage, with respect to the laser propagation 

direction, there are normally two different writing geometries: a transverse writing 

geometry in which the sample is translated perpendicularly to the beam propagation 

direction and a longitudinal writing geometry in which the sample is translated along 

the beam propagation direction. In this thesis, the transverse writing geometry is used 
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since it provides much greater flexibility and allows us to write waveguides or 

patterned structures of arbitrary length. In contrast, for a longitudinal writing 

geometry, the length of the structural modification is limited by the focal length of the 

focusing objective. The transverse writing geometry results in an intrinsic asymmetry 

of the structure cross section (zy plane). This is mainly due to the fact that: along the 

propagation direction of the laser, the size ∆z is determined by the confocal parameter 

λπ /2 2
0w  (where 0w  is the beam waist), while perpendicular to the laser propagation 

direction, the size ∆y is determined by the focal diameter 02w . Several techniques, 

including the astigmatic cylindrical telescope [77], multiple scan [25], deformable 

mirrors [78]  and slit beam shaping methods [21] have been used to overcome this 

problem.  
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Figure 3.2: Longitudinal and transverse writing geometries for femtosecond laser direct 
writing. 
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3.2 Optical Characterization 

After femtosecond laser irradiation, the sample was inspected using an optical 

microscope (Olympus BX-51). Optical properties, including laser induced refractive 

index modification and birefringence, were characterized using quantitative phase and 

birefringence imaging techniques.  

3.2.1 Quantitative phase microscopy 

Depending on the laser parameters and material properties, three types of 

modifications have been induced in the bulk of the material by femtosecond laser 

direct writing. The fundamental characteristic of these modifications can obtained 

from the quantitative information of refractive index profile of the focal region after 

laser irradiation. There have been several methods in the literature for measuring the 

refractive index profile of the structures embedded inside the transparent materials 

[79-83]. Their summary is listed in Table 3.1. 

 

Techniques 
Spatial 

resolution Sensitivity Disadvantages 

Refractive 
near-field profiling 

[79] 
Sub-micrometer 

On the order of 
10-4 

Expensive equipment, 
strict requirement for 

detector sensitivity and 
calibration from 

reference samples  

Phase-stepping 
interferometry [80] 

micrometer 
On the order of 

10-4 
Home-made setup, 

difficult to alignment 

Digital holography 
Microscopy [81] 

micrometer 
On the order of 

10-4 
Expensive equipment 

Near-field scanning 
optical microscopy 

[82] 
nanometer 10-5 

Expensive equipment, 
very hard to setup 

Quantitative phase 
microscopy [83] 

micrometer 
On the order of 

10-4 
Expensive software 

Table 3.1: Various techniques used to measure the refractive index profile of femtosecond 
laser induced modifications. 
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A non-interferometric solution: quantitative phase microscopy (QPM) [84] was 

utilized here to analyze the refractive index profile of the focal region after 

modification. By using an optical microscope (Olympus BX-51) in transmission mode, 

a set of images: one in-focus (I0) and two very slightly positively/negatively (I+/I-) 

defocused images were firstly captured by the CCD camera (Fig. 3.3). The images 

were then converted into intensity data using the computer. It is now well established 

that the propagation of light field along the optical axis z in microscope obeys the 

transport of intensity equation [83]: 
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where r
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= (x, y) is a two dimensional vector in the transverse plane, I is the intensity 

distribution of the image and M is the magnification of the microscope. The 

differential information of the propagation of the field on the left hand side of the 

Equation 3.1 can be obtained from: 

 
z

II

z

rI

∆
−

≈
∂

∂ −+

2

)(
r

 (3.2) 

where ∆z is the defocus distance. Given this information and the intensity information 

of the in focus image, the Equation 3.1 can be solved using an appropriate algorithm 

[84]. This analysis is based on coherent illumination; however, the optical 

microscopes used in QPM systems have a partially coherent illumination source. It 

can be shown [84] that a partially coherent source gives an identical result to the 

coherent case, in Equation 3.1, provided that the irradiance distribution of the 

illumination source shows inversion symmetry. The de-focused images were obtained 

by translating the objective using a motorized stage (Physik Instrumente). Both the 

image acquisition and the algorithm for phase map calculation in the QPM system are 

from IATIA Ltd. The refractive index change of the modified region can then be 

calculated using Equation 3.3: 

 
d

n
π
φλ
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where λ is the wavelength of 550 nm used by IATIA software to calculate the 

quantitative phase image, d is the thickness of the modified region and ∆φ is the phase 

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

 

Examples of QPM measured type-I modifications was shown in Figure 3.4. The three 

bright field images were captured with 20X objective and a 8-bit mega-pixel CCD 

camera (Pixelink PL-A642). The NA of the condenser was set to be 80% NA of the 

objective. Using the QPM technique described previously, the phase information of 

the modified structure is shown in Figure 3.4 (a). Moreover, the differential 

interference contrast (DIC) image can be emulated using the calculated phase 

information of the structure (Fig. 1(c)). Furthermore, the QPM technique can apply 

both to the non-absorbing and absorbing material [83].  
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Figure 3.3: Schematic of quantitative phase microscopy setup. 
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Figure 3.4: QPM measurement of the waveguide structures. (a): Three bright field images: 
one in one in-focus (I0) and two very slightly positively/negatively (I+/I-) defocused images 
were captured in order to calculate the quantitative phase image φ. (b): Quantitative phase 
change information of the arrow in (a) cross the waveguide structure. (c) DIC image of the 
waveguide structure using the calculated phase information from (a). 

 

3.2.2 Quantitative birefringence microscopy 

 

The type-II modification, which shows anisotropic reflections, form birefringence and 

negative refractive index change, attracts increasing interest in the application of 

microreflectors, rewritable data storage and bio-sensing [37, 42, 54, 55]. The self-
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assembled periodic structures created in the irradiated volume of the fused silica 

account for all these phenomena. Normally, Scanning Electron Microscope (SEM) 

was used to image the nanogratings and distinguish them from fs induced Type-I 

modification. As a main drawback, this technique is time consuming and also required 

the sample to be polished. It was shown that femtosecond laser induced form 

birefringence was ascribed to the self-assembled nanogratings within the irradiate 

volume. As a result, the direct investigation of form birefringence is a very promising 

way to study the type-II modification. Here, a quantitative birefringence imaging 

system (CRi Abrio) was used for the measurement of femtosecond induced 

birefringence.  

 

 

Figure 3.5: Schematic of quantitative birefringence microscopy setup. 
 

The imaging system is also based on the Olympus BX51 optical microscope. The 

circular polarized green light, generated by passing the white light through the green 

band-pass filter and circular polarizer, was used for illuminating the sample (Fig. 3.5). 

The transmitted light was collected by the microscope objective and passed through 

the liquid crystal (LC) based universal compensator. The univeral compensator can 

changes the polarization state of the light with no moving parts and most importantly 

with no image shift. Four intensity images were recorded for various polarization state 

of the universal compensator. The intensity images were then processed using a 

specific algorithm [85, 86] embedded in the commercial software.  Birefringence 

Sample 

Circular polarizer with filter 

Light 

Universal compensator  

Abrio Camera  

 Computer  
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information including retardance (R), which is defined as: dnR .∆= ( n∆  is the 

refractive index difference between two directions and d is the thickness of the 

birefringent material) and azimuth angle(slow axis between horizontal) can be 

calculated. As shown in Figure 3.6, the femtosecond laser induced form birefringence 

inside the fused silica was measured quantitatively using this technique. The square is 

composed of 100 lines written inside the fused silica, with a line spacing of 1 µm, 

using femtosecond laser direct writing. The square behaves as a uniaxial material with 

a retardation of 140 nm (Fig. 3.6(b)) and a slow axis oriented vertically (Fig. 3.6(c)). 

The form birefringence was created as a result of self assembled nanogratings induced 

in the irradiated volume of the fused silica ((Fig. 3.6(a)).     

 

 

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

Low loss photonic components in high 

index bismuth borate glass  

4.1 Introduction 

Integrated optical devices including channel waveguides, power splitters, couplers, 

gratings and waveguide lasers, are finding increasing applications in optical 

communication systems. Traditional manufacturing technologies for waveguides and 

related optical devices include photolithographic with subsequent etching, ion 

exchange and UV-writing. While these techniques are well established, they are 

limited to planar processing near the surface of the sample. In 1996 a novel technique 

for fabrication of waveguides and integrated optical circuits inside glass materials, by 

a focused ultrashort-pulse laser emerged [8]. The high intensity of a focused 

femtosecond laser beam enables localized non-linear absorption of laser energy in the 

focal volume of bulk transparent materials. The photo-generated hot electron plasma 

rapidly transfers its energy to the lattice, giving rise to high temperatures and 

pressures; this produces, by a mechanism still under investigation, a local permanent 

refractive index modification without affecting the surrounding area. Compared to the 

traditional techniques for waveguide fabrication, femtosecond direct writing provides 

a number of distinct advantages. First, there is no photosensitivity requirement for the 

processing material due to the nonlinear absorption mechanism during the ultrafast 

laser irradiation. Nearly all materials, especially those traditionally challenged to be 

modified by other methods, could be processed using this technique. By laser beam 

scanning or sample translation, complex structures can be directly fabricated inside 

the materials in a three dimensional manner. Second, the device prototyping process is 

quite flexible. The pattern can be easily changed by software control, with a 

significant cost reduction with respect to the other techniques which require 

photolithographic steps. Third, the direct writing is fast and a one-step process. The 
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laser processing setup could be very compact and the scanning speed can reach up to 

few meters per second.  

 

Various optical components including: buried channel waveguides, power splitters, 

couplers, gratings and waveguide amplifiers have been demonstrated using 

femtosecond laser direct writing [8, 11-18, 20-23, 25, 26, 28, 30, 31, 67, 87-91]. 

However, glasses with low linear (n0) and nonlinear (n2) refractive indices, such as 

fused silica, have been used in the majority of the femtosecond laser direct writing 

experiments. There are only a few reports on femtosecond laser direct writing in high 

index glasses such as SF57, chalcogenide and heavy metal oxide glasses having n0 > 

1.8 and n2 > 10-15 cm2/W [18, 27, 46, 67].  

 

Bismuth borate glass possesses a large n2 value (5 × 10-15 cm2/W at 1064 nm) which is 

almost 20 times higher than the nonlinear refractive index of silica glass [68]. This 

makes it an excellent candidate material for the fabrication of nonlinear optical 

devices such as optical switches or supercontinuum generators. Moreover, thermal 

poling can induce high second-order nonlinearity in bismuth borate glass [69], which 

can be used for fabricating nonlinear optical devices such as frequency converters or 

electro-optic modulators [24]. Despite these advantages, the implementation of 

passive waveguide components in bismuth borate glass using femtosecond laser direct 

writing is still unexploited.  

 

In this chapter, we demonstrate positive index modification (type-I) in high index 

bismuth-borate glass using femtosecond direct writing. The slit beam shaping method, 

utilized in the waveguide fabrication process, was described in Section 4.2. A specific 

set of writing parameters leading to waveguides perfectly mode matched to standard 

single-mode fibers at 1.55 µm, with an overall insertion loss of ~1 dB, and with a 

propagation loss below 0.2 dB/cm, was identified (Sec. 4.3). Passive waveguide 

components such as Y-splitters and directional couplers have also been demonstrated. 

A close agreement between their performances and theoretical predictions based upon 

the characterization of the waveguide properties is shown (Sec. 4.4) Finally, the 

nonlinear refractive index of the waveguides has been measured to be 6.6 × 10-15 

cm2/W by analyzing self-phase modulation of the propagating femtosecond laser 
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pulse at the wavelength of 1.46 µm. Broadening of the transmitted light source as 

large as 500 nm was demonstrated through a waveguide with a length of 1.8 cm (Sec. 

4.5). Section 4.6 provides a summary of the key results. 

4.2 Slit beam shaping for waveguide fabrication 

The bismuth-borate glass sample (BZH7) used for the waveguide fabrication has the 

composition of 12.5Bi2O3-43.75ZnO-43.75B2O3 (mol %) and the dimensions of 30 

mm × 20 mm × 0.5 mm. Using the laser system described in Sec. 3.1, the collimated 

laser beam was focused via a 50X objective (NA = 0.55) beneath the input surface of 

the sample at various depths, ranging from 10 – 200 µm. The polarization direction of 

the laser beam was controlled to be perpendicular to the waveguide structures. The 

pulse energy (Ep) was varied from 12 nJ to 1 µJ using a neutral density filter. The 

sample, mounted on a computer controlled xyz stage, was translated along the x-axis 

(Fig. 4.1(a)), perpendicular to the propagation direction of the laser beam (z-axis). 

The transverse writing geometry allowed the fabrication of waveguides with a length 

and shape limited only by the sample dimensions. However, this results in an intrinsic 

asymmetry of the waveguide cross-section [77]. Several techniques, including the 

astigmatic cylindrical telescope [77], multiple scan [26], slit beam shaping [21] and 

deformable mirror [78] methods  have been used to overcome this problem. The slit 

beam shaping method was used in our experiment since it allows a simple optical 

setup and free adjustment to the required beam shape. By inserting a slit, orientated 

parallel to the writing direction (x-axis), close to the focusing objective lens (Fig. 

4.1(a)), we managed to fabricate nearly circular optical waveguides (see Appendix for 

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

4.3.1 Waveguide cross-section 

After irradiation with the ultrashort laser pulses, the sample was side-polished and 

checked under the optical microscope in transmission mode. In order to determine the 

proper slit width for fabricating waveguides with circular cross-sections, groups of 

channels using the same pulse energy but with slit widths varied from 320 µm to 500 

µm were fabricated (Fig. 4.1(b)). The pulse energy was measured before the slit. For 

each column, the channels were fabricated using the same slit width and, for each 

row, the structures were irradiated by focusing the laser beam at a different focal 

depth. The aspect ratio (Fig. 4.1(b)) was decreased from 1.6 to 0.7 by reducing the slit 

size from 500 µm to 340 µm at the focal depth of 47 µm (Fig. 4.1(c)). By using the 

380 µm slit, a nearly symmetric structural modification with the dimension of ~ 10 

µm can be achieved in the yz plane (Fig. 4.1(b)). Moreover, using the same slit size, 

the aspect ratio could maintain the same ratio if the focal depth was less than 100 µm 

(Fig. 4.1(c)). Beyond this value, the effect of spherical aberration, which leads to an 

increase of aspect ratio, cannot be neglected. However, a cover-slip corrected 

objective with the designed focal depth could be used to minimize this effect.  

4.3.2 Mode-field diameter and refractive index change 

Near-field mode profiles of the waveguides were obtained by coupling 1.55 µm light 

into the waveguides using fiber butt coupling and by imaging the waveguides output 

facets with an Electrophysics-7290 camera using a 20X objective lens (NA = 0.3). As 

an example, a typical circular mode-profile for a single mode waveguide, fabricated 

with a 400 µm slit, 200 µm/s scan speed and 200 nJ pulse energy, is shown in Fig. 

4.2(a). The 1/e2 mode field diameter (MFD) is measured to be 11 µm with the aid of a 

beam analysis system (BeamView Analyzer). The MFD of this waveguide matches 

well that of a standard SMF-28 fiber, having 10.4 µm MFD at 1.55 µm, therefore low 

insertion losses can be anticipated for this particular waveguide.  
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Figure 4.2: Near-field mode profiles of the waveguides at 1.55 µm and (insert) microscope 
images of the waveguide cross-section. (a): Ep = 200 nJ, w = 400 µm.  (b): Ep = 280 nJ, w = 
500 µm.  

 
For all the waveguides fabricated in the parameter range of this study, single mode 

operation at telecom wavelengths was initially checked by changing the coupling 

conditions and ensuring that higher-order modes could not be excited. This 

preliminary screening allowed us to conclude that single mode waveguides in BZH7 

glass can only be achieved over a narrow range of processing pulse energy, from 160 

nJ to 240 nJ.  

 

Direct confirmation of the above conclusion was provided by measuring the 

numerical aperture (NA) of the single mode waveguides using the beam analyzer and 

by estimating the normalized frequency or V-number which is defined as V = 

(2π/λ)aNA (where “a” is the radius of the waveguides). The core radius was obtained 

from visual imaging of the waveguide cross-section under a calibrated optical 

microscope (Fig. 4.2). By assuming a step-index profile of the waveguide cross-

section, the refractive index change, ∆n, at 1550 nm was estimated from the measured 

NA value through the relation of NA ≈  (2n∆n)1/2 (where n = 1.8). Our results show 

that both ∆n and V increase while increasing the pulse energy, Ep, from 160 nJ to 280 

nJ (Fig. 4.3). For pulse energies below or equal to 240 nJ it can be seen, in Fig. 3(b), 

that the V number is below 2.405, thus indicating single mode operation and 

confirming our previous observation.  
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Figure 4.3: (a): Refractive index change of the waveguides fabricated using 400 µm and 500 
µm slits versus pulse energy. (b): Normalized frequency of the waveguides versus pulse 
energy.  
 

∆n reaches the maximum value of 4.5 × 10-3 yielding a V-number of 2.7 (Fig. 4.3(b)) 

and therefore indicating multimode operation (Fig. 4.2(b)), when using a 500 µm slit 

and 280 nJ pulse energy.  

4.3.3 Insertion loss 

Waveguide insertion loss measurements were performed using an external cavity 

tunable diode laser (Photonetics Tunics-Plus) operating in the 1.3 – 1.6 µm 

wavelength range. The laser beam was launched into an SMF28 single mode fiber 

butt coupled to the waveguides, and collected using a 10X (NA = 0.25) objective. The 

insertion loss was obtained from the power measured at the output waveguide facet 

normalized to the power at the input facet. The total insertion losses, measured at 1.55 

µm for the 1.8 cm long waveguides are given in Table 4.1. The waveguide fabricated 

using the 400 µm slit, 200 nJ pulse energy and 200 µm/s scan speed exhibits an 

insertion loss of only 1 dB. Such a small value results from the circular mode profile 

which is perfectly mode matched to the single mode fiber and from the small 

propagation loss. The insertion loss of 1 dB compares favourably to the reported value 

of 0.7 dB/cm for the propagation loss in waveguides written in high index glass [18]. 
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4.3.4 Propagation loss 

Since Fresnel reflections at the interfaces account for 0.36 dB, or 8% loss, per facet, 

an upper bound of the propagation loss, can be estimated. The results, where this 

method yields accurate measurements, are reported in Table 4.1. The error of 0.40 

dB/cm arises from three main contributions: the coupling loss error; the 1% 

fluctuation of the laser power and the error of 2.7% in the effective refractive index 

(neff).   

 

 

Slit Size 

(µm) 

Pulse Energy 

(nJ) 

Total Insertion Loss 

(dB) 

Propagation Loss 

(dB/cm) 

300 200 6.93 ± 0.17 3.49 ± 0.40 (a) 

400 160 3.85 ± 0.17 1.75 ± 0.40 (a) 

400 200 0.98 ± 0.17 0.21 ± 0.14 (b) 

400 240 2.16 ± 0.17 0.80 ± 0.40 (a) 

400 280 1.70 ± 0.17 0.48 ± 0.14 (b) 

500 160 1.45 ± 0.17 0.46 ± 0.12 (b) 

500 200 1.37 ± 0.17 0.18 ± 0.05 (b) 

500 240 1.79 ± 0.17 0.71 ± 0.22 (b) 

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

 
The insertion loss method provides good estimates for the propagation loss, α, when 

αL < 0.3 (or α > 0.74 dB/cm for our waveguides of L = 1.8 cm) [92]. However, the 

best waveguides fabricated in this work appear to show a propagation loss below 0.25 

dB/cm (αL < 0.1). Such values are known to be particularly challenging to be 

measured and high accuracy can only be achieved with the Fabry-Perot method [24, 

25].  
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The Fabry-Perot method owes its name to the fact that a waveguide is considered as a 

low-finesse symmetric resonator where the end-faces act as mirrors. By varying the 

wavelength of the input light source, the transmission of the waveguide cavity reaches 

periodic maxima (Imax) and minima (Imin). The propagation loss of a waveguide is then 

calculated according to Eq. 4.1, where k = Imin/Imax, is the modulation ratio, R = [(neff – 

1)/(neff + 1)]2 is the facet effective reflectivity and L is the length of the waveguides: 

 )
1

1
ln(

343.4
]/[

k

k
R

L
cmdB

−
+×=α  (4.1)  

One advantage of this method is that it is independent of the value of the coupling 

losses. Moreover, the effective index, neff, can be directly calculated from the free 

spectral range ∆ν of the cavity which is defined as ∆ν = c/(2neffL), where L = 1.7739 

± 0.0001 cm. In order to perform the loss measurement, care has been taken while 

polishing the endfaces to ensure the parallelism between the two facets. The 

inclination was below 0.03 degrees for all the waveguides. The external cavity tunable 

diode laser, mentioned earlier for the characterization of the insertion loss, was also 

employed in the Fabry-Perot measurement as it guarantees a sufficiently narrow 

linewidth. The wavelength of the laser source was scanned from 1550 to 1550.4 nm in 

steps of 0.001 nm, which is the smallest step allowed by the instrument. The 

waveguide output power was recorded as a function of the input wavelength and a 

typical output of the measurement, relative to the waveguide written at 200 nJ pulse 

energy using a 500 µm slit, is given in Figure 4.4. Equally well-resolved fringes were 

obtained for the other waveguides albeit with different fringe visibility. The results, 

summarized in Table 4.1, show very good reproducibility. Overall, agreement 

between the insertion loss and the Fabry-Perot method is obtained with the former 

giving better results for higher attenuations and the latter being more suited to 

characterize low-loss waveguides. The measurement of the waveguide written at 200 

nJ pulse energy using a slit aperture of 400 µm showed the remarkably small 

propagation loss of 0.21 ± 0.14 dB/cm in agreement with the indications obtained 

from the insertion loss measurement. The relatively large error is intrinsic of the 

Fabry-Perot method when applied to such low-loss waveguides. The reason can be 

understood from equation (4.1) by noting that the percentage error δα/α comes close 

to infinity as α approaches zero [92].  
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Figure 4.4: Fabry – Perot loss measurement of the waveguide (Ep = 200 nJ, w = 500 µm) at 
1550 nm. 
 

Another waveguide, written with the same pulse energy but with 500 µm slit width, 

showed a comparable attenuation but the error was greatly reduced by weighted 

average on several measurements. Further reduction of the error could be achieved by 

mirror-coating the waveguide end-faces to enhance the cavity finesse or by 

fabricating longer waveguides [92]. Within experimental errors, no polarization 

dependent loss was observed which comes as a direct consequence of the good 

circularity of the waveguides cross-section.  

 

4.4 Optical components 

Passive optical components in BZH7 glass, such as splitters and directional couplers 

were also fabricated and characterized.  

4.4.1 Y-splitters 

50:50 Y-splitters embedded in bismuth borate glass plates were written at the pulse 

energy of 200 nJ and scan speed of 200 µm/s using 300 and 500 µm slits. The Y-
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splitters are composed of an input port which is continued by an 8 mm long straight 

waveguide that splits into two separate branches diverging from each other by an 

angle α over a length of 5 mm (Fig. 4.5(a)). For each set of writing conditions the 

angle α was varied between 0.4° and 2.0° in steps of 0.4°. A 50:50 splitting ratio at 

1.55 µm was obtained for all the structures. The Y-branch having α = 0.4°, and 

written using the 500 µm slit, displayed the minimum insertion loss of 1.8 dB.  

 

 

(a) 

(b) 

(c) 

L = 5 mm

α = 0.4° d = 35 µm 

Input
Output

Output

L = 5 mm

α = 0.4° d = 35 µm 

Input
Output

Output

 

Figure 4.5: (a): Schematic of the Y – splitter (Ep = 200 nJ, w = 300 µm) (b): Differential 
interference contrast image of splitting part of the Y – splitter. (c): Near-field mode profile of 
the output facet of the Y–splitter from launching 1.55 µm light. 
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A differential interference contrast image of the Y-splitter is given in Fig. 4.5(b). The 

50:50 splitting ratio at 1.55 µm wavelength can be appreciated from the output near-

field distribution of the Y-splitter (Fig. 4.5(c)).  

4.4.2 Directional couplers 

Directional couplers with various coupling ratios were fabricated at 200 nJ pulse 

energy and 200 µm/s scan speed with slit aperture of 300 µm (Fig. 4.6). Different 

coupling ratios γ, defined as P4 / (P2+P4), could be obtained by varying the center-to-

center distance, d, between the two arms. Coupling ratios ranging from 10%, for d = 

30 µm, up to 90%, for d = 15 µm, were demonstrated. The coupling ratio was also 

calculated using the BeamProp software (RSoft) based on beam propagation method 

(BPM). The simulation was done by Dr. Costantino Corbari. Assuming the step index 

profile and elliptical waveguide cross-section, the refractive index difference and the 

dimensions of the elliptical cross-section measured from microscope image were used 

in the simulation. The result of the computation, which is based upon experimentally 

measurable quantities without employing any free-parameter, is in excellent 

agreement with the experimental data (Fig. 4.7).  

 

 
1 

3 4 

2 

 

 

Figure 4.6: (a): Schematic of directional coupler (Ep = 200 nJ, w = 300 µm). Near-field mode 
profiles of the output facets of the directional couplers when the centre-centre distance d 
equals (b): 30 µm. (c): 20 µm. (d): 15 µm.  
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Figure 4.7: Coupling ratio γ against center-center distance d. 

  
 

4.5 Characterization of second- and third-order 

optical nonlinearities  

Finally the potential of photonics components in BZH7 glass for non-linear optical 

applications such as for supercontinuum generation is assessed by measuring the non-

linear refractive index n2. A Ti:sapphire OPA system emitting pulses of ~ 150 fs at 

1.46 µm with a 250 kHz repetition rate was used for this purpose. A linearly polarized 

laser beam was coupled into the waveguide by a 4X microscope objective (NA = 

0.12). The transmitted light was then collected by a 10X objective (NA = 0.3) and 

coupled into an optical spectrum analyzer using a multimode fiber.  
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Figure 4.8: Normalized spectrum of the input pulse (black) and spectrum of the pulse (red) 
collected after propagation through the waveguide (Ep = 240 nJ, w = 500 µm). 
 

The largest spectral broadening was observed in the waveguide written with 240 nJ 

and a 500 µm aperture. As the peak power in the waveguide was increased, the output 

spectrum broadened by up to 500 nm, corresponding to a phase shift of approximately 

8.5π (Fig. 4.8). This broadening is due to self-phase modulation of propagating light 

inside the waveguide with average power of only 2.0 mW [93]. Since the pulse has 

the same instantaneous frequency at two distinct points, these two points represents 

the waves of same frequency but different phases that can interfere constructively or 

destructively depending on their relative phase difference. As a result, this 

interference produces multi-peak structures in the spectrum [93]. In this experiment, 

no index modification was induced, which was confirmed by the linear dependence of 

the output power versus the input power. The nonlinear refractive index n2 of the 

waveguide was estimated to be (6.6 ± 0.5) × 10-15 cm2/W, which is comparable to the 

reported value of 5 × 10-15 cm2/W at 1064 nm for the bulk bismuth-borate sample [68] 

and about 20 times higher than the n2 of fused silica. 
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Preliminary experiments were carried out on thermal poling of the fabricated 

waveguides and to investigate the effect of the femtosecond laser induced 

modifications on the second-order nonlinearity (χ(2)) produced by poling in bismuth 

glass. The thermal poling was carried out at 290 oC for 5 minutes at a constant current 

of 100 µA [94]. The second-order nonlinearity of χ(2) = 0.8 pm/V was measured using 

the Maker’s fringe technique. The spatial overlap between the guided mode in the 

waveguides and the second-order nonlinearity induced by poling was optimized by 

fabricating a set of waveguides with different depth under the glass surface. The 

uniformly poled waveguides were then tested for evidence of second-harmonic 

generation (SHG) by launching 1064 nm radiation from a Q-switched (repetition rate 

1 kH, 200 ns pulse duration) and mode-locked (76MHz, 300 ps) Nd:YAG laser. The 

second harmonic (SH) signal was produced only in the waveguides buried less than 

10 µm below the surface which was in agreement with the expected depth of the 

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

The measured SH signal exhibited quadratic growth on the pump power (Fig. 4.9) and 

was about 3 times higher for the TM-polarized pump light compared to the TE-

polarized light.  The deviation from theoretical ratio of the SH harmonic signals of 9:1 

is commonly observed in poled waveguides [95].  Under the assumption that modal-

phase matching was not taking place in the waveguides, the SHG efficiencies for the 

waveguide and the bulk geometries were compared. In the bulk geometry the pump 

light was focused on the surface of a uniform region of the poled sample between the 

waveguides.  After scaling the power densities for the two geometries and considering 

that the nonlinear interaction takes place at a coherence length, the values of the 

second-order nonlinear coefficient were found to be the same for the femtosecond 

laser written waveguide and for the bulk of the glass. Since in poled glass, 

χ(2)=3χ(3)Edc, where Edc is the frozen-in field, this  result indicates  that the third-order 
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nonlinearity in BZH7 glass is not affected by the femtosecond laser writing process as 

it was concluded from the n2 measurements presented above.  

4.6 Conclusion 

Low loss, polarization insensitive, single mode waveguides with circular mode 

profiles and refractive index changes of 4.5 × 10-3 were inscribed by ultrafast laser 

radiation in high index bismuth-borate glass. Insertion loss of only 1 dB and 

propagation loss of 0.2 dB/cm at 1.55 µm were demonstrated. Y-splitters and 

directional couplers were also fabricated and their performances closely agree with 

theoretical simulations based upon experimentally measurable quantities obtained 

from the waveguide characterization. Moreover, a 500 nm spectral broadening was 

obtained by launching less than 2.0 mW average power (53 kW peak-power) of 150 fs 

laser pulses at 1.46 µm through the waveguides. The broadening and quality of the 

supercontinuum could be further increased by pumping closer to the zero-dispersion 

wavelength. In our case the supercontinuum is mainly caused by self-phase 

modulation allowing the estimation of a nonlinear refractive index n2 of ~ 6.6 × 10-15 

cm2/W, which is in agreement with published data [68]. Preliminary experiments on 

the uniformly poled waveguides show the same χ(2) value as the bulk glass. Further 

experiments to implement quasi-phase-matching in periodically poled waveguides are 

in progress. Femtosecond laser written low loss waveguides with large n2 are 

attractive for fabricating nonlinear glass based devices.  
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Chapter 5 

Self-assembled nanostructures by 

femtosecond laser direct writing 

5.1 Introduction 

In the previous chapter, type-I  modification, i.e. the isotropic positive refractive index 

modification, has been demonstrated in bismuth borate glass using femtosecond laser 

irradiation leading to a promising technique for fabricating waveguides based devices 

in glasses. In this chapter, the femtosecond laser induced type-II modification, which 

shows form birefringence and negative refractive index change will be studied. 

 

Previous experimental work has shown that structures written in fused silica by 

femtosecond laser pulses above a certain intensity threshold exhibit anisotropic 

reflection [37]. At that time, the appearance of anisotropic reflection, only in the 

direction of the polarization of the writing laser beam, could be explained by 

assuming that a sub-wavelength period grating was formed within the irradiated focal 

volume. This explanation was further strengthened by the consideration that the 

orientation of the suspected nanogratings was identical to that implied by the 

empirical observation of anisotropic light scattering in our previous work [35]. The 

first experimental evidence of self-assembled nanostructures created within irradiated 

regions in fused silica was presented in [39]. This type of periodic structure, whose 

period is smaller than the laser’s wavelength, explained the concurrent appearance of 

anisotropic reflection [37], a permanent birefringent micro-layer [38], form 

birefringence, and an average negative index change [40]. Moreover, changes in the 

nanogratings due to variations of the pulse duration have been qualitatively 

investigated [45]. The extraordinary stability of these nanogratings has also been 

reported [47]. Furthermore, embedded micro-reflectors, Fresnel lens, and micro-
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fluidic channels based on these nanostructures have been reported [37, 38, 54]. 

However, in order to have a better understanding of the mechanisms responsible for 

the formation of the nanostructures, and consequently how to efficiently exploit them, 

a systematic study of the properties of nanostructures and their dependence on various 

irradiation parameters is required. 

 

In this chapter, the investigation of nanogratings in the plane of propagation of light 

was carried out (Sec. 5.2). In addition, the quantitative analysis of the dependence of 

the nanograting period, as a function of laser parameters was completed (Sec. 5.3). 

Moreover, it was demonstrated that the range of effective pulse energy, which could 

produce nanogratings, narrows, when the pulse repetition rate of the writing laser is 

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

5.2 Nanogratings in the plane of propagation of light 

In order to study the dependence of nanogratings on various laser parameters, 

including the wavelength and repetition rate of the laser pulses, two different types of 

laser systems have been used in the experiments. The first laser source was a 

regeneratively amplified mode-locked Ti:Sapphire laser system (see Sec. 3.1 for 

details). The second laser source was a variable repetition rate fiber laser system 

operating at both 1045 nm and 522 nm (IMRA America FCPA µJewel D-400). The 

repetition rate was adjusted from 100 kHz to 1MHz and the pulse duration was 400 fs.  

Using the laser processing setup described in Sec. 3.1, straight lines were written 

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

perpendicular to the propagation direction of the laser beam (z-axis), as shown in Fig. 

5.1(a). After laser irradiation, the sample A was analyzed using a scanning electron 

microscope (SEM) (JSM6500) after chemical etching. Another two samples B and C 

were imaged using backscattering SEM without etching. 
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Figure 5.1: Modified regions in sample A. E: electric field of the writing laser, k: wave vector 
of the writing laser beam, line Ax and line Ay: Ep = 0.48 µJ, V = 200 µm/s, λ = 850 nm. (a): 
Schematic of the sample A showing how the self-assembled periodic structures are expected 
to be arranged. n1 and n2: local refractive indices of the plates of thickness t1 and t2, 
respectively. (b): SEM images of Ax and Ay in the xz plane. (c): Detail of the sub-wavelength 
periodic structure formed in the cropped region of Ax. 

 

 
As depicted in Fig. 5.1(a), only the line Ax written with the polarization along x-axis 

(Fig. 5.1(b)), in the plane of observation (xz) reveals the periodic modulation of the 

index change (for these structures, xz is the plane perpendicular to the plates forming 

the nanogratings). On the contrary, the corresponding line Ay, written with the same 

conditions, but with the polarization along y-axis (Fig. 5.1(b)) shows a homogeneous 

profile (for these structures, xz is the plane parallel to the plates forming the 
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nanogratings). Figure 5.1(c) is a close-up of part of Fig. 5.1(b) revealing that the 

filling factor f is ~ 0.3, twice as high as the results reported in [37] (the filling factor is 

defined as f = t1 / Λ, with t1 the thickness of the zones of refractive index n1 in Fig. 

5.1(a), and Λ the period of the nanograting). In addition, the SEM image of the etched 

sample reveals the surface relief created in the etching process due to the density 

variations in the gratings. Figure 5.1(c) demonstrates an abrupt change of density 

between the dark area with low density of the material (i.e. the zones of refractive 

index n1 in Fig. 5.1(a)), and the surrounding regions (i.e. the zones of refractive index 

n2 in Fig. 5.1(a)), suggesting that the mechanism leading to the modulation of the 

refractive index is highly nonlinear. Furthermore, the mechanism of the structural 

changes responsible for the nanograting formation involves the modulation of the 

electron concentration, negatively charged oxygen ions 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 modified region in the xz plane induced by 

three different writing laser wavelengths in sample B and sample C. The periodic 

structures can be observed in the head of the modified regions. Besides the main 

period ΛE, which is in the direction of the polarization of the laser beam (E), a second 

period Λk is identified perpendicular to ΛE, and hence parallel the direction of 

propagation of the laser beam (k), as shown in Fig. 5.2. Furthermore, Λk is 710 ±  10 

nm at 1045 nm (Fig. 5.2(a)), 550± 10 nm at 800 nm (Fig. 5.2(b)), and 360± 10 nm at 

522 nm (Fig. 5.2(c)) in the head of the modified region, which is very close to the 

wavelength of light in fused silica. 
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Figure 5.2: SEM images of nanogratings formed by three different central wavelengths of the 
irradiated laser pulses in sample B and sample C, the region between two dotted lines is used 
for period calculation, E: electric field of the writing laser, k: wave vector of the writing laser 
beam. (a): τp = 520 fs, Ep = 0.9 µJ, V = 200 µm/s, Rep = 500 kHz. (b): τp = 150 fs, Ep = 0.5 µJ, 
V = 100 µm/s, Rep = 250 kHz. (c): τp = 490 fs, Ep = 0.15 µJ, V = 200 µm/s, Rep = 200 kHz. 

 
 

In order to quantitatively analyze the period ΛE and Λk, an algorithm based on the 

correlation coefficients between different points in the SEM image versus their 

distance was developed. By calculating the average value of the periods from the first 

maximum of the correlation functions, periods along the 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 the xz plane, E: electric field of the writing 
laser, k: wave vector of the writing laser beam (λ = 800 nm, τp =150 fs, Ep = 0.5 µJ, V = 100 
µm/s, Rep = 250 kHz). (b): The region between two dotted lines is used for calculation. 
Corresponding normalized correlation functions calculated along the x (c) and z (d) axis. 

 
 

It is revealed that ΛE decreases with increasing Ep within our study range (Fig. 5.4(a-

b)). In addition, the wavelength dependence illustrated in Fig. 5.4(a) suggests that 

shorter wavelengths yield significantly smaller structures; this is also confirmed in 

Fig. 5.5(a), which demonstrates that the period ΛE is proportional to the wavelength 

of the writing laser. Furthermore, Λk in the head of the laser-modified region does not 

change with the pulse energy or speed and is confirmed to be approximately equal to 

the laser wavelength (Fig. 5.5(b)). 
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Figure 5.4: (a): Period ΛE versus Ep (τp = 150 fs, Rep = 250 kHz, V = 100 µm/s). (b): Period 
ΛE versus Ep (τp = 480 fs, λ = 1045 nm).  
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Figure 5.5: (a): Period ΛE versus speed V at two different wavelengths (τp = 400 fs, Rep = 200 
kHz, Ep = 0.5 µJ). (b): Period Λk versus three different wavelengths. 
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5.4 Nanogratings formed in various repetition rate 
regimes 
 

In order to study the nanogratings under various repetition rate regimes, lines 

structures induced in sample C were inspected using the Nomarkski-DIC microscope. 

It shows that, when the repetition rate of the laser pulses reaches 500 kHz and Ep is 

over ~1 µJ (Fig. 5.6(a)), or when the repetition rate reaches 1 MHz and Ep is over ~ 

0.6 µJ (Fig. 5.6(b)), no birefringence or nanogratings could be observed in the 

irradiated regions of the sample. This could be explained by the occurrence of an 

accumulation effect within the focal volume when the pulse repetition rate is greater 

than ~500 kHz [89, 96, 97]. This indicates that the range of the pulse energy which 

could produce self-assembled nanogratings narrows when the pulse repetition rate of 

the laser increases. 

 

 

Figure 5.6: Microscope images of the irradiated regions in the xy plane in sample C, image on 
the left taken by back-illumination without polarizers, image on the right taken by back-
illumination with cross polarizers of the same irradiated area. (a): Rep = 500 kHz, V = 500 
µm/s. (b): Rep = 1 MHz, V = 1000 µm/s. 
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5.5 Application of type-II modification 

Our previous experimental results showed that over a certain intensity threshold, these 

femtosecond laser induced periodic structures behave as an uniaxial form-

birefringence material [40]. This is also confirmed using the FCPA µJewel D-400 at 

wavelengths of 1045 nm and 522 nm. Figure 5.7 shows a replica of IMRA’s icon that 

was made by raster-scanning closely spaced lines (10-µm spacing).  

 

 

 

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

In conclusion, two different types of periodic structures have been identified from 

cross-sectional SEM images of femtosecond pulse-modified regions in fused silica. 

The range of pulse energy which could produce nanogratings narrows when the pulse 

repetition rate of the writing laser increases. The period ΛE is proportional to the 

wavelength of the writing laser and the period Λk in the head of the modified region 

(the region between two dotted lines in Fig. 5.2) remains 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-I and type-II modifications in glasses and their 

applications have been presented in the previous chapters. The type of modification 

depends on several factors including the laser parameters (wavelength, pulse duration, 

energy and repetition rate), the numerical aperture of a focusing lens and the material 

parameters (band-gap, thermal properties). In fused silica, the transition from type-I to 

type-II and finally to type-III modification is observed with an increase of pulse 

energy [8, 34, 48]. Here in this chapter a new phenomenon was discovered in ultrafast 

laser processing of transparent optical materials. The phenomenon is manifested as a 

change in material modification by reversing the writing direction. The effect 

resembles writing with a quill pen and is interpreted in terms of new physical effect - 

anisotropic trapping of the electron plasma by a tilted front of the ultrashort laser 

pulse. Indeed the pulse front tilt can be used to control material modifications and in 

particular as a new tool for laser processing and optical manipulation, e.g. for 

achieving calligraphic style of laser writing, when the appearance of a “stroke” varies 

in relation to its direction.  Moreover new types of modifications manifested as 

anisotropic bubble formation and bubble-nanograting transition were observed at high 

pulse energies.  

 

The observation of the structural modification dependence on the writing direction is 

described in Section 6.2. The physical mechanism for this quill writing effect is 

discussed in Section 6.3. Different types of modification can be produced inside the 
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transparent material by reversing the direction of the tilted pulse front (Sec. 6.4). The 

anisotropic bubble formation and bubble-nanograting transition are revealed in 

Section 6.5. 

 

6.2 Observation of directional dependence 

Using the laser processing setup described in Sec. 3.1, a series of lines, with 7-µm 

spacing, were directly written by scanning in alternating directions towards the edge 

of the sample at a depth of 0.5 mm below the front surface. The writing speed was 

200 µm/s and each line was written with only one pass (in one direction) of the laser, 

with the polarization directed perpendicular to the line and with a pulse energy of 0.9 

µJ.  After writing, the structures were side-polished and imaged with a Scanning 

Electron Microscope (SEM). The SEM images expose tracks that are elongated in the 

direction of light propagation due to the beam’s confocal parameter, and enhanced by 

self-focusing effects, with a periodic structure in the direction of light polarization 

(Fig. 6.1). On closer inspection it was surprising to observe a difference in the 

structures written in opposite directions. This difference is revealed in small variations 

of the length of the tracks and also in a tilt of the periodic structures written in the 

forward and reverse directions. The periodic planar nanostructures are aligned along 

the direction of the writing laser polarization and are responsible for the form 

birefringence of the irradiated regions.    
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Figure 6.1: SEM images of cross-sections of the structures in glass along the light propagation. 
The distance between lines is 7 µm. The writing direction is shown as the dotted arrow. 

 
In another experiment, a series of lines were written using an IMRA-FCPA µJewel D-

400 amplified ytterbium fiber laser system, operating at 1045 nm, with a pulse 

duration of 500 fs and repetition rates ranging from 100 kHz to 1 MHz. The high 

stability of the FCPA laser system is crucial for systematic studies. The polarization 

of the laser was aligned perpendicular to the writing direction. The lines were written 

in alternating directions from forward to reverse and using different pulse energies 

ranging from 0.2 to 1.8 µJ. After writing, microscope images were captured using 

both crossed-polarized (CP) and Nomarski-DIC illumination (both back-illumination). 

Composite images were created which show the same portion of each feature using 

the two illumination techniques. With these composite images, the amount of 

birefringence visible with the CP illumination (dark part) can be compared with the 

texture of the feature using the DIC imaging technique (light part). The magnification 

is 500X (50X objective, 10X eye-piece) and the scale of the features can be gauged 

based on their 50-µm line separation.   
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Figure 6.2: Images in crossed polarizers (dark part) and Nomarski-DIC (light part) of the lines 
written in glass in opposite directions at a repetition rate of 500 kHz (a) with a writing speed 
of 500 µm/s and different pulse energies and (b) with a pulse energy of 0.9 µJ and at different 
writing speeds. The distance between lines is 50 µm. 

 
In one of the experiments, groups of lines with alternating writing directions were 

inscribed. Lines written in both directions at low energies were the same (Fig. 6.2). 

However, with an increase in energy we observed the appearance of a directional 

dependence in the written lines, which was strongest at about 0.8-0.9 µJ. The 

directional dependence is more clearly seen in the birefringence of the lines. This 

dependence can also be observed in the morphology (texture) of lines written in 

opposite directions, with a line written in one direction being rougher than a line 

written in the reverse direction (Fig. 6.2(a)). However, with a further increase of 

energy above a certain threshold value, both lines become uneven with indications of 

collateral damage, and the birefringence of the lines disappears as well as the 

directional dependence. The latter phenomenon can be explained by a cumulative 

thermal effect [11, 89, 96]. This is supported by the presence of modifications with 

rough features, much bigger than the spot of the beam, at high repetition rates (500 

kHz -1 MHz) and the absence of such features with collateral damage at low 

repetition rates (below 200 kHz). This agrees with the heat diffusion time of about 4 



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

56 

µs. The dependence of the observed effect on writing speed, near the energy threshold 

of the disappearance of directional phenomenon, was also tested. It was observed that 

the directional dependence strengthen at lower writing speeds (Fig. 6.2(b)).  

 

An intriguing result is the observation of different textures in the processed material 

for laser polarizations perpendicular and parallel to the movement of the sample in 

one direction and the same textures for two polarizations when writing in the opposite 

direction (Fig. 6.3(a)). The SEM images of the cross-sections of the lines, along the 

light propagation, revealed a different texture in the lines written in opposite 

directions (Fig. 6.3(b)). Remarkably, the nanograting of about 300 nm period, which 

is responsible for the form birefringence of irradiated regions, can be seen only in the 

initial part of cross-sections of lines written in one of two directions. This small area 

is followed by one with a collateral damage due to thermal effect, which correlates 

with a weak birefringence of these lines.  It is also observed, that in almost the entire 

cross-sections of the lines, written in the opposite direction, there is the nanograting 

along the direction of light polarization with the period of about 250 nm together with 

the additional periodicity, along the direction of light propagation, of about 720 nm, 

which is the same value of the wavelength of light in fused silica (λ/n, λ = 1045 nm, n 

= 1.45) (Fig. 6.3(b)). These lines demonstrate no evidence of the collateral thermal 

damage and have much stronger birefringence (Fig. 6.3(a)).  

 

Lines written at a repetition rate of 100 kHz also clearly show different textures in 

opposite directions, without any evidence of collateral damage due to thermal effects.  

The SEM images reveal the presence of the nanograting in the direction of light 

polarization almost in the entire cross section for one writing direction and the 

nanograting, again with additional periodicity along the propagation direction with the 

value of the wavelength of light, for the opposite writing direction (Fig. 6.4(b)). 
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Figure 6.3: (a) Optical microscope images of the lines written with orthogonal polarizations 
with a 500 kHz repetition rate, a writing speed 250 µm/s and a pulse energy 0.9 µJ. The 
difference in texture for two polarizations is observed only for one writing direction (dark 
part). The tilted front of the pulse along writing direction is shown. (b) SEM images of cross-
sections of the lines written with the polarization perpendicular to writing direction are also 
shown. The regions of collateral damage are marked with dashed lines.   
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Figure 6.4: Optical microscope (a) and corresponding SEM (b) images of cross sections of the 
lines written in glass in opposite directions with repetition rate 100 kHz, writing speed 100 
µm/s and pulse energy 2 µJ.  
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6.3 Discussion of the mechanism 

The writing anisotropy is observed only at particular pulse energies, which excludes 

the stage movement as the cause. Inspection of the intensity distribution of the laser 

beam did not reveal any peculiarities in the shape of the beam, which was close to 

circular (Gaussian shape). The only possibility left to explain the puzzle of the writing 

direction anisotropy is related to the anisotropy of the frequency distribution 

(frequency chirp) in the beam. A spatial frequency chirp and related pulse front tilt is 

quite common in femtosecond laser systems [98]. Even a small delay across the beam 

that corresponds to ~ 10% of the pulse duration, results in a pulse tilt as strong as tens 

of degrees in the vicinity of the focal plane. The pulse front tilt is enhanced in a 

dispersive media, as in the case of electron plasma close to plasma frequency, which 

is formed in the focus of the beam due to multiphoton ionization of glass. The pulse 

front tilt is a tilt in the intensity distribution in the front of the pulse. It is known that, 

in the presence of intensity gradients, the charges (e.g. electrons) experience the 

pondermotive force (light pressure), which expels the electrons from the region of 

high intensity [99, 100]. Indeed, free electrons are affected by a variation of the laser 

intensity as they quiver in the electric field of the laser pulse. In the non-relativistic 

case this can be expressed with the fluid equation of motion in an electromagnetic 

field by  
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where v is the electron velocity vector, me is the electron mass, e is the electron 

charge.  The ponderomotive force, Fp, and potential, Up, follow from this equation by 

time averaging the electric field as: 
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where c is the light speed in vacuum,  ε0 is the permittivity of free space,  ω is the 

frequency of light and I is the light intensity. For very short and relativistic laser 

pulses, the ponderomotive force can become very important and the resulting 

acceleration will tend to push electrons in front of the laser pulse, as a kind of “snow-

plough” effect [101]. The estimated intensity in the focus of a laser beam in our 

experiments is of about 3 × 1014 W/cm2 which will produce ponderomotive potential 

of 30 eV. This potential is much higher than the energy at room temperature, which is 

of about 40 meV.  Electron plasma in our experiments will still experience this kind 

of force in front of the pulse. Due to the tilt of the intensity distribution, the force will 

act on the electron plasma along the direction of the intensity gradient. By moving the 

beam, the pondermotive force in the front of the pulse will trap and displace the 

electrons along the direction of movement of the beam only in one direction that 

corresponds to the tilt in the intensity distribution (we refer to this phenomenon as the 

“quill effect”). The electron plasma waves, excited in electron plasma, are responsible 

for the formation of the nanograting [39] and the self-assembled form birefringence 

[40, 48]. The trapping and displacement of the electrons with the movement of the 

beam affects the interference of plasma waves, and related form birefringence. The 

periodic structure, with the period of the wavelength of light observed along the 

direction of light propagation is created as a result of the interference between plasma 

waves and the plasma oscillation. Trapping of the electron plasma damps the plasma 

oscillation and related interference producing longitudinal periodic structure with the 

wavelength of light. The observed difference in the onset of the collateral thermal 

damage for two writing directions is also the consequence of the anisotropic trapping 

effect (Fig. 6.3(b)). Further support of the proposed mechanism is the evidence of 

different textures of modified material for writing with light polarizations parallel and 

perpendicular to the movement in one of writing directions (Fig. 6.3(a)). This 

observation is explained by the difference in boundary conditions for the two 

orthogonal polarizations at the interface of the tilted 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 anisotropic trapping of the electron 

plasma by the tilted front of the ultrashort laser pulse. As a result, the pulse front tilt 

can be used to control material modifications and in particular as a new tool for laser 

processing and optical manipulation. Based on this idea, the first experiment was 

carried out using an amplified, mode-locked Ti:sapphire laser operating at 800 nm 

wavelength  with 70 fs pulse duration and a 250 kHz repetition rate. The linearly 

polarized laser beam was focused via a 50X (NA = 0.8) objective at depth of 60 µm 

beneath the surface of the fused silica sample. Line structures were written inside the 

bulk material by translating the sample perpendicularly to the light propagation 

direction, using a linear motorized stage (Aerotech ALS-130). After irradiation, the 

sample was inspected using an optical microscope. The first group of lines was 

written by scanning in alternating directions inside the sample with the pulse energy 

of 2.6 µJ and the scan speed of 50 µm/s (Fig. 6.5(a)). The temporal characteristic of 

the pulses, in particular the pulse front tilt before the focusing objective, were 

characterized using a GRENOUILLE device (8.50 Model) [98]. The measured pulse 

front tilt for the first group of lines was 4 x 10-2 fs/mm. As shown in (Fig. 6.5(a)), the 

directional dependence can be clearly observed in the morphology of the lines written 

in opposite directions, with a line written in one direction being rougher than a line 

written in the reversed direction. The directional dependence can be also revealed by 

imaging the lines between crossed polarizers, in which only the smooth lines written 

in one direction show birefringence. Next the pulse front tilt was reversed by tuning 

the pulse compressor to the value of -8.64 x 10-2 fs/mm and the second group of lines 

was imprinted by scanning in alternating directions (Fig. 6.5(b)). After comparing the 

structures written with the opposite sign of the pulse front tilt, the mirror change in the 

induced modifications is evident (Figs. 6.5(a) and (b)). This experiment 

unambiguously demonstrates that the directional dependence of the writing process 

and the induced modification is determined by the pulse front tilt of the femtosecond 

laser pulses.  

 

Smooth line structures written in one direction (Fig. 6.5) correspond to type-II 

modifications with the evidence of form birefringence, while the rough structures 
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produced by writing in the opposite direction belong to type-III modification with the 

evidence of a void formation. At pulse energies below the threshold value of 2 µJ, 

both lines written in opposite directions reveal type 2 modifications. Moreover, when 

the pulse energy was increased to 3 µJ and above, both lines revealed type-III 

modifications and the birefringence in the induced structures disappeared. The latter 

result indicates that the threshold energy for creating type-III modification inside 

fused silica depends not only on the pulse energy but also on the writing direction. For 

example, the line structures, written towards the top in Figure 6.5(a), reveal higher 

threshold energy for the type-III modifications than the structures written in the 

opposite direction. This threshold dependence reverses when the sign of the pulse 

front tilt is changed (Fig. 6.5(b)). Furthermore, no directional dependence could be 

observed when the pulse front tilt was minimized by tuning the pulse compressor. 

 

It should be highlighted that the quill writing effect depends strongly on the focusing 

depth of the laser irradiation under the sample surface. Changing the focusing depth 

by only 10%, which is from 60 µm to 55 µm or 65 µm, completely eliminated the 

quill writing effect and produced type 2 or type 3 structures in both directions. 

 

25 µm

(a) (b)

25 µm

(a) (b)
 

Figure 6.5: Bright field image of the line structures written using pulses with (a) positive 
pulse front tilt or (b) negative pulse front tilt, arrows indicate writing directions.  
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An alternative experiment was also carried out to provide additional evidence that the 

pulse front tilt is responsible for the quill writing effect. A laser source, producing 

pulses of 150 fs duration at 250 kHz repetition rate and 800 nm, was used in this 

experiment. The laser beam was focused via a 50X (NA = 0.55) objective at a depth 

of ~120 µm beneath the surface of the sample. The optimum depth for the quill effect 

in this experiment was different from the previous one due to the difference in laser 

beam parameters in the two experiments. The first group of four lines with alternating 

writing directions was imprinted with the pulse energy of 1.4 µJ and scan speed of 50 

µm/s (Fig. 6.6(a)). One additional mirror was added in the setup to reverse the 

direction of the pulse front tilt before writing the next group of lines (Fig. 6.6(b)). In 

this writing configuration the second group of four lines was imprinted with all other 

writing parameters identical to the previous experiment. It was observed that the 

structural modifications in the lines of the second group were mirrored when 

compared with the lines of the first group.  This result provides further evidence that 

the pulse front tilt is responsible for the directional dependence in the ultrafast laser 

writing.  

 

Figure 6.6: Bright field images (light part) and cross polarized images (dark part) of the line 
structures fabricated with 1.4 µJ pulse energy using (a) two mirrors or (b) three mirrors setup. 
The pulse front is shown as the bold red line in the schematic diagram of the experimental 
setup.   
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We also observed strong white light emission corresponding to type-III structural 

modifications and a weaker emission corresponding to the nanogratings formation, 

which were reproducible in different writing experiments (Fig. 6.7). The light 

reflected from the sample was collected. Supercontinuum generation can be excluded 

from the explanation of this emission, because the length of light propagation in the 

focus of high NA objective is too small to produce a significant spectral broadening 

effect. The observed white emission can be explained by thermal radiation, e.g. 

bremsstrahlung radiation, emitted by electron plasma which is  heated to thousands of 

degrees at high light intensities of  about 1014 W/cm2 [102].  

 

Type-III

Type-II

Type-III

Type-II

 

Figure 6.7: Spectra of the white emission collected in reflection during inscription of type-II 
and type-III structures.  The spectra for the type-III structures (red and green curve) were 
collected during the rougher lines imprinting process as shown in the Fig. 6.5(a)) and the 
spectra for the type-II structures (black and blue curve) 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 structures fabricated with the pulse energy of 2.4 µJ and 
scan speed of 50 µm/s.  (a) The line structure with the evidence of bubble formation.  (b) 
Cross-section of the line structure with one bubble.  (c) Phase profile of the bubble obtained 
using quantitative phase microscopy technique. 
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Another intriguing result was the observation of a new type of femtosecond laser 

induced modification, when the pulse energy was increased to the level of 2.4 µJ (Fig. 

6.8). Neither birefringence structures (type-II), nor rough features with evidence of 

void formation (type-III) could be observed in the modified region. Instead, bubbles 

with diameters varying from 1 - 3 µm were revealed at the boundary of the irradiated 

region, which is evident from the cross-sectional image (Fig. 6.8(b)) and a 

corresponding top view image of the line structure (Fig. 6.8(a)). The color of bubbles 

visible under white light illumination in the optical microscope (Fig. 6.8(a)) is 

attributed to the Fabry-Perot effect. The bubbles have a lower refractive index in the 

centre and a higher refractive index in the surroundings from QPM measurement (Fig. 

6.8(c)), which indicated that they are most likely to be voids surrounded by densified 

material. It is well known that voids (type-III) can be produced on the axis of a 

focused femtosecond laser beam inside transparent material as a result of a micro-

explosion [34]. However in our case, the bubbles are formed not in the region of 

highest intensity (which is in the centre of a Gaussian beam) but are shifted about 5 

µm towards one side of this centre (Figs. 6.8(a), (b)). It should be noted that the 

movement of bubbles along the direction of writing has been previously demonstrated 

in fused silica [103]. Surprisingly, in our experiment, the bubbles are shifted 

perpendicular to the writing direction.  In addition, it was observed that bubbles 

located at both sides of the irradiated region when the writing direction was reversed 

(Fig. 6.9). The mechanism of anisotropic bubble formation is a puzzle. Bubbles can 

be formed on the axis of the focused laser beam as a result of micro-explosion and 

subsequently move from the molten centre to the boundary of irradiated region.  

Alternatively, they can be formed directly at the boundary region of a light affected 

zone, where tensile stress causes the formation of cavitation bubbles when the rupture 

strength in molten glass is exceeded [104]. Clarification of the phenomenon’s 

mechanism needs further investigation. However, we believe that the light pressure at 

the tilted front of the pulse could be responsible for the asymmetry of bubble 

formation and its dependence on writing direction. 
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Figure 6.9: Microscope bright field images with different magnifications of the line structures 
fabricated in opposite directions (a) and (b) at 2.4 µJ pulse energy.   
 

Another interesting observation was an unusual transition from the regime of bubble 

formation to self-assembled form birefringence which occurred during the continuous 

writing process (Fig. 6.10). The phenomenon revealed itself as follows during single 

line writing. Firstly, bubbles began to appear almost from the start of writing process.  

However, at a certain distance, typically about 500 µm from the start of writing, the 

formation of bubbles abruptly terminated. Instead the modification with the evidence 

of form birefringence appeared and continued till the end of line writing process. The 

transformation in the type of modification was correlated with the change in intensity 

of white light emission during the inscription process (Fig. 6.10(c)), which was 

similar to the emission described above (Fig. 6.7). The emission light was collected 

along the laser propagation direction after the sample using a highly multimode fibre 

with 0.5 mm diameter. Strong white light emission during the bubble formation 

dropped at the modification transition and only weak emission could be observed 

during the formation of birefringent structures. It should be noted that all writing 

parameters, including the pulse energy and scanning speed, were kept constant during 

the encryption process and the phenomenon could be repeated in different areas of the 

sample. However there is one parameter which is not constant, in particular the 

temperature of the whole glass sample, which could increase as a result of light 

absorption during the writing process. It should be noted that self-assembled form 
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birefringence structures and related nanogratings disappear at temperatures above the 

glass transition temperature [47].  

 

 

Spectrum during the bubble formation 

Spectrum during the transition 

(c) 

Spectrum during the  
nanograting formation 

 

Figure 6.10: (a) Bright field image of the transition region. (b) Cross polarized image of the 
transition region. (c) Spectrum collected during the writing process. 
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This indicates that local temperature in the irradiated region should drop at 

modification transition from the glass melting temperature (1715 0C), corresponding 

to the bubble formation, to the temperature below the glass transition temperature 

(1175 0C), corresponding to the nanograting formation. This local temperature 

decrease can be explained by an increase of the heat capacity caused by the heating of 

the whole glass sample.20 Indeed, given that ∆T = ∆Q/mcp, where ∆T is the 

temperature difference, ∆Q is the heat energy and m is the mass of the substance, cp is 

the heat capacity, the temperature drops when heat capacity increases. The 

nanogratings start to form once the local temperature has dropped below the glass 

transition temperature. The energy is consumed by a nanograting formation process 

which locks temperature below the glass transition temperature and explains why 

formation of nanogratings does not stop till the end of writing process.  

 

6.6 Conclusions  

In conclusion, it is remarkable that a laser beam, one of the most modern writing 

tools, could be used for calligraphic inscription similar to writing with a quill pen, 

which is based on the anisotropy of a quill’s tip shape. Moreover, modifications of 

materials by light span from photosynthesis and photography to material processing 

and laser writing and there are only a few parameters of the light beam which control 

material transformations, in particular wavelength, intensity, exposure time and pulse 

duration. Our results add one more parameter to this list – direction of beam 

movement or pulse front tilt. A change in structural modification was demonstrated in 

silica glass sample by controlling the direction of pulse front tilt, achieving a 

calligraphic style of laser writing which is similar in appearance to that inked with the 

bygone quill pen. Moreover a new type of modification associated with anisotropic 

bubble formation, which could be controlled by writing direction, was observed at 

high pulse energies. The phenomenon of modification transition in a continuous 

encryption process was observed. We anticipate that possibility of achieving control 

of light-matter interactions by adjusting the tilt of ultrashort pulse front will open new 

opportunities in material processing, optical manipulation 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 self-assembled nanostructures, within the 

irradiated volume, are responsible for the femtosecond laser induced type-II 

modifications which are characterized by anisotropic scattering, anisotropic reflection, 

average negative index change and form birefringence. In addition, the orientation of 

the nanostructures and the subsequent optical axes of form birefringence can be 

controlled by the polarization direction of the writing laser. This type of femtosecond 

laser imprinted structures has only been observed in a limited number of materials, 

including fused silica glass and TeO2 crystal. In an attempt to clarify the reason for 

the non-appearance of self-assembled nanostructures in other optical materials, we 

carried out experiments in chalcogenide glasses.  

 

Chalcogenide glasses contain a chalcogen element (sulphur, selenium or tellurium) as 

a substantial constituent. These glasses are characterized by longer wavelength IR 

transmission and high refractive indexes.  Moreover, chalcogenide glasses can be 

doped by rare-earth elements, such as Er, Nd, Pr, etc., and hence numerous 

applications of active optical devices have been proposed [105-108]. Chalcogenide 

glasses possess high photosensitivity and show a variety of photoinduced effects 

including photodarkening, photobleaching, photocrystallisation and photoinduced 

anisotropy [109]. These effects may be dynamic (only present during optical 

excitation) or metastable (remaining after illumination). Furthermore, they may be 

irreversible or reversible. Finally, the changes may be scalar in nature (independent of 

the polarization of the inducing light) or vectoral (dependent on the polarization), 

leading to optically modified isotropic or anisotropic behaviour respectively [110]. 

Photoinduced anisotropy in chalocogenide glass has aroused considerable interests in 
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recent years [70, 71, 110-115]. The phenomenon refers to the observations that 

chalcogenide glasses exhibit optical anisotropies when exposed to linearly polarized 

light. In addition, the anisotropic principle axis can be tuned by changing the 

polarization direction of the exposing light. Furthermore, the photoinduced anisotropy 

can be erased with annealing. The photoinduced anisotropy origin from the fact that 

the dielectric tensor of the chalcogenide sample irradiated by linearly polarized light 

becomes an ellipsoid of revolution with the principal axis parallel to the electric 

vector of the light [111].  

 

In this chapter, birefringent modification is demonstrated in the chalcogenide glass by 

femtosecond laser direct writing. Unlike the previously reported photoinduced 

anisotropy in chalcogenide glass [70, 71] and form birefringence in fused silica [39, 

40], the optical axes of the birefringent region are not determined by the polarization 

direction of the irradiating light. Instead, by varying the scanning direction of the laser 

irradiation, the optical axes of the birefringence can be changed. As a result, the 

information on the direction of writing could be recorded inside transparent materials. 

Moreover, this type of photoinduced anisotropy can be erased by annealing, and is 

reversible by repeatable scanning.  

 

7.2 Femtosecond laser induced stress birefringence in 

chalcogenide glass   

   

The chalcogenide glass sample is germanium sulfur glass (Ge25S75) having a nominal 

composition of 25Ge-75S (mol %), which is a promising material for nonlinear 

optical and optical amplifier applications [108]. Using the laser system described in 

Sec. 3.1, the linearly polarized laser beam was focused via a 50X (NA=0.55) 

objective at a depth of ~200 µm beneath the surface of the sample. Line structures 

were written inside the bulk material by translating the sample perpendicularly to the 

light propagation direction, using a linear motorized stage (Aerotech ALS-130). The 

scan speed was 200 µm/s. 
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A group of lines was written with various pulse energies ranging from 0.1 µJ to 0.6 µJ 

(Fig. 7.1 (a)). The width of the imprinted structure increases rapidly with the pulse 

energy. Moreover, the width of the modified region reaches 50 µm when the pulse 

energy increases to the value of 0.6 µJ, which is significantly larger than the diameter 

of the focused beam of ~2 µm (Fig. 7.1(a)). This indicates that thermal effects can be 

responsible for the structural modification in the region surrounding the exposed area. 

Quantitative phase microscopy was used to characterize the phase change of the line 

structure (Fig. 7.1(b)). A central dip region shows a negative phase change (∆φ), 

whereas the surrounding regions have a positive phase change. The observation 

indicates that femtosecond laser irradiation results in a negative ∆n of the central 

exposed region and a positive ∆n of the surrounding region. Densification created as a 

result of the thermal expansion of the material at the focus of the writing laser beam 

can account for the positive ∆n of the surrounding region. The modified regions also 

show birefringence that can be visualised by imaging the sample between two crossed 

polarizers. Quantitative birefringence microscopy (Abrio system) was also utilized to 

measure the retardance ( dnR .∆= ) and identify the optical axis (slow axis) of the 

birefringent modification. The retardance of the birefringent region ( ndR ∆= ) 

increases with the pulse energy of the writing laser (Fig. 7.1(c)). Furthermore, it was 

surprising to observe that the optical axis of the left part and the right part of the 

birefringent line structure is different (Fig. 7.1(c)). Indeed, a “U” shape of the slow 

axis orientation in the birefringent line structure was revealed (Fig. 7.1(d)). A “U” 

shape of modification can be normally observed in the line structures in fused silica 

written with femtosecond laser irradiation (Fig. 7.1(e)). IMRA fiber laser system, 

operating at 400 fs pulse duration, 500 kHz repetition rate, 1045 nm and 0.93 µJ, was 

used for writing the line structures in fused silica. The scan speed was 400 µm/s and 

the writing direction is shown with the arrow (Fig. 7.1(e)). The thermal expansion and 

subsequent cooling can account for this type of “U” shape of modification in fused 

silica, similar to the structural modification routinely observed during laser welding.    
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Figure 7.1: (a): Microscope image of the line structures. (b): Phase change profile of the line 
structure. (c,d): Quantitative birefringence measurement of the line structures, the retardation 
was measured in (c), and the slow axis is revealed in (d).  (e): Microscope image of the line 
structure written in fused silica. 
 

The “U” shape of the slow axis orientation in the chalcogenide glass was also 

visualized by positioning the line structures between two linear polarizers, oriented 

450 , and viewed under an optical microscope in transmission mode (Fig. 7.2). An 

asymmetry of transmitted light through the left part and right part of the modified 

region was observed (Figs. 7.2(c), (d)). This left-right asymmetry indicates that the 

polarization of light, passing through the modified region, rotates in opposite 

directions on the two sides from the center of the region. 
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Figure 7.2: Microscope images of modified regions: without polarizers (a), with crossed 
polarizers (b) with polarizer and analyzer oriented with the angle of 450 (c) and -450 (d). p: 
polarizer, a: analyzer. 
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Figure 7.3: Quantitative birefringence measurement of the femtosecond laser induced 
modifications: with the polarization direction of the writing laser perpendicular to the line (a) 
and parallel to the line (b).Quantitative birefringence measurement of the femtosecond laser 
induced modifications: with the polarization direction of the writing laser perpendicular to the 
line (a) and parallel to the line (b).  E: Polarization direction of the writing laser; the scan 
direction is shown as the black arrow; the width of the line is 30 µm. 
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It was mentioned in Chapter 5 that, above a certain intensity threshold, form 

birefringence (type-II) can be induced inside the fused silica glass. The form 

birefringence is created as a result of self-assembled nanostructures inside the focal 

region and the optic axis of form birefringence, induced in fused silica, can be 

controlled by the polarization direction of the writing laser beam. Moreover, it was 

reported that linearly polarized light can induce anisotropy in chalcogenide glass and 

the axes defining the optical anisotropy can be tuned by changing the polarization 

direction of the exposing light. However, unlike the previously mentioned type-II 

modification in fused silica [40] and photoinduced anisotropy in chalocogenide glass 

[70, 112]; in our case, the optic axis of the birefringent region does not change when 

the writing laser polarization direction is varied (Fig. 7.3). This demonstrates that the 

birefringence of the modifications imprinted in chalcogenide glass by femtosecond 

laser direct writing is different from the form birefringence induced in fused silica and 

that the optical axes of the birefringent region are not controlled by the polarization 

direction of the writing laser.   

 

 

Figure 7.4: Microscope images of the cross-section of the line structures without polarizers (a) 
and with crossed polarizers (b). (c): Second electron image of the cross-section of the line 
structures. (d): Back scattering image of the cross-section of the line structures. The laser was 
propagating from the bottom of the image, shown as the red arrow. 
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A microscope image of the cross-section of the line structures is shown in Fig. 7.4 (a) 

and its corresponding view under cross-polarizers is revealed in Fig. 7.4 (b). No 

birefringence can be observed in the cross-sectional image of the line structure, 

indicating that no nanostructures were formed in the focal volume of the exposed 

region. This was further confirmed by imaging the modified region using SEM (Figs. 

7.4(c), (d)).   

 

Indeed another type of birefringence, namely stress birefringence induced by the 

photoelastic effect, can account for this type of birefringence of the modified region in 

chalcogenide glass. For stress birefringence, the relation between the retardance (R) 

and stress (σ) is defined as:  

 dCR pe ⋅⋅= σ  (7.1) 

where Cpe is the photoelastic coefficient, d is the thickness of the birefringent region. 

The stress is mainly induced from the light induced thermal expansion. With the 

similar laser irradiation conditions producing the same amount of stress, the 

retardation should increase with increasing the photoelastic coefficient. Based on this 

idea, various glass samples with different photoelastic coefficients were irradiated 

using similar laser irradiation conditions. As shown in Fig. 7.5, compared to 

chalcogenide glass, the exposed regions show a much weaker birefringence in borate 

glass, with the Cpe reduced to the value of 4.35 x 10-12 Pa-1. In phosphate glass, with a 

Cpe value of 0.42 x 10-12 Pa-1, 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 femtosecond laser induced line structures inside 
chalcogenide, borate and phosphate glass respectively. The left part images are taken without 
polarizers and the right part images are taken with crossed polarizers. 
 

7.3 Stress annealing 

 

It is well known that the stress can be removed from glass by annealing at the 

transition temperature. In annealing experiment, the chalcogenide sample with 

imprinted structures was heated at a rate of 2 0C per minute, kept at 100 0C for one 

hour and then cooled to room temperature at 2 0C per minute. This treatment was then 

repeated at 200 0C, 240 0C, 280 0C, and after each annealing step the retardance was 

measured. It is observed that the retardance was unaltered up to 100 0C and start to 

decrease at higher temperature (Figure 7.6).  
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Figure 7.6: Measured retardance of the line structure versus the annealing temperature in the 
chalcogenide sample. The red dots are the measurements for the line structures written with 
0.6 µJ and the green dots are the measurements for the line structures written with 0.4 µJ. 
 

The retardance becomes zero when the temperature was increased to 310 0C, slightly 

above the glass transition temperature (305 0C). This experiment unambiguously 

demonstrates that the birefringence induced inside the chalcogenide glass by 

femtosecond laser irradiation is related to stress birefringence.    

 

7.4 Directional dependence of the birefringent 

modification 

 

It was mentioned previously, in Chapter 6, that different types of modifications can be 

induced inside fused silica by reversing the writing direction. The directional 

dependence of modification was interpreted in terms of anisotropic trapping of 

electron plasma by an ultrashort laser pulse with tilted front. Here, we also observed a 

directional dependence of modification in chalcogenide glass. Different left-right 
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asymmetries for the structures written in two opposite directions were revealed in 

Figs 7.7(a-b), which were the mirror images of each other. It was observed that the 

orientations of the optical axes in the left and the right part of the modified region 

were different. Moreover, their orientations are also dependent on the writing 

direction (Fig 7.7 (d)). Unlike previously reported directional dependence of 

modification in fused silica, where different types of modifications were imprinted in 

opposite writing directions. Here, the same type of birefringent modification was 

induced inside the chalcogenide glass in reversed writing directions (Fig 7.7 (c)). 

However, the “U” shape of slow axis orientation reversed when the line structure was 

written in the opposite direction (Fig. 7.1(d)). Similar “U” shape of structural 

modification and its dependence on the writing direction can also be observed in the 

line structures imprinted in the fused silica (Fig. 7.7(e)). The thermal expansion and 

subsequent cooling accounted for this kind of mirrored structural modifications in 

two writing directions observed in fused silica, which is different from the “quill” 

writing effect discussed in Chapter 6.  

 

We also carried out experiment on the rewriting line structure in Ge25S75 sample. A 

line structure with double scanning was imaged using the Abrio system and its optical 

axis was shown in Fig. 7.7(f). The first scan direction was from the left to the right 

and across the whole line region in Fig. 7.7(f). After that, the second scan was started 

from right to left as illustrated in Fig. 7.7(f) and the scanning was finished in the 

middle of the previously written line structure. It is shown that optical axis of the 

double scanned region is defined by the second writing direction (Fig. 7.7(f)). This 

demonstrates that the information on the direction of writing can be recorded and be 

rewritable in chalcogenide glass.  
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Figure 7.7: (a, b): Microscope images of the line structures written in two opposite directions 
using polarizers crossed with the angle of 450 (a) and -450 (b). (c, d): Quantitative 
birefringence measurement of the line structures written in two opposite directions, the 
retardation was measured in (c), and the slow axis is revealed in (d). (e): Microscope image of 
the line structures written in fused silica, the writing condition is the same as the one in Fig. 
7.1(d). (f): Quantitative birefringence measurement of the line structure by double scanning.  
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7.5 Circular birefringence 

 

In another experiment, a square structure was written inside the Ge25S75 sample. The 

pulse energy of the writing laser is 0.6 µJ and the scan speed is 200 µm/s. The sample 

was then placed between two polarizers crossed at 450 and imaged using an optical 

microscope in transmission. As expected, mirror symmetry of the structures written in 

opposite directions was observed (Fig. 7.8(a)). However, with a simple linear 

birefringence model, illustrated in Fig. 7.8(b), we can not explain the left-right 

asymmetry between adjacent lines written in orthogonal direction (line I and line II). 

The polarization direction of the transmitted light from the birefringent region should 

rotate towards optical axis in this model. Since the orientation of the optical axis in 

region 1 and region 4 (Fig. 7.8(b)) is in the same direction, the transmitted light from 

these two regions should has the same colour and intensity between crossed 

polarizers, same as the region 2 and region 3 (Fig. 7.8(a)). However, a different result 

was revealed in our experiment. The polarization direction of the transmitted light 

from the inner part of the square structure rotates in one direction regardless of 

writing direction. In contrast, the one transmitted from the outer part rotates in another 

direction. We believe such phenomenon could be explained by the circular 

birefringence induced in the modified region, similar to the twist nematic effect in 

liquid crystals (Fig 7.9(b)). A cross-sectional image of the line structure along the 

light propagation direction is shown in Fig. 7.9(a). Due to the carrot shape of the 

cross-section, the optic axis in each plane, perpendicular to the light propagation 

direction, will be slightly twisted (Fig. 9(a)). Moreover, the twist of the optical axis 

from the left part and the right part of the structure is in the opposite direction. As a 

result, the polarization of light, passing through the modified region 1 and region 3 (or 

through the modified region 2 and region 4) rotates in the same direction following 

the twist of the optic axis.  
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Figure 7.8: (a) microscope image of a square pattern written in chalcogenide glass using 
femtosecond laser direct writing. The image was taken with polarizer and analyzer oriented at 
450. (b) Linear birefringence model of the modified region. 
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Figure 7.9: (a): Microscope image of cross-section of the line structure.  (b): Twisted nematic 
effect in liquid crystal [116]. 
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Figure 7.10: Images of written circular structures viewed with crossed polarizers: evidence of 
chiral patterns. 
 

Finally, a series of circle structures was written by rotating the sample clockwise and 

anti-clockwise. Imaging in crossed polarizers revealed the presence of chiral patterns 

(Fig.7.10).  

 

7.6 Conclusions 

Birefringence is induced by femtosecond laser direct writing inside chalcogenide 

glass. Unlike the previously reported photoinduced anisotropy in chalcogenide glass 

and form birefringence in fused silica, the optical axes of the birefringent region are 

not determined by the polarization direction of the irradiating light. Instead, the 

direction of the optical axis is defined by the laser scanning direction and the 

birefringence is produced by stress which was induced by thermal expansion of the 

glass during laser irradiation. We also observe the directional dependence of the 

optical axis orientation on the writing direction. The “U” shape of the optical axis 

orientation reverses when the birefringent modification was imprinted in the opposite 

direction. Moreover, the polarization of light, passing through the modified region, 

rotates in opposite directions on the two sides from the centre of the region, which 

was produced by the twist of optical axis along the light propagation direction. 

Furthermore, it is observed that the information on the direction of writing could be 

recorded and be rewritable inside transparent materials.  
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Chapter 8 

Non-reciprocal ultrafast laser writing 

8.1 Introduction 

The results presented in the previous chapter highlighted the type-I and type-II 

femtosecond laser induced modifications in glasses. However glass has intrinsically a 

low optical nonlinearity and it is not an ideal candidate for the applications of second 

harmonic generation and electro-optic modulation due to its inversion symmetry. In 

contrast, lithium niobate (LiNbO3), which is a non-centrosymmetric crystal, is an 

excellent material for electro-, acousto- and nonlinear-optical applications [117-120]. 

Femtosecond laser induced modifications in LiNbO3 have attracted increasing interest 

recently [19, 25, 30, 121-128]. This reason motivated the studies reported in this 

chapter, which were originally aimed to induce refractive index modification and 

waveguide structures in lithium niobate by femtosecond laser irradiation. 

Nevertheless, the observation of the new phenomenon, manifested as a change in 

material modification by reversing the light propagation direction in a homogeneous 

medium, led to the first evidence of non-reciprocal ultrafast laser writing, which 

became the main focus of this chapter.    

 

The dependence of laser induced modification on crystal axes and light propagation 

direction was described in Sec. 8.2. Section 8.3 discusses the physical mechanism for 

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

8.2.1 Structures written in different directions 

 

Figure 8.1: Line structures written along the Y-axis of the LiNbO3 sample. (a-c): QPM phase 
images of the lines written along the -Y axis and the + Y axis of LiNbO3 with pulse energies 
of: 1.2 µJ (a); 1.8 µJ (b); 2.4 µJ (c). d: Quantitative birefringence image of the line structures. 
The brightness represents the retardance magnitude while the colour represents the slow axis 
of the birefringence region. The colour of the circular legend shows the direction of slow axis. 
The dashed lines show the slow axis of the birefringence region. e: Quantitative phase change 
profile of the line structure along the dashed line in b. f: Quantitative phase change profile of 
the line structure along the dashed line in c. Writing directions of the structures in a-d are 
shown by arrows.  
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Firstly, groups of lines with various pulse energies ranging from 1 µJ to 2.4 µJ were 

written below the -Z face of the LiNbO3 sample, using the experiment setup described 

in Section 3.1, with the scan speed of 200 µm/s. The linearly polarized laser beam 

(along Y-axis) was focused via a 50X objective (NA = 0.55) 150 µm below the 

surface of a 1 mm thick sample. For each group, two lines were produced with 

alternating directions, thus with the writing direction along the -Y and +Y axis of 

LiNbO3 respectively (Fig. 8.1). Different material modifications, depending on the 

pulse energy and the writing direction, were observed. For the lines written in both 

directions with pulses energies below 1.4 µJ, a positive phase change and thus a 

positive index change is created in the exposed region (Fig. 8.1(a)). The lines have a 

width of 3 µm, which is close to the focal spot size of the laser beam (Fig. 8.1(a)). No 

difference was observed for the lines written in the opposite direction. The lines 

imprinted with pulses energies between 1.4 µJ to 2 µJ still have a positive index 

change in both directions (Fig. 8.1(c)). However, a directional dependence in the 

structures written along the –Y and the +Y axis of LiNbO3 appeared. The difference is 

firstly revealed in the morphology of the line structures. The lines inscribed along the 

–Y axis of LiNbO3 have a larger width than those along the +Y axis (Fig. 8.1(c)). In 

addition, the directional difference can also be revealed from the phase change in the 

structures. The lines written along the –Y axes of LiNbO3 produce a larger positive 

phase change than those along the +Y axis (Fig. 8.1(e)). With a further increase of 

pulse energy above 2 µJ, this dependence could even be distinguished from the 

textures of the lines written in opposite directions. Some optical damage regions 

appeared in the lines written along the +Y axis of LiNbO3 (Fig. 8.1(c)). In contrast, no 

damage could be observed in the whole line written along the –Y axis. The phase 

change (∆φ) profile of the lines measured using QPM technique is shown in Fig. 

8.1(f). As a result, the line inscribed along the +Y axis still has a positive phase 

change, similar to those created with lower pulse energies, and exhibits a maximum 

∆φ of 1.4 rad. By assuming the length of the structure along the Z axis of about 30 

µm, the maximum refractive index modification, ∆n, is 4 × 10-3. However, the line 

written along the – Y axis exhibits a more complex phase change profile. A central 

dip region shows a negative phase change, while the surrounding regions have a 

positive phase change. This observation indicates that femtosecond laser modification 
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results in a negative refractive index change of the central exposed region and a 

positive index change of the surrounding region. Stressed regions, created as a result 

of the expansion of the material at the focus of the writing laser beam, can account for 

the positive index change of the surrounding region [25, 126]. This was confirmed by 

the quantitative birefringence imaging of the line structures (Fig. 8.1(b)). The line 

created along the –Y axis of the sample shows two birefringent regions surrounding 

the central irradiated region and the slow axis of the birefringent region is inclined 

about 450 toward the writing direction (Fig. 8.1(b)). The amorphization of the focal 

volume and subsequent stress induced birefringence could account for this type of 

modification. In contrast, no birefringence features could be observed in the structures 

written along the +Y axis. It is also noted that the birefringence became weaker when 

the pulse energy decreased and no birefringence could be observed when the pulse 

energy was below 2 µJ.  
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Figure 8.2: Comparison of the line structures imprinted along the Y-axis and along the X-axis. 
a-b: Measured phase change of the line structures versus pulse energies for the lines written 
along the Y-axis of the LiNbO3 sample (a) and the X-axis of the LiNbO3 sample (b). 
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Moreover, the directional dependence does not depend on the laser polarization. 

Compared to the structures imprinted when the crystal was translated along the Y-

axis, no directional dependence has been observed when the structures were written 

by translating the crystal along the X-axis (Fig. 8.2). This indicates that the directional 

dependence of the light-induced modifications in LiNbO3 is associated with the 

crystal symmetry. 

8.2.2 Dependence of writing on crystal axis orientation 

To verify that the directional dependence of the modifications along the Y axis of 

LiNbO3 is defined by the crystal axes, four groups of lines were fabricated in the 

sample.  Two groups of the lines with alternating writing directions, along the -Y and 

+Y axis respectively, were written inside the sample with the pulse energies of 2.4 µJ 

and 2 µJ. (Fig. 8.3(a)). The sample was then rotated by 180° around the Z axis and 

another two groups of structures, with the same writing parameters including the 

direction of the stage movement, was then imprinted in the sample (Fig. 8.3(b)). By 

comparing Figure 8.3(a) and 8.3(b) it can be observe that the modification of the 

crystal structure is determined by the orientation of the writing direction with respect 

to the Y axis of the crystal.  

 

Figure 8.3: Phase images of line structures in the rotation experiment. a-b: QPM phase images 
of lines imprinted along the Y axis with 2.4 µJ (top) and 2 µJ (bottom) pulse energies. The 
lines were written before (a) and after rotating by 180° 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 in the flip experiment. a-b: QPM phase images of 
lines written along the Y axis with 2.4 µJ (top) and 2 µJ (bottom) pulse energies. The lines 
were written by propagating the laser beam along the +Z axes (a) and the –Z axes (b) of the 
crystal respectively. 
 

Secondly, groups of structures were written by the laser beam propagating along the 

+Z (Fig. 8.4(a)) and the –Z (Fig. 8.4(b)) axes of the crystal. As expected, the created 

structures were different for writing directions along the +Y and –Y axes of the 

sample. However, it was surprised to observe a mirror change in the structural 

modifications in this case, when the propagation direction of the writing beam was 

reversed. Indeed, in contrast to the lines, written along the +Y axis with 2.4 µJ pulse 

energy by the beam propagating along +Z axis, which showed the optical damage 

features (Fig. 8.4(a)), no damage could be observed in the lines imprinted with the 

same fabrication parameters by the beam propagating along –Z axis (Fig. 8.4(b)). The 

change in the structural modifications between these lines is only produced by 

reversing the propagation direction of the focused laser beam with respect to the Z 

axis of the crystal. Moreover, the modification features, which appeared previously in 

the line written along the +Y axis by focusing below the –Z face of the crystal, could 
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only be observed in the line written along the –Y axis when focusing below the +Z 

face. Therefore a mirror change of the modifications, in two similar structures written 

along the Y axis (+Y and –Y directions) with the reversed beam propagating direction 

along the Z axis, is discovered. A similar mirror change of the phase profiles was also 

observed for the line structures without strong damage features, written with the pulse 

energy of 2 µJ. 

 

Another intriguing result is the observation of a wavy crack revealed by imaging the 

deeper region, located slightly beneath the modifications induced in the focal region 

of the laser beam (Fig. 8.5). The wavy crack appears when the pulse energy is above 2 

µJ and its amplitude and period depend on the writing direction. However, the wavy 

crack could only be observed when the laser beam was focused under the +Z face of 

the LiNbO3. It should be noted that the wavy crack could in fact be a helical crack (Fig. 

8.5(c)). Similar wavy cracks have been observed in quenched glass plates and rubbers 

subjected to a biaxial stress as a result of Hopf bifurcation transitions [129, 130]. 
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Figure 8.5: QPM phase images of wavy crack by (a) 20X objective, (b) 100X objective. 
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It is observed that the line width increases with reducing scan speed (Fig. 8.6). This 

indicates that a heat accumulation effect takes place during the writing process. 

 

 

 

Figure 8.6: Microscopic images of line structures written with scan speeds of 100 µm/s and 
400 µm/s. 
 

 

 

Figure 8.7: Microscopic images of line structures written with the picosecond laser pulses. 
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8.2.4 Picosecond laser experiment 

Groups of line structures were also written in a Z-cut LiNbO3 sample using the 

picosecond laser system (Lumera Super Rapid), operating at 1064 nm with a 9 ps 

pulse duration, a 250 kHz repetition rate and with pulse energies comparable to those 

used with the femtosecond laser system. The modifications, with crack features, were 

observed at fluencies and intensities of about one order of magnitude lower compared 

to the femtosecond laser system and with no evidence of the non-reciprocal writing 

phenomenon (Fig. 8.7). This indicates that ultrashort pulses are necessary for the 

observation of the phenomenon, possibly due to the higher intensities which could be 

achieved with femtosecond pulses without strong damage of the sample.  

8.2.5 Lithium niobate crystal versus silica glass  

It should be noted that the asymmetry of writing in opposite directions (fs-laser quill 

writing effect) has already been discussed in Chapter 6. However, the directional 

asymmetry of ultrashort-pulse-light-induced modifications in glass does not depend 

on the orientation of a medium or the direction of light propagation and it can instead 

be controlled by the tilt of a pulse front.  It has been suggested that the ponderomotive 

force (light pressure) at the front of the pulse is responsible for the phenomenon. The 

light pressure produced by the tilted front of the pulse can drag electrons of the 

electron plasma, generated as a result of multiphoton absorption, in the direction of 

the writing light beam movement, in a kind of “snow-plough” effect [50].  

 

However, in contrast to glass, the directional dependence of writing in lithium niobate 

depends on the orientation of a crystal with respect to the direction of the beam 

movement and the light propagation direction. Specifically, the created structures 

possess a strong anisotropy only when the focused beam is translated along the Y axis, 

while no anisotropy is observed when the beam is translated along the X axis.  The 

mirror symmetry of the structures, created by the light beam propagating along the + 

Z and –Z axes of the crystal (see Fig. 8.4), indicates that the phenomenon observed in 

LiNbO3 is not relevant to the tilt of the pulse front that was responsible for the fs-laser 

quill writing effect in glass. In a crystalline medium, even the pressure produced by a 
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non-tilted pulse front can result in dependence of the created structures on both the 

direction of writing and the propagation direction of the laser beam. 

 

8.3 Mechanism of the phenomenon and discussion 

 

A heat current J, which is carried by the electrons of the plasma created by the 

femtosecond laser pulse, and generated by the ponderomotive force and the photon 

drag effect, can be phenomenologically presented in the following form: 

 * * * *( )i ijklmn j k n l m ijklmn j k l m nJ E E E E i E E E E kη ζ= ∇ +  (8.1) 

where subscripts label Cartesian indices, E is the complex amplitude of the light 

electric field, i. e. *
lkEE  is proportional to the light intensity and is responsible for 

heating via the plasma absorption.  The first and second term in the right-hand-side of 

Equation (8.1) describe the pressure created by the front of the pulse and the photon 

drag effect [131], respectively, ηijklmn  and ζijklmn = ζikjlmn = ζilmjkn are sixth rank tensors, 

k is wave vector. When the light beam propagates along the Z axis of the lithium 

niobate crystal, the current along the X axis is identically zero by symmetry, while 

that along the Y axis is the symmetry allowed components of tensors ηijklmn and ζijklmn. 

For example, for the Y-polarized light beam, the thermal current along the Y-axis is 

given by the following equation:  
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We will refer to this phenomenon as the photothermal effect in noncentrosymmetric 

media or the bulk photothermal effect in order to highlight that the light-induced heat 

current can be excited even under homogeneous illumination and in a homogeneous 

noncentrosymmetric medium [132].  
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However, the developed phenomenological description of the observed effect does 

not explain why the heat current produced by laser beam can manifest itself in the 

modification of a moving sample. The major difficulty here is that the timescales of 

these processes are very different. Specifically, the laser field, which drives the heat 

current, described by Eq. (8.1), is last for only about 150 fs. The created electrons in 

the laser-produced plasma thermally equalize with the lattice in a few picoseconds 

and finally recombine with nearby ions in a few nanoseconds or even faster. 

However, at the pulse repletion rate of 250 kHz, the time interval between laser pulses 

is at least one thousand times longer. The question to be answered is: what is there 

that "remembers" what direction the laser beam is being translated in 4 microseconds 

later, when the next laser pulse arrives?  

 

The short answer is that the anisotropic energy distribution, created by the short 

lasting current described by Eq. (8.1), is finally imprinted in the anisotropy of lattice 

temperature across the irradiated area. This can been seen as more efficient heating of 

the material when subsequent pulses arrive in a region where the electric-field driven 

heat current has already pushed thermal energy from another part of the beam due to 

the crystal anisotropy. To clarify this, we recall that our experiments were performed 

in the so-called thermal accumulation regime [127]. In this regime, the material 

temperature is determined by the cumulative effect of many laser pulses. This is 

because, in our experimental conditions (beam diameter d = 2µm, thermal diffusivity 

D=κ/ρcp ≈ 10-2 cm2/s, thermal conductivity κ ≈ 2 W/mK, specific heat capacity cp ≈  

714 J/kgK, volume mass density ρ ≈ 4640 kg/m3, pulse repetition rate f = 250 kHz, 

sample velocity v = 200 µm/s),  the effective cooling time τc = d2/D ≈ 4 µs coincides 

with 1/f and the thermal diffusion length LD = (4D/f)1/2 ≈ 4 µm  is comparable with 

the beam diameter. The distance travelled by the sample between two consecutive 

pulses h = v/f = 0.8 nm, i.e. the number of laser pulses overlapping within the beam 

diameter is N = d/h = 2500. Such a small beam shift between two pulses implies that 

the beam movement can be considered to be continuous.  

 

The absorption of the laser radiation results in the average heat production within the 

focus area with the rate 
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where I is the laser intensity, τp is the pulse duration, and  a is determined by the 

absorption coefficient, volume of the irradiated area etc. This heating homogeneously 

increases the temperature within the whole focal area. However, in the focal area of 

LiNbO3, there exists an average heat current along the Y-axis (Eq. 8.1): 

 2)( IfbJ py ×= τ  (8.4) 

where b is determined by relevant non-zero components of the material tensors 

introduced in Eq.(8.1). When the light beam is propagated along the Z-axis of the 

crystal, this flow will push the heat along the Y-axis at the transfer rate  
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where A is the cross-section of the irradiated area in the XZ-plane. This heat transfer 

will produce the temperature difference between opposite sides of the beam: 
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The sign of ∆T depends on the parameter b, i.e. on the relevant component of the 

material tensor responsible for the observed effect. In particular, if the laser beam is 

Y-polarized and Im(ζyyyyyz) > 0, then Jy < 0 . Therefore, if the Y-axis is horizontal 

with the negative direction on the right, the temperature of the right-hand side of the 

irradiated area will be higher than that of the left-hand side (Fig. 8.8). In such a case 

the direction of the beam movement along the Y-axis does matter. Specifically, the 

temperature of the crystal when the beam is translated along the Y-axis in the negative 

direction will be always higher than that when the beam is translated along the Y-axis 

in the positive direction.  

 

The mechanism of this direction-dependent writing can be visualized using the 

simplified model presented in Fig. 8.8. In this model, for the sake of simplicity we 
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assume that the beam movement is discontinuous, i.e. that the beam movement along 

Y-axis consists of jumps equal to the beam diameter in length. The conventional 

absorption described by Eq. (8.3) produces homogeneous heating of the irradiated 

area at a temperature T0. If no other heating mechanisms are present, the temperature 

is the same for any position of the beam and does not depend on which direction the 

beam is moved. However, if the anisotropic heating mechanism, described by Eq. 

(8.4), is involved, the temperature at the right side of the beam is higher than that of 

the left-hand side by ∆T = dJy/κ . When the beam jumps right (to the negative 

direction of the Y-axis) to its next placement, the temperature of the left side of the 

beam increases to T+∆T, while the temperature of the right side of the beam is T. The 

anisotropic heating mechanism is switched on and increases the temperature of the 

right side so that it will be ∆T higher than that of the left side of the beam. As a result, 

the temperature of the right side of the beam will be equal to T + 2∆T.  The same 

temperature increase will happened after the next jump. After m jumps in the direction 

that coincides with the direction of the anisotropic heat flow, the temperature of the 

very right irradiated area will be equal to 

 yparallel J
md

TT ×+=
κ0

max  (8.7) 

When the light beam moves in the positive direction along the Y-axis, the temperature 

of the left-side of the beam is the same after each jump. Therefore, although the 

anisotropic heating mechanism results in the increase of the temperature of the right-

side of the beam, the temperature of the crystal does not increase (see Fig. 8.8):  

 yopposite J
d

TT ×+=
κ0

max  (8.8) 

Therefore, the anisotropic heating may result in a drastically different scenario for the 

laser writing, which we refer to as differential heating of the sample. This increase of 

the temperature, described by Eq. (8.7), will eventually slow down due to thermal 

diffusion and melting of the sample.  Moreover uneven heating of the sample when 

the beam moves opposite to the heat flow, which is described by Eq. (8.8) and 

illustrated in Fig. 8.8, may results in a shock-induced damage, which is evident for 

one of the writing directions (Fig. 8.3 and 8.4). Apparently in the real experimental 
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conditions, the situation is more complicated because we need to account for the 

interplay of the thermal diffusion and the accumulation; however the simplified model 

above well illustrates how anisotropic heating can manifest itself in crystal 

modification by a moving laser beam. 

 

 

Figure 8.8: Illustration of the differential heating of a crystal as a result of the bulk 
photothermal effect. Heat flows in the –Y direction of the crystal (black arrow). Temperature 
of the crystal increases till saturation when the beam is displaced in the direction of heat flow 
(red arrow) and oscillates near the level defined by isotropic heating (green line) when 
displacement is opposite to the heat flow (blue arrow). Big circles illustrate the laser beam 
and darker colour corresponds to higher temperature of the sample in the position of the beam.   
 
The restrictions imposed on the light-induced current by crystalline symmetry explain 

the observed directional dependence of writing. Specifically, since the light beam 

propagated along the Z axis does not produce thermal current along the X axis, the 

crystal modification is not sensitive to the translation of the light beam along the X 

axis. In contrast, when the beam is translated along the Y axis, the in-plane heat flow 

is either parallel or anti-parallel to the beam velocity. Since the heating of the crystal 

is stronger when the direction of the heat flow coincides with the direction of the 

beam movement, the modification of the non-centrosymmetric crystal shows a 

pronounced directional dependence independent of the tilt of the pulse front. It should 

also be noted that similar crystal modifications for the X- and Y-polarized beams. 

Such an experimental finding is also supported by crystal symmetry because, in the 

LiNbO3 crystal, the thermal current along the Y-axis is not forbidden for X- and Y-

polarized beams, however the current is described by different independent 
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components of the material tensor. The similarity of the crystal modifications just 

indicates that these components are of the same order of magnitude. 

 

It can be observed from Eqs. (8.1, 8.2) that interplay of the crystal anisotropy and 

light-induced heat flow gives rise to a new non-reciprocal, nonlinear optical 

phenomenon - the nonreciprocal photosensitivity. In the LiNbO3, the nonreciprocal 

photosensitivity manifests itself as changing the sign of the light-induced current 

when light propagation direction is reversed. This phenomenon is visualized when the 

modification of the crystal is performed by a moving light beam; in such a case the 

created pattern is mirrored when the light propagation direction is reversed.  

 

8.4 Conclusions 

 

In conclusion, non-reciprocal ultrafast laser writing in Z-cut lithium niobate crystal 

was first realized by a tightly focused ultrafast laser beam. It was discovered that 

when the direction of the laser beam is reversed from +Z to – Z directions, the 

structures written in the crystal when translating the beam along the +Y and –Y 

directions are mirrored. Therefore, a single light beam interacts with the crystal 

differently for opposite directions of light propagation. This new non-reciprocal 

nonlinear optical phenomenon is interpreted in terms of light pressure at the front of 

the ultrashort pulse, the photon drag effect, and associated light-induced thermal 

current in crystalline media. It should be noted that nonreciprocal phenomena are very 

rare in optics and are usually associated with breaking of the time-reversal symmetry 

due to the presence of the magnetic field. One may recall the conventional Faraday 

effect and magneto-chiral dichroism [133], when the interaction of a single light beam 

with a homogeneous material is different for two opposite 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 positive index change (type-I) has been 

demonstrated in high index bismuth borate glass by femtosecond laser direct writing. 

This type of modification was used to fabricate waveguides in this high index glass. 

Low loss, polarization insensitive, single mode waveguides with circular mode 

profiles and refractive index changes up to 4.5 × 10-3 were inscribed by ultrafast laser 

radiation in this glass. An insertion loss of only 1 dB and a propagation loss of 0.2 

dB/cm at 1.55 µm were demonstrated. Y-splitters and directional couplers were also 

fabricated and their performance closely agreed with theoretical simulations based 

upon experimentally measurable quantities obtained from the waveguide 

characterization. Moreover, a 500 nm spectral broadening was obtained by launching 

less than 2.0 mW average power (53 kW peak-power) of 150 fs laser pulses at 1.46 

µm through the waveguides. The supercontinuum is mainly caused by self-phase 

modulation allowing the estimation of a nonlinear refractive index, n2, of ~ 6.6 × 10 -

15 cm2/W, which is in agreement with published data [19]. Preliminary experiments on 

the uniformly poled waveguides show the same χ(2) value as the bulk glass. 

Femtosecond laser written low loss waveguides with large n2 are attractive for 

fabricating nonlinear glass based devices.  

 

Type-II modification was induced inside the fused silica by femtosecond laser 

irradiation. Self-assembled, sub-wavelength periodic structures created in the focal 

volume were shown to account for this type of modification. Two different types of 

periodic structures, the main one with period (ΛE) in the direction of the laser beam 

polarization and the second with period (Λk) in the direction of the light propagation, 

are identified from the cross-sectional images of the modified regions using scanning 
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electron microscopy. The range of effective pulse energy which could produce 

nanogratings narrows when the pulse repetition rate of the writing laser increases. The 

period, ΛE, is proportional to the wavelength of the writing laser and the period, Λk, in 

the head of the modified region remains approximately the wavelength of light in 

fused silica.  

 

A new phenomenon in ultrafast laser processing of transparent optical materials, in 

particular silica glass, manifested as a change in material modification by reversing 

the writing direction is observed.  The effect resembles writing with a quill pen and is 

interpreted in terms of a new physical effect - anisotropic trapping of an electron 

plasma by a tilted front of the ultrashort laser pulse. Moreover, a change in structural 

modification was demonstrated in a silica glass sample by controlling the direction of 

pulse front tilt, achieving a calligraphic style of laser writing which is similar in 

appearance to that inked with the bygone quill pen. Furthurmore a new type of 

modification associated with anisotropic bubble formation, which could be controlled 

by the writing direction, was observed at high pulse energies. The phenomenon of 

modification transition in a continuous encryption process was observed. We 

anticipate that the possibility of achieving control of light-matter interactions, by 

adjusting the tilt of ultrashort pulse front, will open new opportunities in material 

processing, optical manipulation and data storage.  

 

Strong birefringence was induced inside chalcogenide glass by femtosecond laser 

direct writing. Unlike the previously reported photoinduced anisotropy in 

chalcogenide glass and form birefringence in fused silica, the optical axes of the 

birefringent region are not determined by the polarization direction of the irradiating 

light. Instead, by varying the scanning direction of the laser irradiation, the optical 

axes of the birefringence can be changed. As a result, the information on the direction 

of writing could be recorded inside transparent materials. Moreover, this type of 

photoinduced anisotropy can be erased by annealing, and is reversible by repeatable 

scanning.  

 

Photosensitivity is a material property that is relevant to many phenomena and 

applications, from photosynthesis and photography to optical data storage and 

ultrafast laser writing. It was commonly thought that, in a homogeneous medium, 



Chapter 9 Conclusions and future work 

101 

photosensitivity and the corresponding light-induced material modification do not 

change on reversing the direction of light propagation. In this thesis it was 

demonstrated for the first time that when the direction of the femtosecond laser beam 

is reversed from +Z to – Z directions, the structures written in lithium niobate crystal 

when translating the beam along the +Y and –Y directions are mirrored. In a non-

centrosymmetric medium modification of the material can therefore differ when light 

propagating in opposite directions. This is the first evidence of a new optical 

phenomenon of non-reciprocal photosensitivity. 

  

9.2 Future work 

As summarized above, this thesis has advanced the field of femtosecond laser direct 

writing in several respects, but several unanswered questions and open challenges 

remain. 

 

With regards to physics, a complete model of the interaction of femtosecond laser 

pulses with transparent materials needs to be established, including the simulation of 

the focused ultrashort pulses in the focal region, with a particular emphasis on 

determining the effect of both the spatial and the temporal distortion on the laser 

intensity distribution, and subsequent laser induced plasma distribution. This data will 

provide a more realistic comparison with the experiment results. 

 

With regards to application, femtosecond laser induced high density optical data 

storage in fused silica is one of the promising areas. Compared to traditional three 

dimensional data storage in optical materials, where the density is limited by the focal 

spot size, here another “dimension” could be available using the orientation of the 

self-assembled nanostructure (type-II) formed in the focal area, which is determined 

by the polarization direction of the writing laser. This work is presently underway in 

the collaboration set up between our group and the Hirao group in Kyoto (Fig. 9.1). 

Moreover, photonic devices based on the femtosecond laser inscribed waveguide 

structures (Type I) are also very attractive. Low loss waveguides with large optical 



Chapter 9 Conclusions and future work 

102 

nonlinearities are attractive for fabricating frequency convertors and supercontinuum 

generators.  

 

 

Figure 9.1: Type-II modification induced in fused silica by femtosecond laser direct writing. 
The different colour of each letter is corresponding to the different orientation of the slow axis 
of the birefringence. 
 

Overall, the femtosecond laser direct writing technique is slowly becoming 

commercialized; however it is often limited by the low processing speed and high cost 

of the laser system. More affordable and easier to operate, commercially available, 

femtosecond fibre laser systems operating at MHz repetition rates, with uJ pulse 

energy, are very attractive. With the ability to realize three-dimensional multi-

component devices, femtosecond laser micromachining shows 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 used for optimizing the waveguide 

cross-section is discussed. 
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Figure A.1: Schematic drawing of the slit beam shaping method. 

 

For a circular Gaussian beam with a beam waist in the input plane of the lens, the 

energy distribution near the focal point can be expressed as: 
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where ω0 is the beam waist at the focal point, 2/2
00 ωkz =  is the corresponding 

Rayleigh length and k is the wave vector. 

 

As shown in Figure A.1, for an elliptical Gaussian beam exiting from the slit, with its 

major axis in the x direction and its minor axis in the y direction, the new intensity 

distribution near the focal point can be expressed as: 
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where x0ω , y0ω is the beam waist at the focal point along the x and y direction; xz0  , 

yz0  is the corresponding Rayleigh length respectively. We assume that the effective 

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

aperture of the objective lens. As a result, x0ω and xz0  are the same value as the 

0ω and 0z in Equation (A.1). However, y0ω  is now equal to( ) xyx RR 0/ ω , where Rx (Ry) 

is the radius along the major (minor) axis of the elliptical beam; and yz0  is equal 

to 2/2
0ykω . Thus, the intensity distribution in the yz plane (x = 0) near the focal spot 

can be expressed as: 
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The intensity distribution in the yz plane with various yx RR /  values is shown in Fig 

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

symmetrical if the yx RR /  ratio is increased. This can be used to improve the aspect 

ratio of the waveguide cross-section.    
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Figure A.2: Computer simulations of intensity distributions near the laser focal spot with 

various Rx/Ry ratios. 
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