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Abstract 

A Spatial Light Modulator (SLM), addressed with optimised Computer Generated 

Holograms (CGHs) has been integrated with a femtosecond laser system (1 kHz, 

170 fs, A. = 775 nm) to create a dynamic parallel beam processing system. By 

focussing the ultrahigh intensity parallel beams inside clinical grade poly(metbyl 

methacrylate) (PMMA) while carefully controlling filamentation and eliminating 

pulse front tilt, uniform refractive index modification allowed the parallel direct 

writing of high quality volume Bragg gratings for the first time. At A. = 775 nm, 

the first order diffraction efficiency 'I of a series of gratings with dimension 5 x 5 

mm2 with varying thickness L (1-4 mm) and period A = 19 J.1Il1 fit the theoretical 

curve 'I = sin2 
(0, confirming that highly uniform modification throughout was 

achieved with 'Imax = 75% at 4 mm thickness and refractive index change lln = 4.6 

x 10-5. Fabrication time was approximately 50 minutes using 16 parallel beams. 

By placing a thin nonlinear beta-BaB204 (BBO) crystal after the SLM, parallel 

beam direct writing of 5 x 5 mm2
, 15 J.1m pitch volume Bragg gratings at A. = 387 

nm was achieved, reaching the diffraction efficiency T/max = 70% with a 2 mm 

thickness and inferred An = 8.4 x 10.5 with fabrication time only 18minutes using 

18 parallel beams. Gratings written at A. = 775 nm show time dependent 

diffraction efficiency over weeks to months, related to the diffusion of monomer 

MMA after exposure. On the contrary, those created at A. = 387 nm stabilise after 

a few days and are potentially useful photonic components in integrated optics. 

Internal structuring of fused silica is also demonstrated along with dynamic 

modification of PMMA by running pre-calculated CGHs in real time. 
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Chapter i introduction 

1.1. Background and motivation 

Femtosecond laser internal structuring of transparent materials presents unique 

abilities for localised refractive index modifications through nonlinear 

multiphoton absorption (MP A), thus allowing fabrication of various photonic 

devices with simplicity, flexibility and 3D capability. Bulk refractive index 

modification of polymeric materials, particularly poly(methyl methacrylate) 

(PMMA), is of current interest because of the potential of creating useful devices 

for clinical biological and chemical applications which can be integrated with lab­

on chip micro-fluidic devices. However, with commercial kilohertz Ti:Sapphire 

femtosecond laser systems, the refractive index modification process requires only 

pulses with sub-microjoule level energy, whereas, mili-joule pulse energy is 

generally available, resulting in low throughput with a light utilisation factor of < 

0.1 %. In order to increase the throughput and efficiency, multi-beam parallel 

processing with a Spatial Light Modulator (SLM) is proposed and demonstrated. 

An SLM is a remarkable optical device that can be used not only to correct 

wavefront aberrations, but also to split an energetic laser beam into many arbitrary 

diffracted spots in 2D and 3D. In fact, both of these abilities can be demonstrated 

simultaneously. By using an SLM addressed with appropriate Computer 

Generated Holograms (CGHs) to create a large number of diffracted beams of the 

requisite pulse energy, processing efficiency can be increased by more than an 

order of magnitude, reducing the fabrication time while allowing arbitrary parallel 

processing. The present study employs Liquid Crystal on Silicon (LCoS) SLM 

technology allowing nearly 20 uniform beam parallel writing inside PMMA. 
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Hence, throughput is increased by more than an order of magnitude, reducing the 

fabrication time by this factor while allowing arbitrary parallel processing. A 

novel technique for rapid fabrication of volume gratings is established by 

focussing on control of filament length, optimisation of multiple beam uniformity, 

and elimination of pulse front tilt effect which otherwise would lead to non­

uniformity. Because parallel processing using an SLM also holds great promise 

beyond the field of fabricating volume gratings, it is a technology that creates new 

research fields and enables innovative applications. 

Volume gratings which are considered as great spectral and angular selectors have 

been used in astronomical, spectroscopy and laser manufacturing areas: spectral 

beam combining of laser beams with shifted wavelengths, coupling elements in 

laser resonators, beam deflectors, splitters and attenuators. Using the flexible 

volume grating fabrication technique described in this research, a number of 

grating parameters such as angles of incidence, spectral or angular width, and 

central wavelength, can be adjusted. This technique is applicable to a wide range 

of transparent optical materials with a single-step process. However, the refractive 

index change is typically < 10.3, requiring grating thickness of several millimetres 

for high Bragg efficiency. On the other hand, commercial volume gratings are 

created using a two-step process in dichromated gelatin (photosensitive polymer) 

using laser holography and chemical development. The refractive index change, 

however, can be very high (> 10.2) so that the grating thickness is small, typically 

< 100 J1m. 
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The main objectives of this thesis are: 

1) to apply SLM generated multiple beams to femtosecond laser internal 

refractive index structuring ofPMMA so as to improve throughput and 

processing speed. 

2) to identify and study the effects of the key parameters that influence 

the process. 

3) to develop a flexible writing technique for rapid fabrication of high 

quality photonic devices, particularly, volume Bragg gratings, with the 

fundamental NIR wavelength at 775 nm. 

4) to improve the technique for processing with the second hannonic 

NUV wavelength at 387 nm. 

1.2. Contributions of this thesis 

This thesis is the first study to explore multi-beam parallel writing of high quality 

volume Bragg gratings inside transparent materials using an SLM. The approach 

offers great flexibility so that grating parameters, such as thickness and period, 

can be easily adjusted for specific applications. 

A unique method of combining a thin nonlinear beta-BaB204 (BBO) crystal with 

the SLM to create multiple second harmonic beams opens up a new area of 

dynamic parallel processing at NUV wavelengths where nematic liquid crystal 

devices are more sensitive to optical damage. The volume gratings written with 

this technique demonstrates excellent optical quality and high stability. 
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In order to obtain high quality volume gratings, a series of optimisation 

techniques are adopted. Filaments that affect the axial length of refractive index 

modification are carefully controlled to maximise their length while avoid 

nonlinear self-focussing. Writing asymmetry due to pulse front tilt is also studied 

and eliminated. Furthermore, uniformity of multiple beams is improved greatly by 

breaking symmetry of the multiple spots pattern. 

1.3. Overview of the thesis 

The thesis consists of seven chapters. The current chapter is the main introduction 

of the proposed work. Chapter 2 commences with the introduction of relevant 

background about laser-matter ultrahigh intensity interaction inside transparent 

materials and mechanisms of refractive index modification (Section 2.2 and 2.3), 

followed by a review of lasers and materials employed by other researchers 

(Section 2.4 and 2.5). Common laser direct writing geometries and photonic 

devices fabricated by femtosecond laser pulses are demonstrated in Section 2.6. 

The effects of laser parameters, focussing conditions and materials on 

femtosecond laser internal structuring and refractive index change characterisation 

techniques are discussed in detail (Section 2.7 and 2.8). Finally, Section 2.9 

presents the background of parallel processing and SLM technology, followed by 

a review of internal structuring using an SLM. 

In Chapter 3, materials, equipment and experimental setups employed in this 

study are presented, followed by detailed descriptions of a series of 
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characterisation methods, including calculation of computer generated holograms 

(CGHs), diffraction efficiency measurements and other optical measuments. 

Chapter 4 begins with experimental results and discussion of single laser beam 

direct writing including cotrol of filament length, elimilating pulse front tilt effect 

and fabricating optical components, followed by a demonstration of a series of 

refractive index structures generated by multiple laser beam direct writing. 

Chapter 5 focusses on producing high quality volume gratings using multiple NIR 

beams generated by an SLM. Detailed optical analysis and theoretical modelling 

are also presented. 

In Chapter 6, a novel technique for generating multiple NUV beams is described 

in detail. Analysis of the characteristics of the volume gratings produced using 

this technique is demonstrated. 

Finally, Chapter 7 summaries the results and conclusions of the individual 

chapters, and suggests potential improvements and ideas for future work. 
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Chapter 2 Literature review 

2.1. Introduction 

This chapter reviews the backgroWld literature in the topic of the research project. 

The basic theory and the mechanisms of internal structuring of materials by laser 

are presented, followed by an introduction to the commonly used laser systems 

and materials. The femtosecond laser internal structuring techniques, the effects of 

different process parameters and modified material characterisation methods will 

also be discussed. Finally, the parallel processing technique explored and its 

application to femtosecond laser based internal structuring will be described. 

2.2. Laser-matter 

materials 

interaction inside transparent 

Transparent materials usually have two distinct properties. First, their optical 

bandgaps are wide, with a range from 2.2 - 2.4 eV for chalcogenide glasses to 8.9 

eV for fused silica. Second, their thermal conductivity, which is characterised by 

the thermal diffusion coefficient of typically - 10-7 m2/s (- 10-4 m2/s for metal), is 

relatively low. These properties define the mode of the laser-material interactions 

that are discussed below. 

When a transparent material is exposed by a femtosecond laser pulse with photon 

energy smaller than the material bandgap energy Eg, linear absorption cannot 

occur. At high intensities (l> 1012 W/cm2
), nonlinear absorption of photons takes 

place via multiphoton [I] or tWlnelling effects [2], followed by an avalanche 

mechanism [3] leading to strong ionisation. 
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In multi photon ionisation, the number of photons, m, that is absorbed 

simultaneously to promote an electron from the valance band to the conduction 

band satisfies the rela60n mhv > Eg• As shown in Fig. 2.2-1, an electron in PMMA 

(bandgap Eg = 4.58 eV) needs to simultaneously absorb the energy from 3 

photons at a wavelength A. = 775 nm or 2 photons at A. = 387 nm in order to be 

promoted to the conduction band. The ionisation rate, related to the probability for 

multiphoton absorption, also depends strongly on laser intensity [4]. 

IR 
775nm 
1.55eV 

t 

Fused silica /I~ 
Conduction band 

PMMA ~'" 
conduction 

NUV band 
387nm __ --fliIP--Band gap 
3.2eV J~ 8.geV 

/I~ Band gap 
4.58eV 

PMMA 
Valence band 

Fused silica 
Valence band 

Fig. 2.2-2: Schematic of the multiphoton excitation of an electron in PMMA and 

fused silica from the valence to the conduction band. 

In tunnelling ionisation the strong electric field of the laser pulse reduces the 

Coulomb potential energy barrier and allows an electron to quantum mechanically 

tunnel from the valance band to the conduction band. The tunnelling ionisation 

rate is less dependent on the laser intensity. Although these two nonlinear 
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processes compete at ultra-high intensities, multiphoton ionisation generally 

dominates over tunnelling in femtosecond laser interaction with transparent 

materials. 

In avalanche ionisation, electrons absorb laser energy through inverse 

Bremsstrahlung followed by impact ionisation. During inverse Bremsstrahlung, a 

free electron at the bottom of the conduction band is accelerated and moves to the 

higher energy states in the conduction band. When its total energy exceeds the 

bandgap energy plus the conduction band minimum, this electron can ionise 

another one from the valance band, producing two electrons near the conduction 

minimum. These electrons can be accelerated by the intense field and repeat the 

process, resulting in an avalanche in which the free electron density increases 

exponentially with time. The transparent material becomes locally absorbing, 

when the electron density exceeds a critical value ne ~ 1021 cm-3
, beyond which 

irreversible material modification results. 

With longer laser pulse durations (T> 1 ps) [5], even though the pulse energy is 

quite high, the peak intensity is generally still too low to initiate the multiphoton 

process. Thus, avalanche ionisation is the only possible absorption mechanism. 

However, this process is unpredictable and chaotic. 

In contrast, with a femtosecond laser pulse, the peak intensity is much higher, 

which leads to significant multiphoton ionisation. When the intensity exceeds a 

threshold value, unbound electrons are produced in the focal volume and act as 
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seeds for avalanche ionisation in a detenninistic manner [5]. Hence, the energy 

deposition process and subsequent structural change are well controlled and 

highly reproducible. thus enabling precision material modification at a sub-micron 

scale. 

2.3. Mechanisms 

structuring 

of femtosecond laser internal 

Although the nonlinear absorption process of femtosecond laser pulses in 

transparent materials is well investigated, the physical mechanisms that induce 

refractive index changes in some materials are still not fully understood. With low 

laser pulse energy, there is a regime in which either reversible or irreversible 

refractive index modification can be achieved and the material retains good 

optical quality. With higher pulse energy, the material undergoes permanent 

structural changes, namely optical breakdown, such as the formation of 

microcracks and voids [6]. To explain such changes, several mechanisms have 

been proposed as detailed in the following paragraphs. 

In polymeric materials, such as PMMA, a photochemical modification that 

involves a direct cleavage of the polymer backbone and propagation via chain 

unzipping under the formation of monomers has been reported [7]. Both positive 

[7, 8] and negative [9] refractive index changes can be obtained at the centre of 

the modified region, depending on the writing conditions. 
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In crystalline materials, such as quartz, a decrease in refractive index can be 

produced in the central modified region by femtosecond laser exposure. The 

reason for this is that the adjacent atoms in a crystal are initially in the closest 

possible positions, and any changes to the lattice will result in a lower atomic 

density. However, light-guiding effects have been observed in the nearby region 

where increased refractive index was induced by stresses [10, 11]. 

For fused silica, it is believed that femtosecond laser (l kHz, 130 fs, 800 om) 

induced densification due to rearrangement of the network of chemical bonds is 

responsible for the refractive index change [12]. When using a high repetition rate 

laser system (25 MHz, < 100 fs, 800 om) to write refractive index structures in a 

borosilicate glass, heat accumulation with melting and subsequent resolidification 

is a possible mechanism [13]. However, Streltsov and Borrelli [14], who 

investigated both cases, argued that colour centre formation was the identified 

mechanism, and densification had only a small effect for the refractive index 

change. In short, it is difficult to disentangle the relative contributions of the 

mechanisms discussed above in practical cases. In fact, it is possible that all these 

mechanisms are involved in the process of the refractive index change. 

2.4. Internal structuring using different lasers 

Laser systems that have been utilised for modification of PMMA can be 

categorised into three groups: continuous wave (CW) light from broad band UV 

sources or He:Cd lasers; long pulses from excimer lasers; and ultrashort pulse 

femtosecond lasers. 
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2.4.1. Continuous wave UV lasers 

~uring UV irradiation, single-photon absorption, where the photon energy is near 

the material bandgap energy, occurs and leads to refractive index change. In 1970, 

Tomlinson et al. [15] reported that refractive index increase of 3 x 10-3
, 

corresponding to a density increase by 0.8%, in PMMA generated by CW UV 

laser radiation (He:Cd, ). = 325 nm)was due to a crosslinking effect. A series of 

studies on wavelength sensitivity of PMMA indicates that there is no 

photodegradation for wavelength A > 340 nm, while at 300 nm, maximum main 

chain scission is initiated by photoinduced side chain scission [16-18]. 

However, the limitations to UV laser modification are firstly that the process 

requires long developing times of about 200 hours [15, 19]; secondly the 

fabrication of 3D structures is constrained to within a region of < 1 mm below the 

interface due to the linear absorption of the transparent material [9]. 

2.4.2. Long pulse (ns) lasers 

A number of experiments using ns lasers have been conducted with dye-doped 

PMMA material. Effective tuneable Fibre Bragg Gratings (FBGs) were inscribed 

in doped, single mode polymer optical fibre by excimer laser radiation, 

demonstrating a refractive index change of about 104 [20]. The holographically 

produced gratings, which showed self-development times of several weeks or 

required thermal fixing, were obtained in PMMA containing residual monomer 

and UV absorbing photoinitiator [21]. 
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Material doping processes are usually complex and costly. In contrast, 

commercial or clinical grade, undoped PMMA materials are inexpensive and 

widely available. Several studies were conducted at excimer laser wavelength to 

produce refractive index changes in pure PMMA thin films [22-24]. A significant 

refractive index increase of - 0.5% at the readout wavelength of 632 om and 

reduction in polymer film thickness were observed by Baker and Dyer [24] and 

the results explained in terms of photochemical modification and weak ablation of 

the polymer. 

There are, however, drawbacks to ns laser modification. For doped materials, the 

linear absorption is higher, and so the fabrication depth is limited; whereas for 

undoped materials, higher exposures are required, so surface ablation is difficult 

to avoid. 

2.4.3. Ultrashort pulse (fs) lasers 

Compared with CW and ns laser modification, ultrashort pulse lasers operate at 

photon energies well below the material bandgap energy, allowing 3D processing 

via multi photon absorption to a depth limited only by the working distance of the 

focussing element [9]. The distinct advantages of utilising ultrashort pulse lasers 

can be summarised as follows [25]. Firstly, since the energy of a single photon is 

below the bandgap energy, transparent materials cannot undergo linear absorption 

of ultrashort laser pulses. The induced structural changes are confined to the 

vicinity of the focal volume owing to nonlinear absorption. As a result, it is 

possible to fabricate geometrically complex structures in three dimensions. 
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Secondly, the multiphoton absorption process can be induced in any transparent 

dielectric, hence allowing fabrication of optical devices inside different materials. 

Thirdly, photonic integrated circuits can be produced by microfabrication of 

separate photonic devices and interconnections using ultrafast laser before or after 

assembly [25]. 

Thermal conductivity of dielectrics, which is characterised by the thermal 

diffusion coefficient, is usually relatively low at ~ 10-7 m2/s, comparing to that of 

metals at ~ 10-4 m2/s. A micron-sized exposed region will cool in - 10 J.lS (ot -

flD ~ 10-5 s) [26]. Depending on whether the period between the pulses is longer 

or shorter than the time required for heat to diffuse away from the focal volwne, 

femtosecond internal modification can be divided into three regimes: the low­

frequency regime, in which material modification is induced by the individual 

pulses [27], the high-frequency regime, in which heat accwnulation takes place 

[13, 28], and the intermediate regime, in which the heat diffusion time (theat) is 

comparable to the inter-pulse period. 

2.4.3.1. Low repetition rate regime - Amplified Ti:Sappbire systems 

Amplified Ti:Sapphire lasers, which work at low repetition rates (1 - 200 kHz) are 

the most common laser systems for internal structuring of transparent materials 

[29]. At 1 kHz, high pulse energy of ~ 1 mJ is available, which provides the 

possibility of splitting a single beam to multiple beams using a spatial light 

modulator for parallel processing. Although the focussing of the energetic pulses 

can lead to asymmetric refractive index profiles (elliptical cross sections), which 
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are undesirable when writing waveguides, it is perfectly acceptable when 

producing volume gratings. However, these systems suffer from a number of 

drawbacks, such as, the processing speed is relatively low ($ 1 mmls), the 

refractive index changes are relatively low (~< 2x 10·3) [29], and the systems are 

complex and costly. 

2.4.3.2. High repetition rate regime - Long-cavity Ti:Sapphire 

oscillators 

Heat accumulation effects caused by high repetition rate ultrashort laser pulses 

can mitigate defect-induced damage and avoid collateral damage such as 

microcrack formation during laser material processing [30]. When a high 

repetition rate ultrafast laser is focussed and scanned transversely to the laser 

propagation direction, the formation of symmetric optical waveguides can be 

obtained as a result of isotropic heat diffusion out of the focal volume [28]. The 

writing speeds are relatively high at a few cmls [29], compared with the low 

frequency systems. 

There are shortcomings with the use of high frequency laser systems. Due to their 

low pulse energy (- 100 nJ), high NA objectives are needed to focus laser beam 

tightly, which limits the working distance and depth for full 3D fabrication, 

Consequently, only a limited range of materials can be processed with such 

systems [31]. 
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2.4.3.3. Intermediate regime - Ytterbium-based lasers 

Ytterbium (Yb) - based lasers operating in an intennediate regime (- 1 MHz) with 

a pulse period in the order of the heat diffusion time have the ability to modify 

materials with high speed and good qUality. Usually, such systems consist of a 

bulk cavity-dumped oscillator [32, 33] and a fibre-based master oscillator/power 

amplifier system [27], and are able to produce pulses of < 300 fs at a fundamental 

NIR wavelength with MHz repetition rates and a few J.LT pulse energy. 

The major benefits of employing Yb-based lasers are that the systems are simple 

and cost effective without regenerative amplification stage, and a wide range of 

different materials can be processed. Furthermore, diode pumping allows the 

systems to be compact and efficient, which is important for industrial applications. 

2.S. Internal structuring using different materials 

2.5.1. Inorganic glasses 

In 1996, the first demonstration of femtosecond laser (200 kHz, 120 fs, 810 nm) 

induced refractive index changes inside a variety of glasses was reported by Davis 

et al. [34]. Since then, a wide range of glass materials have been investigated, 

including amorphous fused silica [12, 27, 35-48], BK7 [40], quartz [10], sapphire 

[11,49], Foturan glass [50-67], borosilicate glass [27, 68], some specially doped 

glasses [53, 56, 57, 69-76] and so on. Among these materials, fused silica is 

particularly attractive, owing to its excellent optical properties from UV through 

IR wavelengths and extraordinary chemical stability. Foturan glass has also 
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attracted great interest in the last few years. It is a photosensitive glass that can be 

modified by laser irradiation to create 3D microstructures for lab-on-chip and J.l­

TAS (micro-total analysis system) applications without the need for stacking or 

bonding procedures. The processing of Foturan glass involves three main steps: 

Firstly, 3D structures are written in a Foturan sample by focussed femtosecond 

laser pulses. Secondly, the sample is heated in a programmable furnace which 

leads to the formation of modified regions. Thirdly, the sample is etched in a 10% 

diluted solution of hydrofluoric (HF) acid in order to selectively remove the 

modified regions. As a result, the desired 3D hollow structure is formed [51]. 

2.5.2. Polymers 

Compared with inorganic glass materials, optically transparent polymers have 

been widely used in various fields, ranging from microfluidics to Micro-Opto­

Electro-Mechanical System (MOEMs), owing to numerous advantages including 

low cost, accessibility, light weight, flexibility, high transmission in the visible 

region and especially, processability due to the threshold fluence requirement 

being at least one order of magnitude lower than that for glass [25]. One approach 

to processing polymers is by femtosecond laser two-photon polymerization 

followed by post-exposure treatments, which allows the creation of micro- and 

nanostructures in various photoresists or polymer resins to be achieved [77-82]. 

Another technique investigated has been femtosecond laser direct writing within 

bulk polymers. Although a number of suitable polymer materials have been 

proposed (polymethylpentene (PMP), cyclo-olefin polymer (COP), polystyrene 
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(PS), poly-N-methyl methacrylimide (PMMI), polycarbonate (PC), polyimide (PI), 

polysiloxane, and polydimethylsiloxane (POMS» [83-88], it is PMMA that 

remains the most commonly studied material. A large variety of photonic devices 

have been created in PMMA including structures for optical data storage [77, 89, 

90], 20/30 gratings [7, 91-96], waveguides [8, 9, 97], photonic band gap 

structures[82, 98, 99], microfluidic structures/devices [100-103]. 

Second harmonic femtosecond laser (70 MHz, 200 fs, 385 om) was first 

employed by Bityurin et at. [104] in 1999 to produce micro-sized structures 

within PMMA for optical storage. In this case, a combination of the fundamental 

and second harmonic wavelengths were used to minimise processing time. The 

mechanism of modification was described as bulk damage rather than refractive 

index modification, indicating that the process was operating above the ablation 

threshold of the material. 

Since 2000, Scully and her group (including collaborators at the University of 

Liverpool) have conducted a series of studies on NIR (800 om) and NUV (387 

and 400 om) femtosecond laser photomodification ofPMMA with pulse durations 

between 40 and 200 fs [7, 91, 93-96, 105]. The work reported refractive index 

changes of the order 5 x 10-4 produced inside commercial grade bulk PMMA by 

an NIR femtosecond laser (1 kHz, 40 fs, 800 nm), thus demonstrating that 

efficient modification could be achieved without pre or post processing. Also, a 

refractive index change of 4 x 10-3 and cumulative modification behaviour were 

observed when using a NUV femtosecond laser (l kHz, 180 fs, 387 om). 
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Photodegradation of the polymer was investigated through polymer molecular 

weight distribution analysis, which revealed that the primary interaction 

mechanism was random main chain scission. While volatile analysis revealed that 

the monomer, MMA, was the sole reaction product. A Bragg diffraction 

efficiency of - 40% in the first order was measured when writing with a lens of 

focallengthf= 75 mm, operating at 387 om (NA < 0.03). At such low NA, self­

focussing was significant, leading to non-uniform millimetre long filaments. All 

this work was carried out using single beam processing. 

Li et al. created a small (50 ~ diameter) volume phase grating holographically 

written inside bulk PMMA using a single femtosecond laser pulse (130 fs, 800 

om) [106]. The grating of thickness 100 Ilm and of period 1.5 J.I.IIl was fabricated 

using a two-beam interference setup that recombined the two components 

focussed at an angle of 17°. The measured first order diffraction efficiency was 

approximately 0.8%, indicating that the refractive index change was - 2 x 10"4. 

2.6. Femtosecond laser internal structuring 

2.6.1. Writing geometries 

Two primary writing geometries have been widely utilised for femtosecond laser 

internal structuring. Those are longitudinal and transverse, in which the writing is 

carried out along and perpendicular to the beam propagation direction respectively 

(107]. These two geometries are illustrated in Fig. 2.6-1. 
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Longitudinal 

-.-

(a) 

Transverse 

-.-

(b) 
Fig.2.6-1: Writing geometries: (a) Longitudinal and (b) Transverse. The blue 

arrows denote the translation direction of the sample. 

In the longitudinal geometry (Fig. 2.6-1(a)), the cross section of the modified 

region is inherently symmetric due to the rotational symmetry of the laser beam, 

and the transverse size of the region is determined by the focal spot size. However, 

the total dimension and structural complexity of this region are limited by the 

focal length of th objective [38 108]. Since waveguides written in longitudinal 

geometry degrade with the focussing depth owing to spherical aberration 

generated at the air-dielectric interface, dynamic compensation synchronized with 

the writing procedure is required to obtain homogeneous longitudinal 

modification [19]. 
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The transverse geometry (Fig. 2.6-I(b» has attracted significantly more attention, 

because it provides greater flexibility in allowing fabrication of photonic devices 

with arbitrary dimension and complexity. However, it has the drawback of 

producing strongly asymmetric modified cross sections, because it is determined 

by the beam focal diameter and the confocal parameter in the direction 

perpendicular and parallel, respectively, to the optical axis. This is problematic for 

device performance; for example, the asymmetry of the transversely written 

waveguides results in asymmetric transverse mode distributions and waveguide 

birefringence, which can induce high coupling losses and polarisation dependent 

losses [109]. Nevertheless, this problem can be overcome in the low frequency 

regime by shaping the laser beam [107, 110-112] or in the high frequency regime 

by introducing heat accumulation effects to the focal volume [13, 28]. 

2.6.2. Femtosecond laser fabrication of pbotonic devices 

The ability to modify refractive index inside transparent materials usmg 

femtosecond laser pulses can be employed to fabricate a wide range of 

microstructures including volume gratings [67, 87, 94, 96, 113-117] and 

waveguides [9, 14, 25, 29, 34, 35, 38, 107, III]. In this section, the approaches 

taken to fabricate these two types of device are discussed in detail. 

2.6.2.1. Volume phase gratings 

Volume phase gratings are usually recorded holographically in a photosensitive 

volume medium, producing periodic variations of the varying refractive index (n 

= no + L\nCOSlp). These volume gratings, available commercially, can theoretically 
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have peak diffraction efficiency approaching 100%, if the Bragg condition 

2Asin~ = mA (where A is the period of the volume grating, A is the wavelength of 

incident light, ~ is the Bragg angle and m is the diffraction order) is satisfied. 

Under this condition, any change with respect to the incidence angle or 

wavelength results in a significant decrease of the diffraction efficiency. 

Therefore, volume gratings are considered as perfect spectral and angular 

selectors that have been used in applications such as spectral beam combining of 

laser beams with shifted wavelengths, coupling elements in laser resonators, beam 

deflectors, splitters and attenuators. By changing the thickness, period or 

orientation of the grating vector of volume gratings, a number of grating 

parameters can be adjusted, including angles of incidence, spectral or angular 

width, and central wavelength. 

Volume gratings demonstrate many advantages over other types of gratings. Thin 

gratings operating in the Raman-Nath regime show broad angular and spectral 

bands, while volume gratings operating in the Bragg regime have high angular 

and spectral selectivity and can diffract most of the power into one diffractive 

order. Volume gratings are also less dependent on the polarisation state of the 

input light. By adjusting the grating design, volume gratings can be tuned to shift 

the diffraction efficiency peak to a desired wavelength, and to direct the diffracted 

energy into higher diffractive orders. Ghosting and scattering from volume 

gratings are significantly reduced compared to surface gratings. On the other 

hand, the negative aspects of volume gratings are: the requirement for high line 

density, the wavelength and angular bandwidths of the volume gratings are quite 
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narrow; and the difficulty in fabricating volume gratings that can generate 

diffraction orders higher than m = 10 [118]. 

Traditional method of producing volume gratings 

Usually volume gratings with thicknesses from a few to over a hundred microns 

are recorded holographically, by the interference of two laser beams, in 

photosensitive media such as dichromated gelatin, photopolymers, photorefractive 

crystals, and inorganic photosensitive glasses [119]. Although it is a well­

established process, it still has a few drawbacks. First, active phase stabilisation 

system is employed so as to avoid phase changes between the two writing beams 

during the recording, which makes the process more complicated. Second, the 

process is slow, as the response time during recording is long. Third, most oxide 

photorefractive crystals are sensitive to a range of wavelengths, even with low 

intensity light, which limits their use as devices. Fourth, volume gratings recorded 

at room temperature in photorefractive crystals have a limited lifetime, thus a 

thermal fixing technique is required. It is still difficult to achieve true permanent 

changes through this technique [67]. Finally, each volume holographic grating is a 

master - while in surface gratings, reproduction from the master produces many 

copies thus reducing costs 

Femtosecond laser direct writing using a single beam 

In recent years, volume gratings in non-photorefractive optical materials such as 

fused silica [42, 120, 121], PMMA [7, 93, 94, 116, 122] and Foturan glass [67] 

have been produced using femtosecond laser direct writing with a single beam. 

This technique is simple to implement and can provide total flexibility in 3~. 
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Furthermore, the total thickness of the volume gratings can be controlled through 

a layer-by-Iayer stacking process, and their periodic spacing can also be adjusted 

easily. Permanent volume gratings can be generated in these non-photorefractive 

materials that have excellent stability. However, the throughput of this approach is 

low so that its scaling to high throughput processing is severely limited. Yamada 

et al. [121] reported that the fabrication of volume gratings induced by the self­

trapped long 'filament' of the femtosecond laser pulses in silica glass. By 

changing the NA of the focussing lens (hence varying the filament length) and 

stacking multiple layers periodically, the grating thickness could be adjusted. A 

volume grating generated with a period of 3 J.UD and a thickness of 150 J.UD 

demonstrated a maximum diffiaction efficiency of 74.8%. However, this method 

took 5 to 9 hours to fabricate a grating with dimension of 300 x 300 J.Ul12
. 

One approach to rapid fabrication of volume phase gratings in Foturan glass 

employed a line focus (2 J.Ul1 x 1800 J.Ul1) generated by cylindrical lenses with 

energetic 80 ).1J, 40 fs, 800 run pulses at 1 kHz repetition rate. However, the 

modification achieved was quite non-uniform due to filamentation during 

exposure, and the process also required a post baking procedure for the grating to 

be properly formed [67]. 

Femtosecond laser writing using two-beam interference 

Femtosecond laser writing of gratings inside transparent materials by interfering 

two beams at the focal point has been reported by several authors [91, 113, 123]. 

In 2000, Kawamura et al. [123] demonstrated permanent gratings written inside 
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diamond. The experimental setup in this case was rather complex. The laser beam 

from a femtosecond laser (10 Hz, 180 fs, 800 run) was split into two beams, and 

focussed by two lenses at an angle of 10° - 30° to each other. One beam was 

directed through a delay line so as to adjust the relative timing of the pulses to 

achieve temporal overlap. The method produced a grating with a period of - 2.5 

J.UD and a diffraction efficiency of - 20%. However, the drawback of this 

approach was the technical difficulty in precisely adjusting the two focussing 

lenses simultaneously to overlap the beams spatially inside the sample. 

Furthermore, changing the grating period required adjustment of the angle 

between the two beams, which could only be accomplished by major realignment 

of the entire optical system. Using a similar setup, Zhai et al. [113] produced 

holographic gratings both on the surface and inside an azo-dye-doped polymer 

bulk with femtosecond laser (1 kHz, 150 fs, 800 run). An impressive diffraction 

efficiency of up to 76% at the first Bragg order was obtained. 

Baum et al. [91] employed a less complex experimental setup, as shown in Fig. 

2.6-2(a), which consisted of a phase mask that split the incoming beam into two, 

in conjunction with a bi-prism to produce two parallel beams and a focussing lens 

to overlap the beams at focal point. A grating with a period of 1.4 J.UD (see Fig. 

2.6-2) was generated inside pure PMMA material at a depth of 100 J.UD using 

NUV femtosecond laser pulses (1 kHz, 180 fs, 387 om). A diffraction efficiency 

of - 10% was measured with a 633run readout beam. It was concluded that the 

relatively low efficiency was due to the limited thickness of the grating. The 

advantage of this method is the grating period can be easily adjusted by changing 
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the separation between the phase mask and the bi-prism. The drawbacks are that 

due to very small focal spots, the alignment for spatially overlapping the two 

beams is critical, the processing speed is restricted and the modification depth is 

limited. 

Bi-Prism Substrate 

1 
rt··· .. [\ 
U\~ ....... . .............. ... .... .... . 

......... :::. 
.............. [Sl·····V ·················· ;:-

Phase Mask or 
Transmission Grating Reflective Optics 

(a) 

Fig. 3.6-2: (a) Holographic writing setup consisting of a phase mask, a bi-prism 

and a Schwarzschild objective; (b) A grating written holographically inside 

PMMA (A = 1.4!-lm s = 2 mmls, 0.12 mJ/cm2
, NA = 0.15). [91] 

Recently Voigtlander et al. [124] employed a simple setup for volume Bragg 

gratings fabrication in fused silica using a cylindrical lens and a phase mask, as 

shown in Fig. 2.6-3. A line focus (6.1 ~m x 4.8 mm) was employed to provide a 

large numb r of interference fringes, hence increasing fabrication speed. A 

volume grating with a period of 1.075 !-lm was produced by stacking multiple 

modified layers. Transmission and diffraction analysis revealed a refractive index 

M of 4 x 10-3
. A potential application as wavelength-specific reflectors was 

proposed. The advantages of this technique include simple experimental setup and 

relatively fast processing speed compared to the methods reviewed above. The 

shortcoming is that the grating period cannot be changed. 
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f:: 20 nun 

aser beam 

fused silica 

Fig. 2.6-3: Schematic of volume Bragg gratings written in fused silica using a 

cylindrical lens and a phase mask. [124] 

In general writing with two-beam interference enables the fabrication of the fme-

pitched grating structures (sub-micron) at a relatively high speed thanks to the 

interference fringes at the focal spot. However, the intensities of the interference 

fringes are modulated by the Gaussian beam profile and the modifications are 

limited only to periodic grating structures. 

2.6.2.2. Waveguides 

Femtosecond laser direct writing of waveguides in PMMA has attracted strong 

interest. In 2004 waveguides were produced by Zoubir et al. [9] in bulk 

commercial grade PMMA with a longitudinal setup (30 fs, 25 MHz, 800 nm).The 

refractive index modulation had a depressed tubular structure surrounding the 
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central region, which did not guide light thus indicating a negative refractive 

index change. The refractive index profile in the guiding region of the waveguide 

was measured using an optical analyser based on the refractive near-field 

technique, showing a maximum refractive index change of 2 x 10-3
. The measured 

profile was confirmed by relative measurements using selective etching. Ohta et 

al. [125] reported light guiding structures, produced by femtosecond laser 

radiation (100 fs, 1 kHz, 800 run) in the laser focal volume in PMMA. 

Measurements of the waveguide NA revealed!ln between 7.8 x 10-5 and 1.5x 10-4, 

while the sign of!ln was not indicated. In 2006, both symmetric waveguides and a 

directional coupler in PMMA were produced by femtosecond laser (85 fs, 1 kHz, 

800 run) irradiation with a transverse setup in conjunction with a slit beam 

shaping technique [8]. The single-mode guiding structures had a positive 

refractive index change of 4.6 x 10-4, attributed to the scission of polymer chains 

causing volume contraction. 

2.7. Effect of different parameters on femtosecond laser 

internal structuring 

Femtosecond laser induced refractive index modification has been shown to be 

not only dependent on a range oflaser parameters such as pulse energy [93, 126], 

pulses duration [39, 93], wavelength [94], scan speed [127], repetition rate [27, 

43], polarisation [128, 129], and number of overscans [94]. It also relies on 

focussing conditions including NA and focussing depth from the interface. 

Furthermore, material properties e.g. structure [130] and composition [131] can 

also affect the modification process. 
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2.7.1. Effect oflaser parameters 

2.7.1.1. Effect of pulse duration, pulse energy, wavelength and number 

of overscans 

For fluences below the ablation threshold, femtosecond laser pulses can induce 

pennanent material refractive index changes or absorb through accumulation in 

the case of multiple-pulse irradiation. An incubation effect occurs for weakly 

absorbing materials, which can increase absorptivity and lower the damage 

threshold compared with single-pulse irradiation [132]. 

In fused silica, Guo et a1. [39] conducted a detailed analysis on the effects of pulse 

duration on refractive index change. Femtosecond laser pulses (1 kHz, 800 om, 

130 - 500 fs) were focussed by a 0.08 NA objective into the samples. As 

demonstrated in Fig. 2.7-1(a), a decrease in bulk damage threshold and an 

increase in refractive index change threshold with increasing pulse duration 

between 130 and 230 fs were observed when using repetitive irradiation with sub­

ablation threshold fluences. Also, no refractive index change could be obtained 

when the pulse duration was longer than 230 fs. The triangular Region 2 in Fig. 

2.7-1(a) indicates the process window for refractive index modulation under this 

focal condition. Within this region, at fixed pulse energy, shorter pulse durations 

induced higher refractive index change and the refractive index change increased 

with increasing pulse energy (see Fig. 2.7-1(b». Further investigation revealed 

that both the refractive index change and the breakdown filament length decreased 

when the pulse duration was increased, indicating the strong dependence of the 

filament length on the pulse duration (see Fig. 2.7-I(c». [39] 
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Fig 2.7-1 : (a) Effects of the pulse duration on the refractive index change 

threshold and the breakdown threshold with scan speed of 10 !!fills. (b) Effects of 

the pulse energy on the refractive index change at the different pulse duration. ( c) 

Effects of the pulse duration on the filament length at the pulse energy of 5 ~ 

(star) and 12 ~ (round). [39] 
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For the case of PMMA Baum et al. [93] also explored the effect of variation in 

pulse duration on r fracti e index change in the sub-ablation threshold regime. An 

800 run 1 kHz Ti:sapphire femtosecond laser with variable pulse duration down 

to 40 fs was used. By minimising the pulse duration together with a high number 

of over scans using fluences just below the damage threshold provided optimal 

refractive index modification. Gratings with a period of 40 J..lIl1 were directly 

written using a 0.15 A foca1lens. Higher grating diffraction efficiency (inferring 

higher refracti e index change) was obtained with shorter pulse duration. In 

addition, more scans could deposit more energy into the local area, hence 

produced higher refractive inde change (see Fig 2.7-2) [93]. 

40 
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0 ., 
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5 

o 
o 100 200 300 400 500 600 700 800 

Number of pul es per spot 

Fig. 2.7-2: D p nd nce of grating diffraction efficiency on pulse duration and 

number of pul s p r spot (convert d from number of overscans) for a fluence of 

0.14J/cm2
. [93] 
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A decrease of the bulk damage threshold with increasing pulse duration was also 

observed [93]. All these findings are consistent with the results shown in Fig 2.7-

l(b). Therefore, it was concluded that a higher number of low energy pulses with 

shorter pulse duration could provide higher refractive index change, revealing a 

means of controlling photomodification via the incubation process and thus 

controlling avalanche ionisation. 

In pure PMMA, which has a bandgap energy of 4.58 eV [7], three simultaneously 

absorbed photons at 800 om (hv= l.55 eV) can provide sufficient energy to excite 

electron transitions, whereas two photons cannot (see Fig 2.1-1). However, at 387 

om, a single photon has 3.2 eV, and the energy of two photons is above the 

bandgap. The modification of PMMA by Scully et al. [94] using NIR (800 om), 

sub-l00 fs, 1 kHz laser pulses showed that 40 fs pulses created phase gratings 

with a refractive index change of ~ = 5 x 10-4, while 85 fs pulses produced 

waveguides with ~ = 4.6 x 10-4. When ISO fs, NIR (775 om) pulses were used, 

only very small refractive index changes could be produced with similar writing 

parameters. In contrast, a ISO fs frequency-doubled NUV beam (3S7nm) 

generated gratings with relatively high diffraction efficiency - 40%, 

corresponding to ~ = 4 x 10-3
, which is significantly higher than that obtained 

with NIR pulses [7]. 

2.7.1.2. Effect of pulse repetition rate (PRR) 

High PRR femtosecond laser systems usually induce heat accwnulation effects, 

because the laser pulse interval is shorter than the heat diffusion time of dielectric 
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materials, as discussed in Section 2.4.3. As a result, in PMMA heat accumulation 

can result in thennal expansion at the focal point [9]. A waveguide with an 

expanded core and a depressed tubular structure therefore resulted when using 20 

nJ pulses at 25 MHz and 800 nm in longitudinal writing geometry. Here, the core 

was found to exhibit a negative refractive index change, while the surrounding 

area could guide light indicating a positive refractive index change. For glass 

materials, high repetition rate pulses can lead to isotropic heat diffusion out of the 

focal volume. Waveguides with symmetric cross-sections were obtained with 100 

nJ laser pulses at 4 MHz, 800 nm and 80 fs in transverse writing geometry [28]. 

Because of the different mechanism involved, the refractive index change within 

the waveguides created was found to be positive. Generally, the processing speed 

using high PRR lasers is much faster. 

Low repetition rate pulses have negligible thermal effect, and usually generate 

positive refractive index changes in both polymer and glass materials. With 

transverse writing setup, the induced structures had asymmetric cross sections 

[109]. The processing speed in this case was somewhat restricted. 

2.7.1.3. Effect of polarisation direction 

Effects of incident laser polarisation states on the refractive index change in silica 

glass have been investigated by Yamada et al. [133-135]. The refractive index 

changes were produced by filaments fonned by femtosecond laser pulses (1 kHz, 

l30 fs, 800 nm) with linear (x-polarised or y-polarised) and circular polarisation 

(see Fig. 2.7-3). The substrate was held stationary with the laser beam propagated 
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along z-axis and focussed by a lens with 0.036 NA and f = 80 mm. After 5 min 

exposure with 1 ~ pulses 200-Iffil-Iong, refractive index change regions were 

generated as illustrated in Fig. 2.7-3 . The results suggested that there were 

differences between the refractive index changes induced by x-polarised and y-

polarised laser pulses. Further investigation revealed that the cross sections those 

regions modified with linear polarisation were elliptical (ellipticity = 0.85) with 

long axes parallel to the polarisation direction, as illustrated in Fig. 2.7-4(a) and 

(b). Whereas the cross section produced with circular polarisation was more round 

(ellipticity = 0.93) (see Fig. 2.7-4(c». [135] 

Polarization direction 

00 (x) 

900 (y) 

1800 (x) 

2700 (y) 

Fig. 2.7-3: Refractive index change regions induced by x- and y-polarized 

pulses.[ 135] 

Polarization state 

(a) (b) (c) 

Fig. 2.7-4: ross-s ctional regions of refractive index change induced with (a) x-

polarisation (b)y-poiarisation, and (c) circularly polarisation.[135] 
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The dependence of the optical transmission properties of waveguides on the 

polarisation states of the writing beam (1 kHz, 120 fs, 800 run) was also evaluated 

[136]. The transmission through waveguides written in fused silica using 

circularly polarised light was found to be higher than that using linearly polarised 

radiation. 

2.7.1.4. Effect of scan direction and pulse front tilt 

Pulse front tilt, or a spatiotemporal distortion across the pulse front, is an 

ultrashort pulse laser phenomenon that is often observed when dispersive 

elements such as gratings or prisms are used in typical stretcher-compressor 

ultrafast laser systems [137]. The distortions that change the pulse characteristics 

on propagation can be due to even slight misalignments of stretchers or 

compressors. In the focal region, pulses with such distortions will be 

spatiotemporally enlarged, thus the intensity at focus can be significantly less than 

that of the pulses without distortions [138]. There are two sources of pulse front 

tilt: angular dispersion (see Fig. 2.7-5(a» and combination of spatial and temporal 

chirp (See Fig. 2.7-5(b» [137]. 

In 2008, Kazansky et al. [139] proposed that pulse-front tilt should be considered 

as a new parameter that can have an effect on internal structuring of transparent 

materials. The "quill" writing effect, as depicted in Fig. 2.7-6, caused a change in 

material modification when writing in the reverse direction. It was explained as a 
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consequence of anisotropic electron plasma trapping by a tilted pulse front along 

the writing direction. 

Undlstorted ..... 
Input ....... 

pulse ."" 

Spill Ity chirped 
Input pulse 
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medium 

Mgullr1y 
dispersed pulse 

with pulsa-front tin 

Spatlilly 
chirped pulse 

with pulse-front tlH, 
but no angular 
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Fig. 2.7-5: Two sources of pulse-front tilt. (a) Angular dispersion. (b) 

Combination of spatial and temporal chirp [137]. 

E 

Dill-lilt' 
Fig. 2.7-6: chematic of the 'quill' writing effect (left) and microscopic images 

showing different modified structures when writing in the opposite directions 

(right). [139] 
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Pulse front tilt is not easily monitored with standard diagnostic equipment such as 

autocorrelators or imaging spectrometers, unless some special apparatus are 

utilised, e.g. inverted field autocorrelator [138], single-shot autocorrelator [140] or 

GRENOUILLE (Grating-eliminated no-nonsense observation of ultrafast incident 

laser light e-fields) [141, 142], hence controlling this effect is more difficult in 

practice. 

2.7.2. Effect of focussing conditions 

2.7.2.1. Effect of numerical aperture and focussing depth 

The focussing parameter, NA, can detennine the width and length of the focal 

volume and therefore the induced feature size. The range of NA that can be 

utilised is restricted, because theoretically NAs of> 0.002 are required to achieve 

a high enough threshold intensity for internal structuring with the mJ level pulse 

energies generally available with amplified femtosecond laser systems [25]. In 

reality, the minimum NA required is significantly higher than that, due to two 

nonlinear processes, self-focussing and white-light continuum (see Section 

2.7.2.2). At low NAs, the feature size is no longer detennined by the external 

focussing, but is affected by the nonlinear processes which are difficult to control 

and reproduce [143-145] (see Fig. 2.7-7). For NAs > 0.6, self-focussing does not 

occur and feature size is dependent on the external focussing. However, if high 

PRR laser systems are employed, the heat accumulation effects can significantly 

enlarge the feature size, e.g. a focal spot of 0.5 Jim has created spherical features 
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0.5 ~ has created spherical features up to 50 ~ in diameter [13]. Usually, at 

LRR regime and below a NA of 0.6, the induced structures are asymmetric and 

elongated along the optical axis; above this value, the structures are nearly 

spherically symmetric [25]. 

High NA LowNA Plasma 

Plasma Self-focusing Defocusing 

(a) (b) 

Fig. 2.7-7: chematic of the damage processes induced by (a) external focussing 

and (b) internal s If-focussing. [146] 

Transparent sam pi 

l _ _ 
Fig. 2.7-8: Focussing through an air/dielectric interface with a high NA objective. 

(Marginal rays focu at a different depth than paraxial rays, which elongates the 

focal spot thus inducing a spherical aberration). 
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Internal femtosecond laser structuring for 3D rnicromachining is complicated by 

the air/dielectric interface, which introduces depth dependent spherical aberration, 

as shown in Fig. 2.7-8, with increasing NA, as studied primarily in fused silica 

[41, 147]. This results in higher modification thresholds with increasing depth. 

Hnatkovsky et al. [41] showed that the aberrated axial intensity distribution in an 

uncorrected high NA (0.75) long working distance objective limits the 

modification depth to < 40lJlIl from the interface unless the pulse energy is 

increased, while at lower NA (0.2), spherical aberration was almost negligible, 

allowing writing at depths up to -IOrnrn, as shown in Fig. 2.7-9. By using 

adjustable compensation for spherical aberration with depth, this work 

demonstrated unifonn modifications using 800 nm, 100 fs, 100 kHz pulses at 0.75 

NA up to - 1 rnrn from the interface with structures limited axially to < 4 .... m. Liu 

et al. [147] also showed that the influence of focussing depth was significant 

when writing waveguides in fused silica with a 0.5 NA objective, showing that the 

modification threshold increased with depths >3001JlIl, in accord with calculations 

by Hnatkovsky et al. At this NA (0.5), a 3 x 3 waveguide array showed 

asymmetric coupling due to the effect of spherical aberration with depth. 

Based on these observations, it is clear that true 3D structuring in bulk material 

will require dynamic real time aberration compensation with depth during 3D 

writing. One approach might involve the use of an SLM or other beam shaping 

technique [148, 149]. 
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Fig. 2.7-9: Calculated maximum axial intensity [max as a function of focussing 

depth for different NAs in fused silica. [41] 

2.7.2.2. Filamentation and self-focussing 

The ultrahigh intensity associated with femtosecond pulses leads naturally to non-

linear interaction in dielectrics hence inducing an intensity related component to 

the refractive index. Filamentation or self-guiding occurs when Kerr self-

focussing is dynamically balanced by de-focussing due to the electron plasma 

initiated by multi-photon absorption. The control of filament length (and hence 

modification length) is sensitive to pulse energy, wavelength, pulse duration and 

in particular, the effective NA. Much of the previous research on filamentation or 

self-guiding at ultrahigh intensity has been carried out on fused silica [127, 150, 

151]. For example, Saliminia et a1. [127] analysed the interplay between self-

focussing and filamentation with 810 nm, 45 fs, 1 kHz laser pulses in fused silica 
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for 0.03 < A < 0.85. Sufficiently hlgh pulse energies always resulted in 

refractive index modifications ahead of the geometrical focus, accompanied by 

irregular voids due to optical breakdown. At low NA, while carefully controlling 

pulse energy and pulse number, refractive index structures with modification 

lengths up to - 2 mm were demonstrated with periodic structuring due to self-

focussing (see Fig. 2.7-10). As the pulse energy was increased, the modified 

regions moved towards the laser source, away from the geometrical focus; while, 

as the NA was increased the modification length reduced to < 20 )lm. Peak 

powers were always well above the critical power for self-focussing (Pc of few 

MW) in fused silica. 

(a) (b) 
Fig. 2.7-10: CCD images of the accumulated laser scattering and plasma 

fluor scence signals at differ nt pulse energies. An objective lens with 0.03 NA (f 

= 73.5 mm) was used to focus the beam inside the glass. The sample was 

irradiated by roughly (a) 10 000 shots and (b) 10 shots. The dotted lines represent 

the geometrical focal positions. [127] 
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More recently, self-focussing has been studied in PMMA by Uppal et aI [97, 152]. 

For example, 3D waveguides were created in PMMA and the study demonstrated 

the effect of NA on the ability to create 15 mm long waveguides (longitudinal 

writing) using 150 fs, 800 run, 1 kHz laser pulses as well as the effect of pulse 

energy and writing speed. 

At low NA (- 0.1) and with pulse energies < 2 J.L1, self-focussing and self-guiding 

lead to long modification length and waveguides were found to be sensitive to 

polymer degradation and void formation. As the critical power for self-focussing 

was only - 23 kW in the case of PMMA (112 :::: 2.7 x 10-14 cm2/W [80]), peak 

powers used were orders or magnitude above this value. Tight focussing using a 

0.4 NA objective combined with pulse energies from 0.1 - 1.5 J!l improved 

waveguide fabrication significantly, limiting modified depths from 20 - 250J,UD 

and allowing the creation of 3D waveguide splitters at 0.1 J!l pulse energy. 

Watanabe recently studied femtosecond filamentary modification of PMMA with 

100 fs, 800 run, 1 kHz laser pulses and a low NA (0.1) objective with the radiation 

focussed to - 1.5 mm below the sample surface while translating the sample 

transversely [152]. After exposure, irradiated regions were inspected under an 

optical microscope. Pulse energies from 0.8-1.6 J!l produced modified refractive 

index regions from 210-420 J,UD in length with scattering damage observed above 

1.7 J!l in agreement with Uppal et al [97]. The head of the modified regions 

elongated towards the laser source as the pulse energy was increased, a 
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characteristic of filamentation in dielectrics. In addition, the authors 

simultaneously studied the spectral broadening of the laser pulse during 

irradiation, showing that the super-continuum broadens with increasing pulse 

energy. 

Filamentation extends the modification in dielectrics well beyond the Rayleigh 

length, but clearly may not necessarily guarantee unifonn modification 

throughout a material due to the complex non-linear interactions, which makes 

exact balancing of the self-focussing with plasma de-focussing difficult. 

2.7.3. EtTect of materials 

Material compositions and structures caused large differences in femtosecond 

laser induced refractive index change in various glasses, as studied by Ehrt et al. 

[131]. In particular, in fluoride phosphate glasses, the induced refractive change 

increased with increasing phosphate content up to 5 x 10-
3

. 

Yang et al. [130] observed a very rare and material dependent effect, which was 

non-reciprocal ultrafast laser writing (150 fs, 800 run, 250 kHz) in a homogeneous 

medium, z-cut LiNb03 crystal, induced by a tightly focussed ultrafast laser beam. 

They concluded that the effect was due to light pressure, photon drag effect and 

the associated light-induced thermal current in crystalline media. 
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2.S. Characterisation of refractive index change 

2.S.1. Positive or negative refractive index cbange 

The sign of the refractive index change induced by femtosecond laser is relevant 

for waveguides fabrication, because it detennines whether the light guiding occurs 

in the core or in the surrounding area. On the other hand, for grating fabrication, 

the absolute value of the refractive index change is more important. 

For internal structuring of PMMA, the sign of the refractive index change is 

dependent on the repetition rate of the laser pulses. Using a high repetition rate 

femtosecond oscillator (25 MHz, 30 fs, 800 run), a negative refractive index 

change was obtained in the focal volume due to thermal accumulation which leads 

to expansion and consequent density decrease [9]. However, with a low repetition 

rate system (I kHz), positive refractive index changes caused by a combination of 

depolymerisation and crosslinking were observed [7]. 

Negative refractive index changes were also reported in other materials when 

kilohertz low repetition rate lasers were used. For example, in crystalline quartz, 

irradiated material can transform into amorphous state, which causes localised 

expansion and induces strong strains to the surrounding matrix, hence, the 

irradiated region shows a negative refractive index change [10, 11, 153]. Chan et 

al. [154] observed a similar behaviour in sodium aluminium phosphate glass 

(Schott lOG-I). A negative refractive index change was due to increased cooling 

rates leading to a stress mechanism around the exposed area. In general, these 
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modifications in inorganic glass materials are ftmdamentally different to that of 

PMMA, and they can be attributed to restructuring of the silica networks [155, 

156]. 

2.8.2. Measurements of refractive index change 

The refractive index change value is a very important parameter that can be used 

to characterise the modified structures inside transparent materials. It can 

significantly affect the diffraction efficiency of gratings, and the acceptance angle 

of waveguides. A number of methods have been utilised to determine the 

refractive index change. They can be categorised into three groups. Firstly, 

traditional direct measurements can be made using ellipsometry, Abby 

refractometry, interferometeric methods, and prism coupler devices [157]. They 

can be used on large homogeneous areas, such as thin films, but are not suitable 

for internal structures. Secondly, there are indirect measurements, which use 

optical or physical properties of the modified structure to calculate refractive 

index changes, e.g. waveguide NA, grating diffi"action efficiency or chemical 

etching speed. Thirdly. high resolution measurements can be made by employing 

the refracted near-field method [7], focussing method [158], and quantitative 

microscopy technique [159]. 

Grating theories 

Kogelnik theory (Coupled Wave Theory) [160] and Raman-Nath theory [161] are 

the most commonly used models for theoretical analysis of thick gratings (Bragg 

regime) and thin gratings (Raman-Nath regime), respectively. A grating thickness 
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parameter, Q, is generally used as a criterion to determine whether the grating is 

thick or thin [162, 163]. Q is given by 

(2.1) 

where, ). is the readout wavelength, L is the grating thickness, n is the refractive 

index of the bulk material, and A is the grating period, as depicted in Fig. 2.8-1. 

When the grating thlckness parameter Q > 10, the grating is a thick grating; while 

for Q < I, the grating is thin [164]. 

o 
+1 

beam 

Fig. 2.8-1: Schematic ofa readout beam passing through a grating. 

For a thick grating under the Bragg condition, according to Kogelnik theory, the 

first order diffraction efficiency 1'/ is related to the refractive index change, !In, by 

the equation, 

. 2 ( rrtmL ) 7J = Sln 
Acos8b (2.2) 
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where, Ob is the first order Bragg angle. 

In fact, Kogelnik theory only considers the first and zero order components, when 

a plane wave propagates through a diffraction grating with a sinusoidal variation 

of its refractive index, n = no+Ansin(2nx1A). Therefore, if higher order harmonics 

are considered, a more complete theory, Rigorous Coupled Wave theory [162], 

will be required. 

For a thin grating, according to Raman-Nath theory, the refractive index change 

An can be estimated from 

= J2 (8) = J2 (27r.1nL) 17 1 1 lcos8 (2.3) 

where J1(<5) is the first order ordinary Bessel function [165], 0 is the angle of the 

incident beam. 

In this thesis, Kogelnik theory is employed to calculate the refractive index 

change and analyse the diffiaction behaviour of volume gratings. 

2.9. Parallel processing 

Although amplified Ti:Sapphire laser systems are the most commonly used 

femtosecond lasers for internal structuring of materials, the effective throughput 

of such systems is relatively low. At 1 kHz, pulses with energy Ep < 1 J.Ll are 

typically focussed within an optical substrate with a single beam while carefully 
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scanning the substrate longitudinally or transversely to generate the required M. 

Since pulse energy E~ > 1 mJ is generally available at 1 kHz, the light utilisation 

factor is < 0.1 %. A number of approaches have been demonstrated in previous 

studies to create multiple beams in order to improve the internal processing speed, 

including two-beam interference [69, 91, 119, 123, 166, 167], Diffractive Optical 

Elements (DOEs) [168] and Spatial Light Modulators (SLMs) [108, 122, 148, 149, 

169-181 ]. 

The two-beam interference technique can produce multiple line structures 

simultaneously for grating writing, but the grating thickness is limited [91]. A 

DOE, which works as a hologram to modulate the input beam, can be designed to 

generate arbitrary multi-beam patterns. However, it is costly to manufacture and 

each device can only produce one fixed pattern [168]. By using an SLM addressed 

with appropriate CGHs to create a large number of diffracted beams of the 

requisite pulse energy, processing efficiency can be increased by more than an 

order of magnitude, reducing the fabrication time while allowing arbitrary parallel 

processing. 

In this section, an introduction to SLM technology, including the operational 

principle and CGH calculation algorithms, will be presented, followed by a 

review of applications, with particular regard to femtosecond laser internal 

structuring area. 
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2.9.1. Introduction to spatial light modulators 

An SLM can provide fine control of incoming light and allow the creation of 3D 

patterns with controlled characteristics, enabling a wide range of applications in 

photonics. The device consists of an array of pixels, each of which can 

individually control the phase or amplitude of incoming light. They can be used 

not only to correct for wavefront aberrations, but also to split an energetic laser 

beam into many arbitrary diffracted spots in 2D and 3D. In fact both of these 

abilities can be demonstrated simultaneously. In short, SLMs are remarkable 

optical devices which demonstrate sophisticated control of incoming wavefronts. 

Since their introduction in the 1980' s [182], SLMs have attracted increasing 

attention in many research areas, such as temporal pulse shaping [182], 

holographic optical tweezers [183-187], spatial beam shaping [188-192], 

wavefront correction [108, 149] and laser parallel processing [193-196]. 

There are two dominating SLM technologies. The first are micromechanical 

SLMs that use an array of movable mirrors to alter the physical path of the 

incoming light, and they are only available in reflective mode. The second are 

electro-optical SLMs that are based on various types of liquid crystal (LC) 

displays, and can work in either transmissive or reflective mode. In this thesis, 

only reflective LCSLMs are employed, because they are more cost effective and 

flexible than the micromechanical SLMs, and offers higher light utilisation 

efficiency than their transmissive COlUlterpartS. Despite the ability of both the 
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phase and ampli tud modulation of the SLMs, only the phase modulation is 

in estigated in thj thesis. 

Nematic is th mo t ommonly used material for the LCSLMs. Fig. 2.9-1 

shows a typi al stru ture of a L LM. LC molecules in the LC layer can be 

controlled b th oltag appli d to the ITO and the electrodes. This voltage is 

dependent on th GH that is applied onto the SLM. Under the E 

field the molecul s make a oltage-dependent rotation, resulting in a 

refracti e index chang. onsequ ntly the phase of the incoming light is 

modulated (s Fig.2.9-1 ). 

Glas~-~-----~~~~--­

ITO~ 

Uquid crystal 

Mirror 

Fig. 2.9-1: Typical structure of a LCSLM. 

Depending n th ell configuration the LCSLMs can be divided into two 

categories twi t d n mati liquid crystal devices and parallel aligned nematic 

twisted nematic LCSLM, the LC cells are 

filled with m Ie ul that form a twisted structure, and they have two director 
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plates aligned at a relative angle of 45° between the top and bottom of the LC 

layers. Polarised light passing through these cells follows the helical molecule 

axes, leading to a polarisation change. However, in a parallel aligned nematic 

LCSLM, the LC cells comprise two parallel director plates. Therefore, it can 

modulate the phase of the incoming light without affecting the polarisation. 

2.9.2. Computer Generated Holograms 

A variety of algorithms for calculating CGHs have been proposed for producing 

multi-beams using SLMs, including Gerchberg-Saxon (GS) [197], Gratings and 

Lenses (GL) [198], Weighted GS (GSW) [199], Generalised Adaptive Additive 

(GAA) [200],optimal rotation angle (ORA) [201], Multiplexed Phase Fresnel 

Lenses (MPFL) [202] and Mixed-Region Amplitude Freedom (MRAF) [203]. 

Among them, the GS algorithm, an iterative Fourier transform algorithm, which 

was first introduced by Gerchberg and Saxton in 1972 [197], is the most popular 

method for CGH calculation. It has the ability to generate multiple beams in 

arbitrary two-dimension. The basic theory of this algorithm has been discussed 

extensively in the literature [185, 197, 204, 205]. Based on it, two improved 

algorithms were reported. The algorithm reported by Haist et al extended its 

capability from 2D to 3D [206]. And the weighted GS algorithm further improved 

the efficiency and uniformity of the multiple beams [199]. 

Another non-iterative algorithm, Gratings and Lenses reported by Liesener et aI. 

[198], is also widely used. It can generate 3D multiple beams through a complex 

superposition of prisms and lenses. Due to its non-iterative approach, the 
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calculation speed of this algorithm is fast. However, the efficiency and unifonnity 

are relatively low, compared with the iterative algorithm. It can be utilised in real­

time manipulation of the multiple trapping for optical tweezers, but not suitable 

for high precision microprocessing. 

2.9.3. Surface ablation using a spatial light modulator 

This section will demonstrate the typical multi-beam surface processing 

techniques for different applications, such as selective ablation of organic light 

emitting diodes (OLED) and silicon wafer processing. Preliminary work has been 

presented by the author and his colleagues at the Laser Group of the University of 

Liverpool [169, 195]. 

Laser patterning is a key industrial process in the manufacturing of OLED 

displays, solid-state lighting foils and solar cells. Ultrafast lasers are of particular 

interest for this application as they may enable selective ablative removal of 

OLEO layers with minimum energy density requirements on the target. Since 

sufficient laser output from commercial laser sources is currently exceeding single 

beam process requirements, parallel processing with multiple beams could 

provide a novel route for up-scaling processing speed and reducing manufacturing 

costs. High throughput precision patterning of thin film electrodes (ITO anode and 

metal cathode) on flexible and glass substrates was demonstrated using an SLM 

[169, 195]. By carefully adjusting the number of beams per line, selective removal 

of different amounts of materials simultaneously in adjacent locations all within a 

single scanning step was also performed (see the following sections). 
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2.9.3.1. High throughput multi-beam processing 

OLEDs ar multi-layer materials with each layer having its own ablation 

threshold. or e ample the top cathode layer, aluminium, has lower ablation 

threshold than the underlying anode layer, ITO film [207], so by controlling the 

laser fluenc electi removal of the aluminium can be achieved. Cross hatch 

patterning of an OLED sample using 15 parallel beams (from a 10 ps HigbQ IC-

355-800 d:V regeneratively amplified picosecond laser system) produced by 

an SLM at 532 nm wa length is shown in Fig. 2.9-2. 

\ 
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\ 
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Z ·02976 um 
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(c) 

Fig. 2.9-2: Parallel pr c sing of OLED using 15bearns simultaneously. (a) 

Optical micrographs; b) surface profile· (c) Cross-sectional profile of a single 

line. [I 5] 
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The laser pulse energy, the repetition rate and the scanning speed were 12 ~, 5 

kHz and 30 mm/s, respectively. Only a single scan was conducted, resulting in 

multiple scribe lines with a pitch of 86 ~, the line widths of - 1 0 ~ and the 

depths of - 290 nm. The scribe line, as demonstrated in Fig. 2.9-2 (c), shows a flat 

bottom area that indicates the cathode and the organic layers were removed, while 

the underlying anode, ITO film, remained unaffected. Optimisation of parameters 

can improve the processing quality (see Section 3.5.2). 

2.9.3.2. Selective ablation of multi-layer structures 

Beam scanning with a different number of spots per line mimics a variable spot 

overlap and can produce different controlled ablation depths, as presented in Fig. 

2.9-3. 10 beams were arranged in a 4-3-2-1 pattern so as to achieve selective 

ablation with a single scan. The small red dots in Fig. 2.9-3(a) denote the 10-beam 

pattern used for scribing. The total pulse energy incident on the sample was 8 ~, 

giving 0.8 J,ll/beam. With a wavelength of 532 nm, PRR of 5 kHz and scan speed 

of 30 mm/s, different ablation depths were obtained, and 4, 3 and 2 beams 

produced scribe lines with depth of - 0.76, 0.68, and 0.31 ~, respectively (Fig. 

2.9-3 (c». Line 4 produced by a single beam shows thennal expansion because 

the energy from the single beam was not high enough to induce ablation. 

The focal positions of multiple spots can be adjusted by adding a Fresnel lens to 

the CGH. Using a pulse energy of 0.8 J,lllbeam and a scan speed of 30 mm/s, 3 

lines with different depths were inscribed on OLED, as shown in Fig. 2.9-4. 
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Fig. 2.9-3: a) ch matic of s I ctive ablation using a different number of spots 

per line to produ diffi rent ablation depths. (b)4 tracks produced by 10 beams on 

an OLED sampl u ing the spots pattern shown in (a).(c) Surface profile of the 4 

tracks. Lin s I 2 3 and 4 orrespond to the label in (a) and (b). [195] 
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(1) 

(a) Focal plane 

... . 
(1) 

10 ., " 

(b) (e) 

Fig. 2.9-4: 3-beam parallel processmg of OLED. (a) Schematic of 3 beam 

focussing at differ nt position. (b) 3 tracks inscribed on the OLED sample. (c) 

Cross-sectional profi le of the 3 tracks. [195] 

2.9.3.3. Large area processing 

In some applications such as thin film removal and solar cell edge isolation, a 

line focus or a re tangular haped beam with a specific size is ideal. Multiple 

beams with a particul ar arrang ment of parallel processing can produce similar 

results to scanning a r ctangular shaped beam, as illustrated in Fig. 2.9-5(a). 40-

beam parallel roce ing on silicon sample (Fig. 2.9-5(b )), with pulse energy 

- 1.75 ~/b am, r p tition rate 5 kHz scan speed 1 rnm/s and one overscan, 

produced a 457 .6 ~ wid and 5 Ilm deep ablated region. The GSW algorithm 

was us d to calculate th H, because a symmetric pattern was required. Since 
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the width of th ablated r gion can be adjusted by simply changing the number of 

spots this method pro ides great flexibility. 

Scan 

(a) 

(b) 

Fig. 2.9-5: Multi-beam large area processing. (a) Schematic diagram, (b) 40-beam 

parallel pro essing of silicon at 532nm. [195] 

2.9.3.4. Beam haping 

Annular b ams, which were g nerated by an LC-R 2500 SLM using diffractive 

axicon holograms with a laser at 1064 nrn and 10 ps pulse duration, were used to 

ablate IT thin film on a glass substrate. The radii of the annular beams were 

controlled by adjusting th spatial frequency of the holograms. Patterning using a 

CGH ith high r patial fr quency (1.67 line pairs/rnm (lp/mm)) produced a ring 

of radiu r = 174 Ilffi Fig. 2.9-6 (a)) while with lower spatial frequency (0 .83 
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Jp/mm) GH a ring of r = 90 Ilffi was produced (Fig. 2.9-7 (b)). The pulse 

energies used were 129 ~ and 75 ~ respectively. Due to the small curvature of 

the LC on silicon de ic , the rings were slightly asymmetric. This can be avoided 

by applying a distortion correction pattern during the processing. 

(a) (b) 

Fig. 2.9-6: Annular shap produc d by an SLM with a ps laser on an ITO on glass 

sample (1064 nm 5 kHz 1 s e posure time) (a) pulse energy 129~, r= 174 11m, 

(b) pulse en rgy75 ~ r = 90 Ilffi· [195] 

Parallel marking u ing a shaped 2-beam generated by using the GS algorithm 

within a Lab i w n ir nment (se Section 3.5.1) is demonstrated in Fig. 2.9-7. 

Femtosecond laser pulses (170 fs 775 nm, 1 kHz, 4 ~lbeam) were focussed 

through a 0.5 A obje ti e onto a stainless steel sample. The exposure time was 

1 s. The uniformity and the r solution can be improved by increasing the number 

of iterations during th GH calculation or using an SLM with smaller pixels, e.g. 

the Holo ye Pluto M with 8 11m pixels. 
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(a) (b) (c) 50~m 

Fig. 2.9-7: hap d 2-b am imultaneously marking on stainless steel (170 fs, 775 

nm 1 kHz I e po ure time, 4 ~/beam). (a) 2 rings, (b) 2 triangles, (e) 2 squares. 

[195] 

2.9.4. Internal tructuring with a spatial light modulator 

In 2005 Hay aki t al. [20 ] adopt d this technology and applied it to laser 

material proce ing. inee th n, he and his group demonstrated a number of 

applieation [17 , 174, 202 209-214] using multiple femtosecond laser beams. 

The first implem ntation of internal tructuring using a femtosecond laser (150 is, 

00 nm 1 kHz) w reali d u ing a multiplexed phase Fresnel lenses algorithm 

in 2006 [173). 15 b am w r fo us cd in three different positions, on the surface 

and in id gla at I ~ and 20 J.UTl depths. In order to improve the uniformity of 

the multi-beam a m thod that could compensate for the spatial frequency 

respon of th LM wa prop cd [209). Moreover, in 2008, multi-beam 3D data 

recording report d by thi gr up u ing single pulse irradiation (150 fs, 800 
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run, I kHz) with an SLM in biological tissues, such as fmgemails and dental 

prostheses [174]. Further developments of this technique by lesacher at al. [149] 

provided viable solutions to the problems induced by the zero order beam, 

chromatic aberration and spherical aberration during the 3D data recording 

process. In these cases, since only fixed pre-calculated CGHs were employed, 

they can be described as static multi-beam parallel processing. 

Dynamic correction of the wave front during longitudinal writing of waveguides 

opened up a new route for internal structuring using SLMs by Mauc1air et al 

[l08]. Later, the same group presented dynamic multi-beam processing using an 

adjustable binary phase mask created by an SLM [148]. Efficient waveguide 

couplers in fused silica were produced by 2-beam (150 fs, 800 run, 10 kHz) 3D 

parallel writing in longitudinal geometry. More recently, this dynamic approach 

was also applied in transverse geometry to generate 2D and 3D waveguides [170, 

176, 181]. As depicted in Fig. 2.9-8(a) and (b), 3D 1 x 4 splitter waveguides were 

dynamically written inside a glass substrate with multiple beams (2 J.1llbeam) by 

displaying a series ofCGHs on an SLM. A laser system at 1 kHz, 120 fs, 800 run 

and an objective with 0.45 NA were employed. The splitter comprised a single 

straight region (A-B), a branching region (B-C), a separating region (C-D), and a 

four-straight region (D-E) (see Fig. 2.9-8(b». By changing the CGHs, other 

examples of splitters were also produced, demonstrating the great potential of the 

SLM technology. [167] 
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Fig, 2.9-8: a ch matic of a I x4 splitter fabricated in glass substrate. (b) Top 

and side i s of the plitt r. ( ) Distribution of multiple spots for writing the 

splitter. d) E ampl of a GH used in writing the splitter. (e) Simulated light 

intensity distributions in th splitter. [167] 

In general ultrafa t laser int mal structuring using an SLM has the ability to 

provid high throughput and r markable flexibility. However, it is noteworthy 

that pre iou work mainl concentrated on two areas, data recording and 

wa eguid fabri ati n. ittl attention has been paid to the fabrication of another 

important photoni ompon nt the volume Bragg grating. In the next few 

chapters, a n w meth d f rapid fabrication of volume gratings using an SLM will 

be pres nt d. 
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2.10. Summary 

In this chapter, the background of internal structuring including basic theory, 

mechanisms, commonly used laser systems and materials was introduced. The 

femtosecond laser internal structuring techniques, effects of different material and 

laser parameters and characterisation methods were discussed. By reviewing the 

parallel processing technique and current applications in the femtosecond laser 

internal structuring field, high precision fabrication of volume gratings using an 

SLM was proposed. 
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Chapter 3 - Experimental 
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3.1. Introduction 

This chapter will introduce the materials, PMMA and fused silica, and the 

equipment including the femtosecond laser system and SLMs used in this 

research, followed by the experimental setups for the single and multiple beam 

internal structuring. The procedures for measuring grating diffraction efficiency 

and calculating CGHs will also be discussed. 

3.2. Materials 

PMMA is a polymer material that is widely used as photonic material due to its 

ease of processing, low cost and excellent optical performance including high 

transparency, appropriate refractive index, and high optical isotropy. Because 

PMMA has high transmission in the visible and near IR spectral region, it has 

been employed as the core material for polymer optical fibre and as a substrate for 

integrated optical devices. Therefore, PMMA is the material of choice to explore 

the rapid fabrication of photonic components by femtosecond laser internal 

structuring. 

Clinical grade bulk PMMA, Vistacryl CQ, from Vista Optics [215] has been 

employed in this research. Compared to commercial grade PMMA, these samples 

contain no additives and trace impurities, which are not clinically safe. The 

material has a density of 1.16 glcm3
, a refractive index no of 1.48 at 77 5 om (no = 

1.50 at 387 om) and a glass transition temperature of 105°C to 120°C. 
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Fused ilica a high purity lourl ss synthetic amorphous silicon dioxide. 

Owing to it ry I \! thennal pan ion coefficient excellent optical qualities 

and exc ptional tran mittan r a wide sp tral range, especially in UV, it is a 

common! us d pti I material m ariou applications. The UV grade fused 

silica sampl fOx 30 x 5 mm3 used in this project were 

supplied b 

3.3. qUlpm nt 

3.3.1. ernt 

An amplifi d f: 

ond la r tern 

r t m, lark-MXR PA 2010 was used in this research. 

The system fundam ntal wa I ngth of 775 nm can be frequency-doubled to 

produce 3 7 nm I ngth b u ing a thin, 0.6 rnrn thick BBO crystal. The 

output au ian 

of1 mJwith -± l% ta 

kHz 170 f: an I. r 

ig. . -I) has a diamet r of 6 mm and a pulse energy 

r p tition rat the pulse duration and M2 are 1 

am r fil flh fI mt y tern Clark-MXR CPA 2010. 
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As described in Section 2.9, this laser system provides low throughput and low 

speed during laser processing, especially internal structuring. Hence, splitting the 

high pulse energy laser beam into multiple beamlets is an effective approach to 

increase the throughput and speed, as discussed in Chapter 4,5 and 6. 

3.3.2. Spatial light modulators 

Two SLMs, Holoeye LC-R 2500 [217] and Hamamatsu XI0468-02 [218], have 

been employed in this work. Table 3.1 shows the specifications of both SLMs. 

Table 3.1 Specifications of SLMs 

Model Holoeye LC-RlSOO Hamamauu XI0468-02 

LCType 4S0 twisted nematic Parallel aligned nematic 

Number of input level 2S6 (8 bits) 

Resolution (pixels) XGA (l024x768) SVGA (800x600) 

Pixel pitch (pm) 19 20 

Effective area (mml) 19.5x14.6 16x12 

Mirror coating Broadband metallic Dielectric 

Readout wavelength (nm) 400-77S* 800±SO 

Light utilisation efficiencyu ~7S% 94% 

Fill Factor 93% 95% 

Response timeu * (rise/fall ms) 10/18 25/65 

Frame rate (Hz) 72 60 

• Although the standard specifications recommend 400-700 nm, LC-R2S00 can 

operate at 775 nm with low laser pulse energies. 

•• The actual light utilisation efficiency depends on the amount of diffraction loss 

caused by the pixelated structures and the reflectivity, which is affected by readout 

light wavelength . 

••• Time required to change from 10 % to 90 % for 21t modulation. 
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3.3.2.1. Hamamatsu XI0468-02 

The X10468-02 has a dielectric mirror, which provides 94% light utilisation 

efficiency, but can only work within a specified wavelength range. Applying a 

voltage to the X I 0468-02, which is a parallel aligned nematic crystal device, 

results in the LC molecules aligning horizontally along the optical axis, hence 

causing a phase change to the light polarised along the molecular axis, but leaving 

the light polarised perpendicular to the molecular axis completely unaffected. 

3.3.2.2. Holoeye LC-R 2500 

By comparison, the LC-R2500 is equipped with a metallic coated mirror that 

offers lower light utilisation efficiency - 75%, but covers a wider wavelength 

range from visible to NIR. Compared with the parallel aligned nematic crystal 

device, the LC-R 2500 has a 45° twisted nematic LC layer in which the LC 

molecules are arranged in a twisted array from the front to the back, hence it can 

not only modulate the phase of light, but also rotate the plane of polarisation. 

Although the Xl 0468-02 can provide higher efficiency, due to limited availability, 

it was only employed in the NIR multi-beam parallel processing work (Chapter 4 

and 5). The LC-R 2500 was adopted for the NUV parallel processing work 

(Chapter 6). 
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3.4. E perimental setup 

3.4.1. in I b am dir t writing 

The e p rimen "ere perfi nn d u ing the lark-MXR CPA-2010 with repetition 

rate of 1 kHz, ul duratl n f 170 f: and fundamental wavelength of 775 nm. 

The 87 nm \ el ngth wa produced by frequency doubling of the 

fundamental wa elength u Lng a BS cry tal . The experimental setup is 

schematicaJI high energy variable diffractive attenuator 

ntinu u I adju ting pulse energy. After passing through the 

attenuat r, a hutt r and a t Ie pe, the las r beam was expanded to a diameter of 

15 mm, and r fle ted y mirr r M2-M5 b fore being focussed by a lens. The 

sample mplo ed in the e, periments w re bulk PMMA (30 x 30 x 5 mm3
) , 

which w re all surfaces and mounted on a computer 

controlled - i tage er t h). 

Main Shutter ---...;.;.:.; 
Clark-MXRl=tt=~~~~~ 

CPA2010 
BS: Beam Splitter 
po: Pick off Stage 

Objective r::::f*=::::J 

Fig. 3.4-1: 'P nment I to ~ ringle beam direct writing. A BBO crystal is 

used to gene t tll nd hann nic at 87 run . The periscope, M3-M4 is 

actual I in tJl rtJ I and r tat d h re 90° for clarity. 
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V sing this setup, the effects of pulse front tilt and control of filament length were 

investigated. Different optical components were produced inside PMMA and 

fused silica samples using a single beam (see Chapter 4). 

3.4.2. Multi-beam internal structuring 

3.4.2.1. NIR experimental setup 

The output from a Clark-MXR CPA-20lO fs laser system was attenuated and 

expanded to 8 mm diameter onto the SLM (Hamamatsu XI0468-02) As shown in 

Fig 3.4-2(a), a 4joptical system was introduced to remove the remaining energetic 

zero order reflection at Plane P, near the Fourier plane oflens Ll (Plane Q) using 

a absorbing target on axis (see Fig 3.4-2(b» [184]. First order diffracted beams, 

however, were focussed off axis and so were transmitted through a 4f system 

consisting of two plano-convex lenses Ll and L2 (fi = Ji = 200 mm) which 

essentially re-imaged the surface of the SLM (Plane A) to the back focal plane 

(Plane D) of a long working distance microscope objective (Nikon, CFI LV Plan 

Fluor SD Sx, O.IS NA,j= 40 mm, Working distance = 18 mm). Distance AD was 

4fwhile distance AS = BQ = QC = CD = f The complex optical field at Plane D 

was therefore identical with that at Plane A after reflection from the SLM. PMMA 

substrates (Vistacryl CQ) optically polished on all sides, were mounted on a 

precision 3-axis motion control system (Aerotech) and diffracted beams were 

carefully focussed> 0.5 mm below the substrate to keep the fluence at the 

interface below the damage threshold. An effective NAeff = 0.1 was used here. 
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Q 

Multiple NIR 
beams 

(a) (b) 

Fig. 3.4-2: a p rimental setup for NIR parallel processing. A 

4f optical s st m ith unity magnification helps to remove the residual 

zero ord r b am at Plan Phil r -constructing the complex field at Plane D. (b) 

Image showing th elimination of the zero order and ghost beams. The red arrow 

indicates th laser b am pr pagation direction around Plane P and Q. 

The modell ing of th b am path in 3D using Zemax software is demonstrated in 

Fig. 3.4-3. In ord r t prate t th mirror M3 from damage, it was placed about 16 

mm awa fr m th fi aJ plan of the lens Ll (Plane Q). As depicted in the 

magnjfied iewof ig. .4-3, th Ray 1 with a diffraction angle of - l.1°, which 

is the highe t diffract i n angle pr id d by the SLM (25 line pairs/mm) at 775 nm, 

has the smallest po ur ar a on th mirror. According to the modelling, the size 

of this ar a is 12 mm in diameter, and it is large enough to avoid damage to the 

mirror. Th ar a of th r b ams are larger so that they cannot cause 

damage to th mirr r ither. 
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M2 

M5 

SLM 
L1 

Ray 5 

Ray 1 

Fig. 3.4- : Z m ' mod \ling f th 3D beam path. (a) Beam expander and 4f 

system. (b pand d imag howing the zero order beam (red) and the diffracted 

beams r 11 ct d fr m th turning mirror M3. The spot diameters of Ray 1 to Ray 5 

are 0.751 O. 52 O. 1 O. 2 and O. 12 mm, respectively. 

(a) (b) 

Fig. 3.4-4: ParalJ 1 writing in id PMMA. Transverse geometry for writing 

grating in a ingl r _ ) and (b) double layer (3D). The arrows denote the 

translati n dir fthe ample. 
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The schemati of multi-beam parall 1 processing in 2D inside a PMMA sample is 

depict d in ig. . -4 a). th multiple beams can be focussed at different 

plan s b J adding phas r snel lenses to the CGHs, simultaneous 

modification at parat plan was also carri d out as illustrated in Fig. 3.4-4(b). 

• 
• 

35th layer 
X 

• 
• 

• 
• 10j.Jm 

overlap • 

1st layer 

• 
• 
• 

~ 
1\ 

---::::;;;;;;;iiiiiiiiiiii--~ti:19j.Jm 

110j.Jm L 
-3.5mm 

Fig. 3.4-5: h mati f multi-beam modification to create continuous volume 

phase grating tit hing !lam ntary modifications with offsets ~ =100 f..ll11 and 

henc 10 ~ 0 ria s. 

Parallel r Era ti iod m dift ation to cr ate a grating without optical 

breakdo n with I n arl uni£ nn beams with a period A = 19 f..ll11 is illustrated in 

Fig. 3.4-5. h di ra t d anned transversely to create a grating with 

. !D r diffracted pot and transverse scan speed s = 1 

mm! and a h m difi d r gi n canned once. As described in Section 

2.7.1.4 in r rt a ibl pul front tilt effect, leading to asymmetric 

writing d nd nt n paraJl I writing was conducted in a single 
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direction only. The induced filaments are - 110 IJ.ffi long and 4 IJ.ffi wide (see 

Chapter 5 for optical images). By carefully stitching multi-layer with an offset of 

AX = 100 IJ.ffi and an overlap of 10 IJ.ffi (- 1 0% overlap), a series of volume 

gratings with dimensions of 5 x 5 x 1-4 mm3 were produced with reasonable 

continuity and uniformity (see Chapter 5). 

3.4.2.2. NUV experimental setup 

A schematic of the experimental setup for NUV parallel processing is displayed in 

Fig. 3.4-6 (a). Energetic femtosecond pulses were attenuated and expanded to 8 

mm diameter before reflection from the SLM liquid crystal device (Holoeye, LC­

R2500). which has a 45° twisted nematic liquid crystal layer. A thin BBO crystal 

(8 x 8 x 0.7 mm3
, cut angle e = 30°, 'II = 90°, type 1 phase matching) was placed 

after and in close proximity to the SLM, converting diffracted NIR beams to 

nearly collinear NUV beams. A 4f optical system with two plano-convex lenses 

(Lt, L2,J= 194 mm at 387 nm) were set to re-image the SLM surface to the back 

focal plane of a plano-convex lens with a focallengthf= 50 mm (effective NAeff 

= 0.08). A »2 plate was used to rotate the direction of polarisation on to the SLM. 

The undiffracted zero order NIR and NUV components were blocked by a target 

near the Fourier plane of the first lens Ll (see Fig 3.4-6(b». A periscope, mirrors 

M31M4 along with mirror M5 (all dielectric coated for 387 om) acted as 

dichroics, eliminating the remaining diffracted first order 775 nm radiation from 

the optical beam path. The PMMA samples were mounted on the 3-axis stage and 

the 387 nm parallel beams carefully focussed below the surface. 
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(b) 

Fig. 3.4-6: (a) ch matie of e peri mental setup for NUV parallel processing. (b) 

Image showing th elimination of the zero order and ghost beams. The blue arrow 

indicates the laser beam propagation dir ction around Plane P and Q. The NIR 

beams are eliminat d b M3 M4 and MS and the remaining energy is too low to 

cause modification in PMMA. 

Since both the Holoe e LM LC-R2S00 and the BBO crystal are very sensitive to 

the state of input las r polarisation combining these two devices together requires 

detailed analysis and careful alignment. The behaviour of the LC-R2S00 and the 

phase matching ofth crystal ar pr sented in Chapter 6. 

3.5. Calculation of computer generated holograms 

3.5.1. Labview environment 

A software packag bas d on Labview environment provided by Glasgow 

University and de loped p cially for optical tweezers was used to generate 
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CGHs. As shown in Fig. 3.5-1 (a) in the software interface, a pattern comprising 

multiple spots is created and each green circle represents one laser beam. The red 

circle in the middle represents the zero order beam. These circles only indicate the 

position of the laser b runs, not the actual sizes. After calculation, the 8-bit 

greyscale CGH (see Fig 3.5-1(b)) corresponding to the desired pattern is 

generated. Then the CGH can be saved and subsequently displayed on the SLM to 

produce the multiple spots pattern at the focal plane of the lens. 

----

-_ .. -

(a) (b) 

Fig. 3.5-1: (a) The Labview interface with multiple spots pattern. The red spot in 

the middle represents th z ro order beam. (b) The CGH generated using the GS 

algorithm in the Labview which will re-create the pattern 

3.5.2. Optimisation of computer generated holograms 

Periodic spot patt rns with a rugh degree of symmetry (Fig. 3.5-2(a)) create 

degeneracy, leading to non-uniform intensity in diffracted beams from 

overlapping ghosts r suiting in significant intensity modulation [219]. Uniformity 

was improved greatl by breaking symmetry, for example, by introducing slight 
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random displacements of th r quired spot pattern (Fig. 3.5-2(b)). If N was a 

random number chosen between -1 and + I and shift range S, e.g. 20 J..lIIl, the spots 

were offset randomly by a distance NxS in the Y axis (scan direction) while 

maintaining fixed pitch A (Fig. 3.5-2(b)). 

A ~:::::::=======::e 
A~:::::::::====:::::e 

~xA 
y ~z A e!:-~=====. 

(a) (b) 

Fig. 3.5-2: Schematics of (a) a symmetric multi-beam pattern and (b) an 

asymmetric multi-beam pattern for parallel processing. The arrows denote the 

translation direction (+Y of the sample. 

3.6. Diffraction efficiency measurement 

A solid-state CW las r oh r nt Verdi V2, delivering 2W at 532 run, was utilised 

for probing the olum gratings because it can provide high beam quality (M2 

:::::1.01), high stability and low optical noise « 0.02% nns). The output from the 

laser was attenuat d to - 400 Jl W and then passed through a volume grating 

sample that was mounted on a precision rotation stage. A silicon detector with 

power meter ( oh r nt MIlFieldmaster) was placed a metre away from the 

grating to measur the tran mitt d power into each order (see Fig. 3.6-1). The 
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diffraction curves were measured by placing the detector in turn at the location of 

each diffracted order and rotating the grating from nonnal incidence (see Chapter 

5 and 6). 

Coherent 
Verdi V2 ... 

Fig. 3.6-1: chematic of measuring the diffraction efficiency ofvolurne gratings. 

3.7. Other characterisation methods 

An optical microscope with back illumination and a Nikon Digital Sight camera 

system were used to take optical images and measurements of the modified region 

inside transparent samples. Raman spectroscopy was also employed to analyse the 

refractive index modulation. 

3.8. Summary 

This chapter has introdu d th mat rials (clinical grade PMMA and fused silica) 

and the equipment employ d in this r search, followed by the experimental setups 
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including the single beam direct writing, and the multi -beam parallel processing. 

The phase matching technique of the BBO crystal to optimize the diffractive 

beams while avoiding intensity modulation was discussed in detail. The 

procedures for measuring the grating diffraction efficiency measurement and the 

CGH calculation were also demonstrated. 
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Chapter 4 - Femtosecond laser internal 

structuring of materials 
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Chapter 4 Femtosecond laser internal structuring of materials 

4.1. Introduction 

This chapter is concerned with the optimisation of the femtosecond laser direct 

writing process. Firstly, for single beam direct writing, the dependence of induced 

structure length on laser pulse energy and wavelength is investigated. Secondly, 

the effect of pulse front tilt on the induced structures under current experimental 

conditions is presented and an approach for avoiding this effect is proposed. 

Thirdly, simple structures written with a single beam are demonstrated which can 

serve as a basis for the fabrication of more complex devices. Finally, multi-beam 

internal structuring is presented with the aid of an SLM, demonstrating the 

potential for high throughput rapid volume grating fabrication. 

4.2. Single beam direct writing 

4.2.1. Controlling filament length 

When femtosecond laser pulses propagate through a transparent medium, 

dramatic changes of their spatial, temporal and spectral properties can occur 

[220). The fonnation of a filament is attributed to the balance between self­

focussing due to the nonlinear Kerr effect and self-defocussing associated with the 

formation of plasma generated by medium ionisation [127]. In order to obtain 

high quality in internal structuring, the induced structure length, which is related 

to the filament length during processing, needs to be controlled precisely. In this 

section, the effects of pulse energy and wavelength on the induced structure 

length in PMMA are investigated. 

81 



Chapter 4 Femtosecond laser internal structuring of materials 

Using the experimental setup and procedures described in Section 3.4.1, 

filamentation has been studied in PMMA with femtosecond laser pulses at A. =775 

run and A. = 387 run. The laser beam was focussed 2 mm below the sample surface 

using a plano-convex fused silica lens (f = 50 mm, NAerr::::: 0.15). The stage was 

stationary during the laser exposure. Pulse energy of 0.1-5.5 J.LT and exposure time 

of 0.5 s (500 pulses) were employed. 

Fig. 4.2-1 shows highly periodic microstructuring with increasing pulse energy in 

the range of 0.1 - 1 J.LT caused by refocussing in PMMA with a wavelength of 387 

run at peak power well above the threshold for self-focussing. Light scattering 

indicates that filamentation is also accompanied by dielectric breakdown. The 

modified regions extend towards the laser source with increasing pulse energy and 

over 10 periods are demonstrated. At 775 nm (Fig. 4.2-2), however, higher pulse 

energies were required to modifY PMMA, resulting in a more chaotic structure. 

Re-focussing is also evident with damage regions again extending towards the 

source with increasing pulse energy. The modification threshold at 387 nm is 

lower since PMMA requires only two-photon absorption (- ~e) to create seed 

electrons by excitation from the valence band to the conduction band, whereas 

775 run modification requires 3-photon absorption «- ~I3, Eb ::::: 4.58 eV). It is 

observed that the length of the breakdown structure is proportional to the laser 

pulse energy, and the filaments develop towards the focussing lens, which is in 

good agreement with the results reported by Saliminia et al [127]. 
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0.1uJ 

0.2uJ 

0.3uJ 

O.4uJ 

0.5uJ 

0.6uJ 

0.7uJ 

0.8uJ 

0.9uJ 

1.0uJ 

Fig. 4.2-1 : Induc d structur in PMMA by NUV (387 run) laser pulses with 

various pulse energie (0. 1 - I ~) and O.5s exposure time (500 pulses). The 

dotted line denot s the geometrical focal position. The blue arrow indicates the 

laser beam propagation dir tion. Each filament (line structure) was produced by 

500 pulses and at ach pul es nergy level, 10 filaments (line structure) were 

generated. 
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1.0uJ 

1.SuJ 

2.0uJ 

2.5uJ 

3.0uJ 

3.5uJ 

4.0uJ 

4.5uJ 

5.0uJ 

5.5uJ 

Fig. 4.2-2: Indue d structur in PMMA by NIR (775 nm) laser pulses with 

various pulse energi (I - 5.5 ~) and 0.5s exposure time. The dotted line 

denotes th geometrical fo al position. The red arrow indicates the laser beam 

propagation direction. ach filament (line structure) was produced by 500 pulses, 

and at each pulses energ Ie el 10 filaments (line structure) were generated. 
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In a homogeneous transparent medium, self-focussing of laser pulses occurs when 

input laser power P exceeds the critical power P cr, and results in filamentary 

propagation. The critical power Per is given by [221] 

(4.1) 

where A. is the wavelength, no (no ::::: 1.48 at 775 nm and no ::::: 1.50 at 387 nm) is the 

refractive index of PMMA, and n2 ::::: 2.7 x 10-14 cm2tw is the nonlinear refractive 

index of PMMA [222]. In the case of NUV exposure, the critical power is Pcr= 

5.6 kW. The laser peak power P of 0.55 - 5.53 MW, corresponding to the pulse 

energies Ep of 0.1 - 1 J.1.l, used in the experiment, is significantly larger than P cr, so 

that this nonlinear effect is indeed expected. For the NIR exposure, the critical 

power is Per = 22.3 kW, and as peak power P is in the range of 5.53 - 30.4 MW 

(Ep in the range of 1 - 5.5 J.1.l) also satisfies P » P cr. 

The filament length, ItiI' generated by self-focussing of the laser radiation in a 

transparent material has a dependence, given by [223] 

(4.2) 

where Ptll is the threshold laser power for inducing structural change. It has been 

observed that Ptll has the same wavelength-dependence as that of Per [224], and Ptll 

is related to Per. Hence, in general, P tll can be replaced by P cr in Eq. 4.2 [225]. 

Assuming the induced structure length is proportional to the filament length, the 

theoretical values of the induced structure length were calculated and plotted 
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using Eq. 4.2 for both the NUV and NIR irradiation (see Fig. 4.2-3 and Fig. 4.2-4). 

Both figures depict the dependence of the induced structure length on the pulse 

energy. With the NUV exposure (see Fig. 4.2-3), the experimental results are 

reasonably consistent with the theoretical values, and they are in good agreement 

with the results reported by Shimotsurna et al. [225]. However, in the NIR 

exposure (see Fig. 4.2-4), there are djfferences between the experimental and the 

theoretical results, due to the less accurate length measurements of the chaotic 

breakdown structures shown in Fig 4.2-2. 

_1600 
E 
.:!: 1400 
III 

~ 1200 
tJ 
21000 
t; 
"'C 
Q,I 

800 
u 
::J 600 "'C 
C .--400 0 

.z:::. 
be 200 
c 
Q,I a ..J 

~ 

0 0.2 0.4 0.6 

o UVexperimental 

- UV theoretical 

0.8 1 

Pulse energy (J1I) 

Fig. 4.2-3: Effect of the pulse energy (0.1 - 1 ~) on the length of induced 

structure in PMMA after irradiation of 500 pulses at 387 run. The theoretical 

curve is calculated using Eq. 4.2 with a best fit to the data showing good 

agreement. 
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Fig. 4.2-4: Effect of the pulse energy (1 - 5.5 ~) on the length of induced 

structure in PMMA after irradiation of 500 pulses at 775 nm. The theoretical 

curve is calculated using Eq. 4.2 with a best fit to the data. The error bars are 

relatively large due to the variation observed in NIR, where the filament 

reproducibility is an issue. 

Filamentation extends the modification in dielectrics well beyond the Rayleigh 

length but clearly may not necessarily guarantee uniform modification throughout 

a material due to the complex non-linear interactions that make exact balancing of 

the self-focussing with plasma de-focussing difficult. 

4.2.2. Eliminating pulse front tilt effect 

As described in Section 2.7.1 an important parameter along with pulse energy, 

pulse duration, wavelength and scan speed in internal structuring is scan direction, 

which can cause a variation in the modified region dimensions due to the effect of 
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pulse front tilt exhibited by many ultrafast laser systems [70, 139, 226, 227]. 

Femtosecond pulse direct writing in opposite directions can lead to asymmetric 

modified structures. This effect has been investigated in fused silica, and the 

structural asymmetry could only be observed at particular pulse energies and scan 

speeds [139]. In this study, in order to achieve consistent refractive index 

modification, a series of tests was conducted to characterise the pulse front tilt 

effect in PMMA. 

Direct writing in PMMA using a single NIR beam at low NA = 0.04 with a fixed 

pulse energy (Ep = 0.6 Ill, 775 nm) and various scan speeds (s = 0.3 - 1 mmfs) was 

performed. Fig. 4.2-5 (d-h) demonstrates the differences in structuring width 

obtained with s 2: 0.6 mm/s. The biggest variation in the width occurs at s = 0.8 

mmJs, where the width of the structure written in the -Y direction is almost twice 

as that of written in the + Y direction. This effect is also accompanied by the 

observation of a significant change in the intensity of the plasma emission while 

writing in opposite directions, whereas no detectable difference can be observed 

when s< 0.6 mmls (see Fig. 4.2-5(a-c». However, this boundary (s = 0.6 mm/s) 

can change if different pulse energies or focussing conditions are applied [139]. 

Since there was no equipment able to monitor and quantify the pulse front tilt 

available to this project, a simple approach was utilised to eliminate the 

asymmetry by scanning in a single direction only. The drawback of course is that 

modification times are therefore increased. 
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Fig. 4.2-5: Optical images showing the modification asymmetry due to pulse front 

tilt when writing in opposite directions at 775 nm. (a-h) Direct writing using a 

fixed pulse energy (Ep = 0.6 ~ and various scan speeds (s = 0.3 - 1 mm/s) (i) 

Magnified image of (f) showing a significant difference in the width of the 

modified region. (Ep = 0.6 ~, s = 0.8 rom/s, NA = 0.04). The polarisation 

direction is perpendicular to the writing direction. 

E 
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4.2.3. Direct writing of optical components 

Using the experimental setup and procedure described ill the Section 3.4.1, 

various optical components were fabricated in PMMA and fused silica samples. 

Fig 4.2-6 shows a waveguide coupler written in PMMA using 387 run laser pulses 

with pulse energy of 0.1 ~ scan speed of 0.1 mm/s, and a 0.3 NA objective. 

However, coupling and guiding qualities were not good because of the elliptical 

cross section of the waveguide structures. Using NUV laser pulses with 0.8 ~ 

pulse energy and I mmls scan speed, a grid grating, a ring grating and a square 

grating were produced inside PMMA (see Fig 4.2-7 and Fig 4.2-8). 

500 101m 

Fig. 4.2-6: A Y-coupler written in PMMA (387 run, 0.1 ~, O.1mm/s, 0.3 NA) 

Fig. 4.2-7: (a) A grid 2D grating with 15 ~ period written in PMMA (387 run, 

0.8 ~ 1 mm/s 0.3 NA). (b) Diffraction pattern of the grid grating at 532 nm. 
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Fig. 4.2-8: (a) A ring grating and (b) a square grating written in PMMA (387 nm, 

0.8 ~ 1 mm/s, 0.3 NA) 

A 3D helical structure was produced using 775 run laser pulses with 12.6 ~ pulse 

energy, 0.05 mm/s scan speed and a 0.15 NA objective (see Fig 4.2-9). The 

sample was translated in a circle while simultaneously moving the substrate along 

the optical rods hence generating a helical motion by a 3-axis stage. As the 

bandgap of fused silica at - 8.9 eV is much higher than that of PMMA, and so 

requiring 6-photon absorption, the pulse energy required to modify the material is 

much higher and the scan speed is lower. 

Fig. 4.2-9: A 3D helical structure produced in fused silica by 775 nm laser pulses 

(12.6 ~ 0.05 mm/s 0.15 NA). 
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4.3. Multi-beam direct writing 

4.3.1. Improving multi-beam uniformity 

!1n modification of PMMA without optical breakdown at 775 nm, 170 fs with 16 

parallel beams with a period A = 19 IJlIl is shown in the optical micrographs of 

Fig. 4.3-1. Pulse energy Ep = 0.6 ~lbeam, transverse scan speed s = 1 mmls and 

0.1 NA objective were used, and each modified region was scanned once only. As 

shown in Fig. 4.3-1(a), the cross sections of modified structures written with a 

symmetric beam pattern (see Fig. 3.6(a)) show a large variation in filament length 

1= 106.2 ± 26.3 IJlIl (la) emphasising the intensity non-uniformity generated with 

this geometry. Adding a slight random asymmetry in the spot pattern, as discussed 

above in Section 3.6.2, removes degeneracy and ghost beam overlap, reducing 

intensity modulation hence structure quality improved markedly. Fig. 4.3 -1 (b) 

displays the improved uniformity of the induced structures with filament length I 

= 109.9 ± 6.llJlIl (la). 

(a) 
lOOum (b) lOOum 

Fig. 4.3-1:Cross-section of the refractive index structures produced by 16 beams 

with (a) a symmetric spots pattern and (b) an asymmetric spots pattern. The 

filament lengths shown in (a) and (b) are 106.2 ± 26.3 ~m (la) and 109.9 ± 6.1 

~ (la), respectively. The laser beams propagated along the +X direction, and the 

sample translation direction was in the +Y direction. 
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4.3.2. Static multi-beam 2D direct writing 

Using the optimisation method and the processing parameters discussed in 

Section 4.3.1 , parallel writing with 16 near uniform laser beams within bulk 

clinical grade PMMA was performed (see Fig. 4.3-2). Clear refractive index 

modification without optical breakdown was obtained. 

l 285.1711!!l j 

100 em 

Fig. 4.3-2: 16-bearn direct writing in PMMA with the optimised CGH (775 run, 

0.6 ~lbearn, 1 mm/s, 0.1 NA). 

4.3.3. Static multi-beam 3D direct writing 

By re-calculating CGHs to offset the focal planes of particular spots, simultaneous 

parallel 3D writing at different depths using 16 (2 x 8) beams in a double layer 

and 15 (3 x 5) beams in triple layer were demonstrated, as shown in the cross­

sections of Fig. 4.3-3(a, b). The writing parameters were the same as those used in 

Section 4.3 .2. 
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(a lOOllm (b) 100llm 

Fig. 4.3-3: Optical micrographs of 3D modified cross-sections in PMMA written 

in parallel by (a) 16 beams (2 x 8) in double layer and (b) 15 beams (3 x 5) in a 

triple layer (775 nm 0.6 Illibeam, I rnm/s, 0.1 NA). The laser beams propagate 

along the -x direction. 

3 beams (0 and ±1 st order) with pulse energy of 5 Illibeam produced by a binary 

grating hologram were used to fabricate cylindrical structures inside a fused silica 

sample (Fig. 4.3-4) which was translated in a helical motion at 10 ~s towards 

the + X direction. The X-axis was parallel to the optical axis. The cylindrical 

structures produced, which were 1 nun in length and 200 ~ in diameter, showed 

no sign of optical breakdown. 
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x 

o +1st 
v-r 

z -1st 

500 J,Jm 

Fig. 4.3-4: 3-beam direct fabrication of cylindrical structures in fused silica. 

4.3.4. Dynamic multi-beam 2D direct writing 

By calculating a series of CGHs (9 CGHs), storing them, then synchronising to 

the scan motion (0.1 mm/s scan speed), 2D real time 8-beam modification at 387 

nm with 0.21 ~lbeam pulse energy was demonstrated (see Fig. 4.3-5). The 

experimental setup and the procedures are described in Section 3.4.2.2. 

t 

CGHl CGH9 

100~m 

Fig. 4.3-5: 8-beam dynamic modification of PMMA addressing the SLM with 9 

CGHs running at 4 Hz (CGHl-CGH9-CGHl) with 0.1 mm/s scan speed (0.08 

NA). 
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4.3.5. Dynamic multi-beam 3D direct writing 

Dynarllic modification of fused silica with 5 beams (0, ±1st and ±2nd order) 

generated by a binary grating is demonstrated in Fig. 4.3-6. The helical structures 

were produced by synchronising rotation of 5 beams through real -time display of 

120 pre-calculated CGHs at 20 Hz and 3° interval with linear motion of the stage 

towards the + X direction at 0.5 mm/s. The laser beams with pulse energies of 1.5 

J.1l/beam propagated along the + X axis. 

+2nd 

y- . +2nd 
+lst 

~. +lst 

• 0 o 
-1st . ~ 

-2nd .~ 
-1st 

-2nd 100~m 

(a) (b) 

Fig. 4.3-6: (a) Schematic of 5 beams including 0, ±1st and ±2nd order dynamic 

structuring of fused silica. The blue arrows indicate the rotation direction of the 

beams. (b) Micrograph of the modified region. 

4.4. Summary 

Long filaments and multiple foci generated in bulk PMMA by 1 kHz, 775 nm and 

387 nm femtosecond laser pulses were investigated. Filaments developed towards 
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the incident radiation direction as pulse energy was increased, when femtosecond 

laser pulses were focussed by a low NA (- 0.04) objective into PMMA. The step­

like damage structures, which indicated more than ten times refocussing, were 

clearly observed when the PMMA sample was irradiated by NUV laser pulses at 1 

~ pulse energy during 0.5 s exposure time. The dependence of filament length on 

laser pulse energy was measured and compared with the theoretical model [225]. 

NUV results fitted the model well while NIR results agreed only at the highest 

pulse energies, possibly related to the order of nonlinearity. 

The pulse front tilt effect was also investigated in PMMA for the first time in the 

NIR at various scan speeds, leading to a remarkable modification asymmetty. To 

simplify the processing and eliminate the undesired writing asymmetty, direct 

writing in a single direction was proposed. Although the processing speed was 

essentially doubled, this effect could be compensated for and improved on the use 

of multi-beam parallel processing. 

Optical components and other structures were generated using a single beam and 

multiple beams with 20 and 3D, static and dynamic direct writing techniques, 

which provided the basis for fabrication of more complex devices. 
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Chapter 5 - NIR multiple laser beam 

parallel writing of volume Bragg gratings 
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5.1. Introduction 

In this chapter, parallel femtosecond refractive index laser inscription of clinical 

grade PMMA at 775 run, 170 fs pulse duration is demonstrated with multiple low 

fluence beams generated with the aid of a spatial light modulator. Using optimised 

CGHs (see Section 3.5.2 and Section 4.3.1),16 diffracted near identical beams 

were focussed simultaneously within bulk PMMA to create a series of 19 J.U11 

period, 5 x 5 x 1-4 mm3 thick volume phase gratings at high speed. A high quality 

NIR Nikon objective (Nikon, CFI LU Plan Fluor BD 5x, 0.15 NA,f= 40 mm, WD 

= 18 mm) was used with an effective NA ~ 0.1. Great care was taken in aligning 

the incoming beam with the longitudinal X-axis of the 3-axis stage system and the 

optic axis of the objective was carefully adjusted to be collinear with the stage y­

axis. PMMA substrates, with dimensions 30 x 30 x 5 mm3 and optically polished 

on all sides were attached to a precision mirror mount bolted to the vertical stage. 

The front interface was tilted and brought nonnal to the optic axis using retro­

reflection back to a pinhole. First order diffraction efficiency rises with grating 

thickness in accord with diffraction theory, reaching 75% at the first Bragg angle 

(4 mm thick) with fabrication time - 1 hour. By carefully stitching filamentary 

modifications while eliminating effects such as pulse front tilt during inscription, 

gratings were shown to exhibit high uniformity, which has not been achieved 

previously using femtosecond inscription. Highly uniform modification was 

exhibited throughout the material consistent with the observed excellent angular 

selectivity and low background scatter and quantitative comparison with first 

order diffraction theory is satisfactory. The diffraction efficiency and hence 

refractive index profile showed a temporal behaviour related to the material 
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response after exposure. Raman spectroscopy was employed in order to analyse 

the refractive index modulation. 

5.2. Direct writing of volume gratings at NIR wavelength 

Using the optimisation method described in Section 3.5.2 and Section 4.3.1 to 

improve multi-beam uniformity, 16 nearly uniform beams were scanned 

transversely inside PMMA to produce refractive index modification with pulse 

energy Ep = 0.6 J1.T1beam. The modified regions (4 J.1IIl wide) had filaments I ::::; 

109.9 ± 6.1 fJIll (10) in depth (see Fig. 4.3-1(b», while the calculated depth of 

focus was DOF::::; 34 fJIll (no = 1.49, M2 ::::; 1.3) so that the effect of self-focussing 

and filamentation is significant. This is not surprising as the peak power P :::: 4 

MW is much high than the critical power for self-focussing in PMMA (see 

Section 4.2.1) [80]. The relatively long modification depth is due to the dynamic 

balance between Kerr self-focussing and the defocussing effects of the electron 

plasma generated during the ionisation process. A recent study by Watanabe et al. 

demonstrated refractive index filaments created in PMMA with 100 fs, NIR, I 

kHz pulses and 0.1 NA objective had length I ::::; 200 fJIll at 0.8 J1.T pulse energy 

[152]. By scanning this 16 beams optimised intensity distribution in the transverse 

(+Y) direction with Z-axis increments, IlZ = 304 J.1IIl (16 x 19.0 J.1IIl), while 

offsetting in the axial (X) direction with M of - 100 fJIll (deepest first) (see Fig. 

3.4-5), a thick grating (35 layers) with dimensions of5 x 5 x 3.5 mm3 was created 

in about 50 minutes (see Fig.5.2-1). The offset was chosen to give a ~ 10% overlap 

of filaments in order to create a continuous modification along the X-axis. A 
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synchronised fast mechanical shutter (Tr ~ 3 ms) controlled from within the 

motion control software avoided unwanted exposure of material. Fig.5.2-1(b) 

shows a cross-sectional view of the volume grating, indicating the continuous and 

uniform modifications. 

(a) 100lJm 

(b) 

Fig. 5.2-1: (a) Front view and (b) cross-sectional view ofa volume grating written 

with 16 parallel beams using asymmetric spot pattern with slight displacements 

along the X-axis. The volume grating consists of 35 layers with offsets M = 100 

!lID (l0 flffi overlaps) to create continuous modification and no discontinuities can 

be detected. The laser beams propagate along the + X direction, and the sample 

translation direction is in the +Y direction. 
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5.3. Diffraction efficiency and refractive index change 

measurements 

Fig. 5.3-1 shows the ± 1 5t order angular diffraction efficiency 1] measured for the 

3.5 mm thick olume grating at A. = 532 nm over a period of 7 days. Diffraction 

efficiency '7 peaks at the first order Bragg angle ()b = 0.813°, in agreement with 

that expected at ()b = ±arcsin(A./2A) = ±0.802° (A. = 532 nm, A = 19.0 f.llll). The 

grating efficiency also showed a remarkable time dependence, with 1] rising from 

22% after one hour to - 36% after 12 hours, reaching 1]max= 66% after almost one 

week. This suggests that the material modifies and relaxes after exposure, 

possibly due to diffusion of monomer MMA molecules, the most likely 

breakdown product, combined with cross linking [7]. 

0.7 ...--------------------------. 

0.6 

~ 
~0.5 u :e 
41 
cO.4 
o .:; 
u 

~ 0.3 
:0 ... 
~ 0.2 ... 
o 
1;; 
~ 0.1 
+1 

- lhr 
----·12hrs 
·······lday 
- 2days 
---3days 

- 4days 
--·-sdays 
---6days 

7days 

O ~~~-&~----~~~~~~--~~~~~ 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 
Incident angle (degrees) 

Fig. 5.3-1: First order diffraction efficiency of a 19 f.llll period, 5 x 5 x 3.5 mm3 

volume grating measur dover 7 days written by 16 beams with asymmetric 

pattern at A. = 775 nm with 0.15 NA objective. 
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The grating structur here is of high quality, shown by the extremely low 

background scatter. The diffraction efficiency with time of the first order and the 

calculated refracti e index change !In is shown in Fig. 5.3-2. After 7 days, the 

refractive index change reached a maximum at !lnmax = 4.6 x 10-5, according to 

Kogelnik theory 11601 . !In is modest but not unexpected at the pulse duration of 

170 fs at A = 775 nm with a single scan and high diffraction efficiency here has 

been achieved as a result of th structural uniformity and the large thickness of the 

grating. 

5xlO-5 1 
c • 0.9 <J 

~ 4xlO-5 • • ~ 
• 0.8 0 

c • C 
." • 0.7 .~ .s: • • • u • • 0 

3xlO-5 • 0.6 IE x • cu • 
." • (1) 

c • 0.5 c .- • 0 cu 2xlO·5 • 
> • 0.4 :;; 

• ',p 0 
u 0.3 ~ 
." .. 

lxlO-s ~ It: - 0.2 C cu a: • Refractive index change 
• ±1st order diffraction efficiemcy 0.1 

0 0 
0 1 2 3 4 5 6 7 8 

Time (days) 

Fig. 5.3-2: First order diffraction efficiency with time over the first eight days and 

inferred refractive index change !In. 

Fig. 5.3-3 shows how th diffraction efficiency of the first three orders changes 

over a period of 30 days . E en though the first order has stabilised after 7 days, 

the second and third orders diffraction efficiencies, peaking after 4 days, continue 

to fall. The inference is that the !::.n modulation is altering both temporally and 
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spatially as the MMA molecules diffuse out into the unexposed regions between 

the grating lines. Ther is clearly a question over the long term stability of volume 

gratings written in clinical grade PMMA with l70fs long laser pulses. More stable 

structures can be exp ted at shorter pulse duration t" ;:::: 100 fs in the NIR where 

multi-photon ionisation increases relative to impact ionisation or at shorter NUV 

wavelengths [7 93]. 
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Fig. 5.3-3: Diffraction effici ncy at the Bragg angles for the ±1 S\ ±2nd and ±3rd 

orders showing temporal behaviour over a period of 30 days. 

Watanabe et aJ. [228] hit creating 3D directional couplers in PMMA using 1 

kHz 85 fs pul es at 00 nm observed temporal changes in waveguide cross-

sections indicating that refractiv index profile in the central region altered over a 

period of - 20 minutes after irradiation, with the refractive index change 6.n going 

from negative to positi e and r aching a maximum value of - 4.6 x 10-4
• 
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5.4. Angular selectivity analysis 

According to Eq. 2.1, grating with thickness 1< L < 4rnm infers that the grating 

thicknes parametcr Q i in the range of 6.3 < Q < 21.9, so that gratings (Q > 10) 

are thick volumc grating [162, 163] and hence should show a high angular 

selectivity. 

1 .-~~~~----~---r~~----------~~~~ 

0.9 

~ 0.8 
c: 

.~ 0.7 
:e ~ 0.6 
c: 
o 0.5 
.~ 
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C! 0.4 
~ £5 0.3 

0.2 

0.1 

o fl 
-4 -3 -2 

- ±1 
- ±2 f\ 

±3 
- ±4 
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f\ 
-1 o 1 2 3 4 
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Fig. 5.4-1: Angular selectivity (l 51 - 4th orders) of the volume phase grating (5 x 5 

x 3.5 mm3) demon trating high electivity. Note that flo + fll = 1, expected 

theoretically for thick grating. 

The measured angular diffraction efficiency fl(B) at A. = 532 run (Coherent Verdi) 

7 days after e po urc i shown in Fig. 5.4-1 and Fig. 5.4-2 (L = 3.5mm, first 

order). The peak appear clo e to the calculated Bragg angles Bb = arcsin(miV2A) 

== 0.800 (m = 1, perimenta l Bragg angle Bb{cxp) = 0.81 °), 1.60° (m = 2), 2.41 oem 

:=: 3) and 3.21°(m = 4) where m is the order of diffraction. The symmetrical 

re ponse 1 ry ati fa tory. The inten jty drop measured in the zero order is also 
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shown for compari on in Fig. 5.4-1, demonstrating that coupling from zero order 

to any gi en order i highly elective. 
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Fig. 5.4-2: First rder Bragg angular envelope of the volume pbase grating (5 x 5 

x 3.5 rnm3) at day 7 and compari on with first order theory [229]. 

The measured first order angular Bragg envelope is shown in more detail in Fig. 

5.4-2 (L = 3.5 mm) and compared with the theory u ed with thick holographic 

. . sin2 1rL((.1n/A)2+(t.8/A)2)t) 

volume phase granng (Equanon:11(8) = 1+(,lM/Mn)2 ) [229]. The 

theory gi e an e p cted half width 6Or:wtlM :::: AIL:::: 0.31 ° wbile the measured 

FWHM OfWl{1.1(c.xp) - 0.47 0.02°, a factor of 1.5 wider.However, the general 

curve with ide lobe j well reproduced. Holographic gratings have a harmonic 

refracti e ind modulation 6n = 6 noCO (27tzlA) while the index modulation 

profile here mu t be quite different from sinu oidal. The second order provides 

higher rc olution \ ith 60FWHM(cxp) = 0.24 ± 0.0 1°, as expected. 
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-3 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

(j) 

(k) 

(I) 

(m ) 

(n) 

~ 

- . 

, 

. 

.A 

-2 -1 0 +1 +2 +3 

A.. . ,... JL 
- A A .A . 

-- LA . . 
.A 

.. -~ • - , 

1L--- 1l 
A 

Fig. 5.4-3: (a-g) Composite image of Bragg diffraction at A. = 532 nm (a) +3rd to 

(g) -3rd order of the thick volume grating, (h-n) the relative intensity of measured 

peaks. Background scatter is very low. Note the fidelity of coupling into given 

orders. 

Figure 5.4-3(a- g) shows a photographic image of the diffracted spots when 

projected on a distant cr en as the volume grating was rotated while Fig. 5.4-
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3(h-n) shows the measured intensity in a given order, normalised to scale. The 

high diffraction efficiency and low background confirm the excellent quality of 

the volume grating. 

5.5. Time dependent analysis of volume gratings (NIR) 

Fig. 5.6-1 demonstrates the temporal development of the diffraction efficiency of 

the 3.5 mm thick volume grating at the Bragg angles for the ±I st, ±2nd and ±3rd 

orders over six months. The first order diffraction efficiency increased rapidly in 

the first seven days, and stabilised for about 25 days, then gradually decreased 

from - 66% to 20%. The second order efficiency peaked in four days at the same 

level as the first order, and decreased to - 5% after three months, then increased 

again slowly. However, the third order diffraction efficiency peaked in 

coincidence with the second order, decreasing to 5% after 3 days, then remarkably 

rises steadily again to reach a diffraction efficiency '13 > 70%, higher than that of 

the maximum values of the first and second order. This temporal development has 

a number of sources. The primary photochemical product is monomer MMA [7], 

which can diffuse out into the unexposed regions between the grating lines. 

Monomer present in the bulk reduces the refractive index there. In exposed 

regions, cross-linking, which increases !!.n, can also occur so that the 6.n 

modulation alters both temporally and spatially. Stress relaxation may also be 

important over this timescale. However, the mechanism behind the significant 

variations of the second and third order diffraction efficiency is still under 

investigation. 
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F ig. 5.5-1: empora\ de \opm nt of the ±l S
\ ±2nd and ±3 rd orders diffraction 

efficiency 0 er a p riod of six months for the 3.5 mm thick volume grating 

written with 16 NlR parallel b ams at 775 run. 

5.6. Thickness dependence of volume gratings 

The exp cted fir t ord r diffraction efficiency can be estimated from Yf±J = 

sin2(1t!:1noL/AcosBb) = sin2 tp where !:1no is the amplitude of modulation and fh is 

the fLrst order Bragg angle [1 0] . A graph of the measured diffraction efficiency 

of a series of gratings written under identical conditions with increasing thickness 

is shown in Fig. 5.5-1 and ompared with the expected sin2
tp function. Highest 

diffract ion ffici n 'lb = 75% was observed at 4 mm thickness. The fit is 

consistent with a n = 4.6 x 10-5. This experimental curve (Fig. 5.5-1) is 

consistent with a highl unifonn modification throughout the depth of the volume 

grating. 
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Fig. 5.6-1: Diffraction ffici nc of a series of gratings of varying thickness and 

comparison with fir t ord r th ory '7 = sin291 [160]. The inferred refractive index 

modulation from thi fit i 4.6 x 10.5 and the e perimental curve conftrms highly 

unifo rm modification with depth. 

Using the techniqu d mon trated here, the maximum spatial resolution will be 

limited by the filament width mea ured here to be - 4 11m, so that a pitch below 

A < 8 11m i.e. > 125 lin fmm) i unlikely with this material and geometry. Up to 

30 beams w r diffra t d imultan ously however, at the cost of intensity 

uniform ity with th al ulat d ORs. While grating thicknesses (through 

stitching filam nt f up to 4 mm have been demonstrated (40 layers) a slight 

reduction in the filam nt I ngth (- 10%) was observed with thickness greater than 

3.5 rom in PMMA. hi fa tor rna w Hlirnit the maximum thickness, uniformity 
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and efficiency achi abl u ing this t chnique. The development of the fIrst order 

efficiency 0 er - 7 d s inti r a ( nI6t):::: 0.66 x 1O-5/day. Using a high NA 

objecti e would r du the focal spot diameter and hence ftlament widths and 

lengths. Howe er, as pit h d reas s MMA diffusion might well be restricted so 

that 6n contrast po ed and unexposed regions might drop, so limiting 

the grating ffici n c el rat d d veiopment of the modulation might be 

achie ed through th rrnal treatment ofth polymer after exposure [116]. 

5.7. Raman pectro copy 
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Fig. 5.7-1: Raman trum f las r modifi d and unmodified PMMA at 632.8 

tw n 0 and 3000 em-I. Insert: Raman spectrum at 

wavenumb rs b tw n 14 0 and 1 00 m-I. There is no obvious signal difference 

between th m difi d and unm difi d r gions. 
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Fig. 5.7 -1 shows the Raman spectrum of laser modified and unmodified regions 

inside a PMMA sample at wavenwnbers between 300 and 3000 cm-I with a 

Raman excitation wavelength of 632.8 nm. No obvious difference between the 

modified and unmodified regions could be observed. One possible reason for this 

is that the concentration of unsaturated C=C bonds induced under NIR exposure is 

too low to detect. The other reason may be that weak signals are caused by large 

focal spots from low NA objectives. Because the modified structures were located 

- 500 J.Ul1 below the surface, only low NA objectives could be employed. The 

focal spot size of the Raman objective used were larger than the width of modified 

regions (- 4 J.Ul1), generating low signal strength. 

5.8. Summary 

Highly parallel diffractive writing of uniform L1n structures in PMMA was 

demonstrated by combining 775 nm, 1 kHz, 170 fs pulses with a phase only SLM 

addressed with CGH's giving a throughput gain G = 16, Consequently, high 

quality Bragg volume gratings were fabricated much faster. This technique is a 

potentially useful step in the high speed production of 3D optical photonic 

components. The uniformity of filamentary modification was achieved by 

minimizing diffractive intensity modulation through CGH optimisation while 

limiting filamentary modifications to - 110 J.Ul1lengths at NA = 0.1, then carefully 

overlapping axial filaments to produce a continuous modification. In addition, the 

asymmetry due to pulse front tilt was eliminated by inscribing in a single direction 

only. Consequently, thick, high quality volume phase gratings (5 x 5 mm2 S3 , 
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lines/mm) with up to 4 mm thickness and rJb = 75% first order diffraction 

efficiency have been produced at high speed. The measured Bragg angular 

envelope is similar but wider by a factor of 1.5 when compared to first order 

theory while the diffraction efficiency with grating thickness increases with the 

expected sin2rp function [160], consistent with a refractive index modulation ~o 

:::: 4.6 x 10-5
. Temporal changes in refractive index are observed after material 

inscription, probably related to the primary photoreaction product, most likely 

monomer MMA which diffuses into the bulk over periods of days to weeks. 

Monomer present in the bulk reduces the refractive index there while exposed 

regions may also suffer cross linking, increasing the refractive index [230]. No 

obvious difference between the modified and unmodified regions could be 

observed by Raman spectroscopy. 

Although the volume gratings written with NIR femtosecond beams demonstrated 

instability, this method for rapid fabrication of volume gratings can be easily 

adopted to process with shorter temporal pulse durations and wavelengths (see 

Chapter 6) and different optical materials, in which high quality permanent 

volume gratings can be inscribed. 
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Chapter 6 -NUV multiple laser beam 

parallel writing of volume Bragg gratings 
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6.1. Introduction 

In this chapter, 3D parallel refractive index structuring at 387 nm, 170 fs inside 

PMMA is investigated. The arrangement used for this is to place a thin BBO non­

linear crystal after an SLM, then apply CGHs to the SLM to create parallel 

diffracted beams at 775 run then frequency doubled to 387 nm, which can then be 

focussed inside the substrate. This procedure, investigated for the first time, aims 

to open up parallel processing at NUV wavelengths where nematic liquid crystal 

devices are more sensitive to optical damage. 

For a laser pulse duration of f > 100 fs in the NIR, the contribution of impact 

ionisation towards plasma density increases relative to multi-photon ionisation, 

thus reducing the damage threshold for optical breakdown [39, 93]. With pure 

PMMA at a pulse duration of 170 fs, the advantage of applying a NUV 

wavelength of 387 run would be to reduce the order of the non-linear absorption 

from three to two photon [93]. Presently, no SLM based on nematic liquid crystals 

operates in the NUV « 400 run) due to photodegradation of the liquid crystal or 

the polymer alignment layer with such high photon energy. Thus, exposure at 

NUV wavelengths with high peak intensity risks irreparable damage and possible 

device failure. By placing a thin BBO nonlinear crystal immediately after an SLM 

addressed with CGHs, the first order diflTacted NIR components at 775 om here 

are converted to parallel NUV beams at 387 run, avoiding this potential problem 

while simultaneously reducing the order of non-linear absorption for &l 

structuring. 
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6.2. Conversion efficiency of the BBO 

The maximum con ersion efficiency of the BBO crystal from 775 nm to 387 nm 

was measured to b - 17% in the crystal (8 x 8 x 0.5 mm3
) with 375 ~ incident 

pulses (I( w) = 1.13 x 10 lO W /cm2
), and the efficiency varies almost linearly with 

peak: intensity shown in Fig. 6.2-1), as expected [231]. The BBO conversion 

efficiency (Fig. 6._-2) with linear polarisation indicates that the crystal acts also 

approximately as a polarisation analyser. The input laser polarisation direction ¢L 

at vertical (¢L = 0° or 1 0°) can provide the highest BBO conversion efficiency. 
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G.I 0.14 -'u SO ~ 

= 0.12 
G.I E 
c 0.1 40 ':' 
0 G.I 
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Co 
c 20 > 
0 ::l 
~ 0.04 

10 
~ 0.02 

0 0 
0 100 200 300 400 
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Fig. 6.2-1: BBO con ersion efficiency (square) and the actual output NUV power 

(round) versus input NIR. la er power. 
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Fig. 6.2-2: on rsion fficiency of the BBO crystal versus the input NIR laser 

polarisation dir tion (h. h input polarisation rotates from vertical (PL = 0°) to 

horizontal <PL = 0° in !ockwis dir ction. 

6.3. Polari ation dependence of the SLM 

The beha iour of th Holo e LM (L -R2500) with 45° twisted nematic crystal 

has pre ious! b n ana! din d tail from the measured Stokes parameters of the 

reflected radiation fr m th d vi howing that the SLM generates a certain 

degree (that can b larg r than a 10%) of depolarised light and the output state of 

polarisation with addr d grey level i generally complex [232]. When a linearly 

polarised beam i r fle t d thi M the polarisation becomes elliptical with 

a complex H appli d. Th inten ity modulations and inferred polarisation 

beha iours of th Mar hown in ppendix A. 

When an optimis d e tion 3.5.2) creating 18 diffracted beams is 

,lh m a ur d diffraction efficiency, 1'/, of the SLM at 775 run 

(befor th cry tal a fun tion of th input linear polarisation direction is 
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depicted in Fig. 6. - I. Th ertical (¢L = 00
) polarised light can offer the highest '1 

of the LM at 775 run . 
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Fig. 6.3-1: Diffra tion ffi ien 1'/ of LM at 775 run versus the input NIR laser 

polarisation dir ction ¢L when th CGH generating 18 beams is applied. The 

input polarisation rotat from vertical ( /JL = 0°) to horizontal (/JL = 90°) in 

clockwise dir ction. 

6.4. Characteri ation of the SLMlBBO combination 

The intensity modulations and inti IT d polarisation behaviours of the SLM/BBO 

combination ar hown in ppendix B. When the same CGH is applied and the 

extraord inary axis of th BB rystal ¢c, is vertical (¢c = 0°), the diffraction 

efficiency at 7 nm after the r stal) versus the input linear polarisation 

direction is illu trated in ig. .4-1. A rotation to ¢L = 1550 was required to 

provide the high t diffracti n ffi iency 1'/ at 387 run because the reflected 

polarisation stat fr m the M i elliptical before passing through the BBO 

crystal and the ry ta l an nl r olv the vertical field component. So, in the 
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following NUV paraJlel processing the input polarisation direction tPL = 155° and 

the crystal orientation tP = 0° were employed. 
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Fig. 6.4-1: Diffraction efficiency '7 at 387 run versus the input NIR laser 

polarisation dir ction tPL when the CGH generating 18 beams is applied and tPc = 

900. The input polarisation rotates from vertical (tPL = 0°) to horizontal (tPL = 90°) 

in clockwise direction. 

6.5. Phase matching technique 

The conversion efficiency of the BBO crystal (with linear polarisation, tPL = 0°) 

and angular variation in the sensitive phase matching direction (horizontal) and 

azimuthal directions is shown in Fig. 6.5-1. As the FWHM (horizontal axis) ::::: 

0.640 is much narr wer than the FWHM (vertical axis)::::: 2.36°, diffracted patterns 

with vertical symmetry are preferred in order to limit intensity modulation from 

phase angl mi match. Hence diffraction angles < ± 0.55° in azimuth are required 

to keep the intensity modulation between spots M(2cv )/Io(2cv) to < 5% below the 

optimum. By pr ~ r ntially phase matching the diffracted spots of the vertical 

pattern rather than th z r order the 387 nm remaining zero order was minimised 
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while simultaneously increasing the conversion efficiency of these ftrst order 

beams. 
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Conversion efficiency 
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Fig. 6.S-1 : (a) Phase matching efficiency with crystal tilt in horizontal (sensitive) 

and azimuthal (insensitive) axis, indicating that vertically diffracted spot patterns 

suffer much less intensity modulation. (b) Magnifted view of the 18 spot phase 

matching. By tuning the crystal tilt, preferential phase matching minimised the 

zero order intensity, while maximising the 18 spots intensity and simultaneously 

avoiding intensity modulation. 
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A CGH, created within a Labview environment [233] (see Section 3.6) using the 

GS algorithm, generated 18 near uniform diffracted beams with a spot separation 

of around AI = 30 f.U11 at the focal plane of the lens (f= 50 mm), limiting the total 

azimuthal angular range to < ± 0.290 (Fig. 6.5-1(b)) and hence the intensity 

modulation to < 3% from the slight variation in phase matching angle between 

beams along the axis, which is not sensitive to changes in angle. 

6.6. Direct writing of volume gratings at NUV 

wavelength 

With the near optimum setting of input linear polarisation and the BBO 

extraordinary axis, 18 beams with a pitch Al = 30 f.U11 at 387nm were produced 

using the optimisation procedure described in Section 3.6.2. Modified filaments 

have length I = 219.4 ± 9.3 f.U11 (lcr) and width - 4 f.U11 with Ep = 0.21 J,LJlbeam at 

0.08 NA and 1 mmls scan speed (see Fig. 6.6-1). By scanning in the horizontal 

(Y-direction) with offsets of 540 f.U11 (18 x 30 f.U11) while offsetting LlX= 200 f.U11 

intervals along the optic axis (deepest first) a continuous, thick volume grating 

was obtained using the technique demonstrated in Fig. 3.4-5. The pattern was then 

offset by half the period to produce a pitch A2 = 15 f.U11 grating. A 5 x 5 x 2.0 mm3 

thick grating was fabricated in 18 minutes with the first order Bragg angle 

diffraction efficiency reaching 17b :::::: 70% indicating An :::::: 8.4 x 1 O·s. and the low 

scatter observed confirms that the quality of the grating is high (see Fig 6.6-2). 

The first order angular resolution, ./18(FWHM) :::::: 0.63 0 is slightly higher than 
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expected, /).() = AIL = 0.43 0 for a sinusoidal refractive index profile [160] , while 

the second and third orders have 11() ~ 0.330 and 0.23°, respectively. 

pt layer 

220llm 

2o.m IT ... 
2nd layed 
220llm ~ 

(a) 

(b) 

(c) 

l00llm 

Fig. 6.6-1: (a) Continuously modified cross-section created by overlapping 3 

layers each separated by /),){ = 200 ~ along optic axis. (b) Cross-section of 18 

parallel beams modification of PMMA with Al = 30 ~. (c) Front view of a 

grating with A2 = 15 ~ pitch. 
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Fig. 6.6-2: Detailed measurements of the Bragg diffraction efficiency of ± 1 st, ±2nd 

and ±3rd orders after 30 days at 532 nm readout wavelength. 

122 



Chapter 6 UV multiple laser beam parallel writing of volume gratings 

6.7. Time dependent analysis of volume gratings (NUV) 

As shown in Fig 6.7-1 , the temporal change, which stabilised after 20 days, is 

likely due to chain scission in PMMA during exposure, resulting in unzipping of 

the polymer chains to create the monomer, MMA, which diffuses out [230]. 
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Fig. 6.7-1: Temporal behaviour of the volume grating diffraction efficiency in 30 

days 

Although the second and third order diffraction efficiency dropped slowly in 5 

months (see Fig 6.7-2), the first order efficiency remained stable after an initial 

development period (~ 20 days). Compared with the gratings written by NIR 

beams the gratings written in NlN demonstrated a significantly improved 

stability. However, the mechanism behind it is still under investigation. 
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Fig. 6.7-2: Temporal behaviour of the volume grating diffraction efficiency over 

5 months, showing that the first order diffraction efficiency is stable after 1 

month. 

6.8. Summary 

Highly parallel NUV refractive index modification inside bulk PMMA was 

demonstrated at a wavelength of 387 nm and a pulse duration of 170 fs by placing 

the thin non-linear BBO crystal after the SLM addressed with CGHs to create 

parallel beams. An efficient Bragg grating with 15 ~ pitch and dimensions 5 x 5 

x 2.0 mm3 with l1b > 70% at ftrst order was created in 18 minutes with inferred Il.n 

;::: 8.4 x 10-5
. Optical measurements and long-term stability tests reveal ed the high 

quality and high stability of the volume gratings written by multiple NUV laser 

beamlets. Raman spectrometry was utilised to evaluate the photochemical changes 
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in the laser modified region. However, similar to the results shown in Section 5.7, 

no obvious difference in Raman signal from that of the unmodified material was 

observed, so that these results were not presented in this chapter. 
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Chapter 7 - Conclusions and 

recommendations for future work 
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7.1. Conclusions 

This thesis is motivated by recent developments in femtosecond laser direct 

writing of high quality 3D photonic devices inside transparent materials. 

However, since most commercial femtosecond systems have pulse energy Ep> 1 

mJ at 1 kHz, the light utilisation factor is < 0.1 %. By using an SLM, addressed 

with appropriate CGHs to create a large number of diffracted beams of the 

requisite pulse energy, this efficiency was increased by more than an order of 

magnitude, reducing the fabrication time while allowing arbitrary parallel 

processing. A novel technique for rapid fabrication of volume gratings was 

established by focussing on control of filament length, optimisation of multi-beam 

uniformity. and elimination of pulse front tilt effect. This is the first study directly 

concerned with highly parallel femtosecond writing of high quality volume Bragg 

gratings in NIR and NUV, as a contributing step towards the high speed 

production of 3D optical photonic circuits. However, the main limitation of this 

technique at the present is that the line density is restricted to 125 lines/mm. The 

conclusions drawn from each of the investigations in this study are as follows. 

7.1.1. Control of filament length 

Long filaments and multiple foci generated in bulk PMMA by I kHz, NIR and 

NUV femtosecond laser pulses were investigated. Filaments developed towards 

the focussing lens with increasing pulse energy independent of wavelength. In the 

NUV, the periodic breakdown structures indicated more than ten times re­

focussing occurred in PMMA when irradiated by femtosecond laser pulses at I J,LJ 
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pulse energy during 0.5 s exposure time. The dependence of filament length on 

laser pulse energy at both wavelengths were measured and compared to a 

theoretical model. The NUV modification was much more deterministic than that 

in the NIR. 

7.1.2. Elimination of pulse front tilt etTect 

When a laser beam with pulse front tilt is used to write structures inside 

transparent materials in opposite directions, a change in material modification 

occurs as a result of anisotropic electron plasma trapping by a tilted pulse front 

along the writing direction. Pulse front tilt effect was investigated in PMMA. 

Since it is difficult to eliminate the pulse front tilt in the Clark-MXR system, 

direct writing in a single direction only was used to avoid the writing asymmetIy. 

However, by doing so, the processing speed was affected, but was increased 

dramatically by introducing multi-beam parallel processing. 

7.1.3. Improving multi-beam uniformity 

The results in Section 4.3 demonstrated that the cross sections of modified 

structures written with a symmetric beam pattern showed a large variation in 

filament length 1= 106.2 ± 26.3 ,.un (la) emphasising the intensity non-uniformity 

generated with this geometry. Adding a slight random asymmetry in the spot 

pattern removed degeneracy and ghost beam overlap, reducing intensity 

modulation, hence structure quality improved markedly. The improved uniformity 
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of the induced structures with filament length I = 109.9 ± 6.1 J.llU (lcr) was 

obtained. 

7.1.4. Direct writing of optical components 

The results in Section 4.2.3 and Section 4.3.2-4.3.5 demonstrated a variety of 

refractive index structures generated using a single beam and multi-beam with 2D 

and 3D, static and dynamic direct writing techniques, which provided the basis for 

the fabrication of more complex photonic devices. 

7.1.5. Direct writing of volume gratings using NIR multiple beams 

Highly parallel diffractive writing of unifonn 6.n structures in PMMA was 

demonstrated by combining kilohertz femtosecond pulses with an SLM addressed 

with CGHs giving a throughput gain G = 16. The uniformity of filamentary 

modification was achieved by minimizing diffractive intensity variation through 

CGH optimisation while limiting filamentary modifications to - 110 ~ lengths 

at NA = 0.1, then carefully overlapping axial filaments to produce a continuous 

modification. Consequently, thick, high quality volume phase gratings (5 x 5 

mm2
, 53 lines/mm) with up to 4 mm thickness and 1!b = 75% first order diffraction 

efficiency have been produced at high speed. The measured Bragg angular 

envelope is similar but wider by a factor of 1.5 when compared to first order 

theory while the diffraction efficiency with grating thickness increases with the 

expected sin
2

qJ function, consistent with a uniform modification with depth and a 

refractive index modulation /).n ~ 4.6 x 10.5• Temporal changes in refractive index 
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are observed after material inscription, probably related to the primary 

photoreaction product, most likely monomer MMA which diffuses into the bulk 

over periods of days to weeks. Monomer present in the bulk reduces the refractive 

index there while exposed regions may also suffer cross-linking, increasing the 

refractive index. Unfortunately, no obvious difference between the modified and 

unmodified regions could be observed by Raman spectroscopy due to inadequate 

sensitivity. Although the volwne gratings written in PMMA with NIR 

femtosecond beams showed instability over long-term, the fabrication technique 

demonstrated a new approach towards rapid fabrication of efficient volwne 

gratings. 

7.1.6. Direct writing of volume gratings using NUV multiple 

beams 

By placing a thin nonlinear BBO crystal after the SLM to create parallel beams at 

NUV 387 om wavelength, 18-beam parallel refractive index modification inside 

bulk PMMA was demonstrated. Computer generated holograms applied to the 

SLM create parallel diffracted beams at 775 om which were then frequency 

doubled to 387 om and focussed inside the substrate. The behaviour of the SLM, 

the BBO crystal and the combination of these two devices were analysed in detail 

so that optimised phase matching could be conducted. This procedure, 

demonstrated for the first time, opens up dynamic parallel processing at NUV 

wavelengths where nematic liquid crystal devices are more sensitive to optical 

damage. An efficient Bragg grating with 15 J.UD. period, dimension of 5 x 5 x 2.0 

mm3 and 1fb> 70% in first order was created in 18 minutes with inferred l:!.n :::; 8.4 
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x 10-5. Optical measurements and long-term stability tests revealed that the 

volume gratings written by multiple NUV beams had excellent optical quality and 

high stability. 

7.2. Recommendations for future work 

7.2.1. Further optimisation of volume grating fabrication using an 

SLM 

The technique for volume grating fabrication provides great flexibility, so that 

high quality gratings with specific parameters can be produced to meet the 

requirements in various applications. For example, the grating diffraction angle 

and the angular selectivity can also be tuned by changing the period of the grating. 

The grating diffraction efficiency can be further increased by increasing grating 

thickness. The high quality volume gratings written in the NUV and its high 

diffraction efficiency with only 2 mm thickness indicate it is possible to obtain 

gratings with 1/b > 95% using the NUV multi-beam parallel processing, where 

refractive index modification occurs via 2-photon absorption, and optical 

breakdown is much less prevalent. 

When writing a thick volume grating with a higher NA (> 0.2) objective, dynamic 

wavefront correction can be utilised to ensure uniformity of the grating. By 

integrate a camera into the beam delivery system to monitor the intensity of the 

multiple beams, real-time correction can be realised, hence, improving CGH 

optimisation process. 
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In this study, due to the availability issue, a twisted nematic LC SLM, Holoeye 

LC-R2500, was combined with a BBO crystal to implement NUV multi-beam 

processing. The laser polarisation state after reflected from the SLM was 

elliptical, which is not ideal for the subsequent frequency-doubling process. While 

a parallel aligned LC SLM, such as the Hamamatsu XI0468-02, can overcome 

this problem. Hence, a combination of the parallel aligned LC SLM with the BBO 

crystal can be employed to further increase the throughput of the whole system. 

Although the general mechanism of refractive index change inside PMMA has 

been studied by Bawn at el. [7, 230], the mechanism behind the temporal 

development of the various diffiaction orders over several months (See Section 

5.5 and 6.7) is still unclear. Hence, long term time dependent optical tests 

combined with chemical analysis are suggested. Furthermore, temperature 

dependent measurements of the diffraction efficiency are also recommended. 

7.2.2. Beam sbaping to extend modification length 

The author has reported beam shaping using axicon CGH with an SLM to 

generate annular beams for surface processing. A lens-axicon doublet shown in 

Fig. 7.2-1 can fonn not only an annular shape at the focal plane of the lens, but 

also a line focus along the optical axis, which is a Bessel region. This line focus 

has a significantly larger depth of focus, which can increase the modification 

thickness in internal structuring. 
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Lens + Positive Axicon 

Bessel region 

f-----~ 

Fig. 7.2-1: Schematic of a lens-axicon doublet. An annular beam can be produced 

at the focal plane of the lens, and a line focus, Bessel region, can also be 

generated. 

Fig. 7.2-2: A modification thickness of 247 ~ (left) produced without beam 

shaping and a modification thickness 370 IlIIl (right) produced with beam 

shaping. 

Preliminary test results (see Fig 7.2-2) show that a modification thickness of 247 

IlIIl was obtained (775 nm, Ep = 1 ~,s =1 mm/s) with a 0.15 NA objective, while 
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using the same parameters with an axicon CGH displayed on the SLM, the 

modification thickness of 370 !lm was achieved. Further improvements are 

required to optimise the axial intensity uniformity within the Bessel region. 

Multiple shaped beams can be generated by superimposing the axicon CGH with 

a multi-beam CGH. 

7.2.3. Beam sbaping for waveguide writing 

Beam shaping to produce an elliptical beam (Fig 7.2-3(a)) for waveguide writing 

has been implemented with an SLM. A waveguide with a circular cross-section 

has been produced (Fig 7.2-3(b)). It is feasible to use an SLM to shape a laser 

beam to elliptical and write a waveguide with a curve by dynamically rotating the 

elliptical beam as depicted in Fig 7 .2-3(b). 

(a:-) ______ ....;(!......1b) 

Waveguide 
\II!!!.--

Transparent 
sample 

(c) 
Fig. 7.2-3: (a) Elliptical beam imaged at the input aperture of the focussing 

objective. (b) Cross-section of a waveguide written with the elliptical beam shown 

in (a). (c) Schematic of dynamic writing a curved waveguide. 
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7.2.4. Beam baping for material processing 

As demonstrated in Fig. 7.2-4 laser beams with a variety of shapes has been 

produc d with an LM. A polarisation analyser was placed after the SLM to form 

an intensity mask setup. This beam shaping method can be employed in many 

laser proc ssing applications. 

(b) 

(c) (d) 

(e) 

Fig. 7.2-4: (a) Original Gaussian beam and shaped laser beam profiles (b) Top­

hat, (c) square Top-hat (d) ring shape and ( e) triangle shape. 
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Appendix A 

Characterisation of the SLM with an analyser 

As shown in Fig. 6.3-1 , the Holoeye LC-R2500 SLM is sensitive to the 

polarisation direction of the input laser beam, and it provides the highest 

diffraction efficiency when the input polarisation is vertical. The polarisation 

behaviour of the SLM is analysed with a polarisation analyser placed directly after 

the SLM (without the BBO crystal). Fig. A-I, A-2 and A-3 demonstrate the 

intensity modulations of the SLM as a function of the addressed grey level at 

various input laser polarisation directions, indicating that slight depolarisation and 

elliptical polarisation were generated due to the 45° twisted nematic crystal 

structures. 
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Fig. A-l : Relative intensity versus grey level (input laser polarisation -45 0
, 

different positions of the polarisation analyser). 
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AppendixB 

Characterisation of the SLMIBBO combination 

Fig. A-4 A-5 A-6 and A-7 demonstrate the intensity modulations of the 

SLMlBBO combination as a function of the addressed grey level with various 

setups. The results show a similar behaviour to that of the SLM combined with 

the analyser. 
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Abstract Parallel femtosecond refractive index laser in­
scription of clinical grade poly(methyl methacrylate) 
(PM¥A) at 775 nm, 170 fs pulselength is demonstrated with 
multJple low fluence beams generated with the aid of a spa­
tial fight modulator_ Using optimised computer-generated 
holograms (CGHs), 16 diffracted near identical beams were 
focused simultaneously within bulk PMMA to create a se­
ries of 19 J.UD pitch, 5 mm x 5 mm x 1--4 mm thick vol­
ume phase gratings at high speed. First order diffraction effi­
ciency rises with grating thickness in accord with diffraction 
theory, reaching 75% at the first Bragg angle (4 mm thick) 
with fabrication time around I hour. By carefully stitch­
ing filamentary modifications while eliminating effects such 
as pulse front tilt during inscription, gratings exhibit high 
uniformity, which has not been achieved previously using 
femtosecond inscription. Highly uniform modification is ex­
hibited throughout the material consistent with the observed 
excellent angular selectivity and low background scatter and 
quantitative comparison with first order diffraction theory 
is satisfactory. The diffraction efficiency and hence refrac­
tive index profile shows a temporal behaviour related to the 
material response after exposure. Simultaneous 3D modifi­
cation at different depths is also demonstrated, highlighting 
the potential of creating complex 3D integrated optical cir­
cuits at high speed through the application of CGHs. 

D. Liu . Z. KUang . W. Perrie (18]) . S.P. Edwardson· E. Fearon· 
G. Dearden . K.G. Watkins 
Laser Group. Department of Engineering. 
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1 Introduction 

Femtosecond laser refractive index modulation (~n) of op­
tical materials is a route to the creation of complex 3D pho­
tonic circuits. Non-linear absorption induced at the focus 
leads to highly localised modification while translation of 
the focal spot within the solid creates desired 3D structures. 
Clinical grade poly (methyl methacrylate) (PMMA), in par­
ticular, is attractive due to favourable characteristics such as 
optical transparency, processability and low cost. Bulk ~n 
modification of pure PMMA is of interest because of the po­
tential of creating useful devices for clinical, biological and 
chemical applications which can be integrated with lab-on­
chip micro-fluidic devices. 

In the NIR, temporal pulse duration T < 100 fs gener­
ates highest ~n in PMMA by reducing avalanche ionisation 
relative to multi -photon ionisation [1]. For pulse duration 
T > 150 fs, where optical breakdown is increasingly more 
likely, effective ~n modification of PMMA was shown at . 
shorter wavelength }., = 387 nm, 170 fs by reducing the or­
der of non-linear absorption from three to two-photon [2]. 

Similarly, the measured ~n inscribed in fused silica in 
the NIR (800 run, 1 kHz, Ep::::: 1 ~, NA = 0.1) decreased 
as the temporal pulselength was increased above 130 fs with 
the appearance of optical breakdown at T > 230 fs [3]. At 
I kHz, (170 fs, 387 nm, E p ::::: 1 ~, NA = 0.03) the resulting 
An in PMMA has been shown to be positive [2], essential 
for single mode waveguides, whereas a 25 MHz laser (30 fs, 
800 run, 20 nJ, NA = 0.25) generated tubular longitudinal 
waveguides probably due to increased thermal effects [4]. 

Optical memory [5], phase gratings [1], symmetric 
waveguides [6] and 3D couplers [7] have been demonstrated 
with single point femtosecond processing in PMMA. How­
ever, the extension to complex 3D optical circuits with a 
range of embedded components may be significantly ham­
pered, due to the long inscription times required. In addition, 
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spherical aberration introduced at the air/dielectric interface, 
increasing with NA, reduces on-axis intensity severely, con­
straining the useful modification depths [8]. The use of a low 
NA < 0.2 objective here, which encourages filamentation is 
ideal for thick volume grating manufacture, since spherical 
aberration from the interface is expected to be negligible, al­
lowing uniform modification up to depths >5 mm below the 
interface, whereas with a high NA = 0.75 objective, spher­
ical aberration would limit modification depth to <30 JlIIl 
from the interface unless pre-compensated on the objective 
[8] or on the SLM. 

At 1 kHz, femtosecond pulses with energy E p < I "u 
are typically focused within an optical substrate with a sin­
gle beam while carefully scanning the substrate longitudi­
nally or transversely to generate the required ~n. However, 
since pulse energy E p > 1 mJ is generally available at 1 
kHz, the light utilisation factor is <0.1 %. By using a Spatial 
Light Modulator (SLM), addressed with appropriate CGH's 
to create a large number of diffracted beams of the requi­
site pulse energy, this efficiency is increased by more than 
an order of magnitude, reducing the fabrication time while 
allovJing arbitrary parallel processing [9-11]. Recently, in • fused silica, by using a dynamic binary phase mask cre-
ated by an SLM combined with a low NA optic, 2-beam 3D 
paranel writing of efficient waveguide couplers was demon­
strated [12]. One approach to rapid fabrication of volume 
phase gratings in Foturan photosensitive glass uses a line 
focus (211m x 1800 JlIIl) with energetic 80 "u, 40 fs, 800 
nm pulses at 1 kHz. However, the modification was quite 
non-uniform due to filamentation during exposure [13]. 

In this paper, uniform modification with depth is achieved 
by paying particular attention to control of filamentation, 
limiting filament length by controlling pulse energy thus 
avoiding re-focussing, which would otherwise create width 
variations in longer filaments. In addition, intensity vari­
ations between spots are minimised through optimising 
CGH's while eliminating possible asymmetry from writing 
direction due to pulse front tilt. Consequently, highly par­
allel, uniform ~n structuring inside PMMA is achieved to 
produce large. high-quality, efficient volume phase gratings 
in minutes rather than hours. thus speeding refractive index 
engineering. 

2 Experimental 

The output from a Clark-MXR CPA-201O fs laser system 
(775 nm. 170 fs pulse duration, I kHz repetition rate. I mJ) 
was attenuated and expanded to 8 mm diameter onto a phase 
only reflective liquid crystal on silicon SLM (Hamamatsu 
XI0468-01, AOI < 10°) which has 800 x 600 pixels (16 
mm x 12 mm) with reflectivity >95% and diffraction ef­
ficiency'1 > 60%. As shown in Fig. I, a 4/ optical system 
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Clark-MXR ~#=:::::::::::;::::::~ 
CPA20l0 

\------1""7'7'0 

Fig. 1 Schematic of experimental system for parallel 3D ~n struc­
turing of PMMA. A 4 f optical system (L1. L2) with unil)' magnifi­
cation helps to remove the residual zero order beam at plane P while 
re-constructing the complex field at plane D 

was introduced to remove the remaining energetic zero or­
der reflection at Plane p. near the Fourier plane of lens Ll 
(plane Q) using a small absorbing target on axis [14]. First 
order diffracted beams. however. focus off axis and so are 
transmitted through the 4f system consisting of two plano­
convex lenses L1 and L2 (II = h = 200 mm) which es­
sentially re-image the surface of the SLM to the back fo­
cal plane (D) of a long working distance microscope ob­
jective (Nikon, type CFI LU Plan Fluor BD 5x, 0.15 NA. 
f = 40 mm, WD = 18 mm). Distance AD = 4f while dis­
tance AB = BQ = QC = CD = f. The complex optical field 
at plane D was therefore identical with that at plane A after 
reflection from the SLM. PMMA substrates were obtained 
from Vista Optics. UK. (Vistacryl CQ non UV) which has 
n = 1.492 ± 0.002, T > 90% visible transmission (350-
900 nm) and residual monomer MMA < 1 %. These were 
optically polished on all sides. mounted on a precision 3-
axis motion control system (Aerotech). and diffracted beams 
were carefully focused >0.5 mm below the substrate to keep 
the ftuence at the interface below the damage threshold. An . 
effective value of NAeff = 0.1 was used here. 

From the desired intensity distribution at the focal plane 
of the objective, the corresponding CGH was calculated us­
ing the Gerchberg-Saxton algorithm within an interactive 
Lab View environment was applied to the SLM and the cal­
culated phase pattern (8-bit grey scale) was observed on a 
separate monitor [14]. As spots can be focussed at different 
planes by effectively adding phase Fresnel lenses, simulta­
neous modification at separate planes was also possible as 
illustrated in Fig. 2(b). 

Periodic spot patterns with a high degree of symmetry 
(Fig. 2(c» creates degeneracy. leading to non-uniform inten­
sity in diffracted beams from overlapping ghosts. resulting 
in significant intensity modulation [15]. Uniformity is im­
proved greatly by breaking symmetry, for example, by in­
troducing slight random displacements of the required spot 
pattern (Fig. 2(d» If N is a random number chosen between 
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Fig. 2 Parallel writing in ide PMMA. Tran verse geometry for wri.t­
ing gratings in (a) ingle layer and (b) double .Iaye.r. Parallel.spots. m 
(c) ymmetric and (d) asymmetric pattern which Improve lD~enslt.>' 
uniformity in diffra ted beam . The arrows denote the translatIOn di­
rection (+ Y) of the sample 

- 1 and + 1 and hift range S = 20 f.lm, the pots were offset 
randomly by a di tance N x S in the Y axi (can direction) 
while maintaining fixed pitch A (Fig. 2(d)). 

3 Results and discussion 

An important parameter along with pul e energy, temporal 
pul elength, wa elength and can peed in tJ.1l tructuring is 
al 0 can direction, which can lead to a mation in modified 
region dim n ion due to the effect of pul e front tilt exhib­
ited by many ultrafa t la er y tem [16]. We have observed 
thi effect while modifying PMMA, Fig. 3, which demon­
strates the difference in tructuring width obtained when re­
ver ing can direction during ingle beam tJ..1I tructuring at 
low NA. Thi effect was al 0 accompanied by the ob erva­
tion of a ignificant change in the inlen ity of the pia rna 
erni ion while writing in OPPO ite direction. To eliminate 
thi non-uni~ rmity the ub trateS were canned in a single 
direction on ly, e ntially incr ing the fabrication time. 

t::.n modification of PMM without optical breakdown 
at 775 nm, 170 f with 16 parallel beam with a pe­
riod A = 19 f.lm i hown in the optical micrograph of 
Fig. 4(a-d). Pul energy E p = 0.6 f.Illbeam and tran verse 
can peed = I mml were u ed and each modified re­

gion wa cann d on e only. The cro ection of modi­
fied StrUCLUr wrilten with a ymmetric beam pattern, de­
picted in Fig. 4(a), how a large variation in filament length 
l = 106.2 ± 26. f.lITI (10'), empha i ing the inten ity non­
uniformity generated with thi geometry. 

y~X 

Z 

~ 

_1 -r;Sllm 
Tsllm 

-
-
-
-
-SO!1m 

Fig. 3 Optical image showing modification asymmetry observed 
in single beam writing with scan direction due to pulse front tilt 
(Ep = 0.6 J.1l, s = 0.8 mmls, NA = 0.04) 

Adding a slight random asymmetry in the spot pattern, 
as discussed above in Sect. 2, Fig. 2(d), removes degen­
eracy and ghost beam overlap, reducing intensity modula­
tion, hence structure quality improved markedly, Fig. 4(b) 
with measured filament length 1 = 109.9 ± 6.1 f.lITI (10') . 
With this optimisation, Fig. 4(c) shows a front view of 16 
near-uniform lines written simultaneously within PMMA 
while the cross section of a thick volume grating structure 
is shown in Fig. 4(d), generated by offsetting the parallel 
written structures along the optical axis in the X direction 
so as to create a continuous modification. An overlap of fil­
aments by a distance of 10 f.II11 (",10% overlap) was found 
to be satisfactory to achieve continuity and uniformity and 
is hown schematically in Fig. 5. 

The modified regions (4 f.lm wide) are 1 = 110 f.lITI 
in depth, while the calculated depth of focus is DOF::::: 
0.71M2n)../(rrNA2)::::: 34 f.lITI (n = 1.49, M2 = 1.3) so that 
the effect of self-focussing and filamentation is significant. 

This i not surprising as the peak power P = 4 MW » Pc = 
23 kW, the critical power for self-focussing in PMMA [17]. 
The relatively long modification depth is due to the dynamic 
balance between Kerr self-focussing and the defocussing ef­
fect of the electron plasma generated during the ionisation 
proces . A recent study of refractive index filaments created 
in PMMA with 100 fs, NIR, 1 kHz pulses with 0.1 NA had 
length 1 = 200 f.lm at 0.8 f.IJ pulse energy [18). 

By scanning this 16 beam optimised intensity distribution 
in the transverse (+ Y) direction with Z-axis increments tJ..Z 
of 304 f.lITI (16 x 19.0 f.lITI), then offsetting in the axial (X) 

direction with tJ..X of'" 100 f.lITI (deepest first), a thick grat­
ing (35 layers) with dimensions of 5 mm x 5 mm x 3.5 mm 
thick was created in about 50 minutes. A synchronised fast 
mechanical shutter (1: r ::::: 3 ms) controlled from within the 
motion control software avoided unwanted exposure of ma­
terial. 

The grating efficiency at the Bragg angle of the first three 
orders hows a remarkable time dependence, Fig. 6, devel­
oping over periods of days and saturating, in the case of first 
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Fig. 4 eros section of the 
grating written by 16 beam 
with (8) symmetric pattern and 
(b) asymmetric pattern howing 
improved uniformity. (c) Front 
view and (d ) cro ection of a 
volume grating written by 
asymmetric pot pattern. The 
volume grating con i IS of 
multi-layer with off et 
6.X = 100 JUT! to create 
continuous modification. The 
laser beamS propagate along 
+X direction, and the sample 
tran lation direction i in + Y 
direction 

10llm • 

a 

1sllayer 

: * : ~ :::~19~m 
1101lm~101lm L --=~J 

-3.Smm 

Fig. 5 Schematic of multi-beam modification to .crea~e con~inuous 
volume phase grating by sti t hing filamentary mo(lifical1ons WIth off­
sets 6.X = 100 JUT! and hence 10 JUT! overlaps 
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Fig.6 Diffrn tion em i n y at the Bragg angles for fir t to third orders 
howing temporal behaviour 

order to T/m:u = 66% after one week for a grating thickness 
of 3.5 mm. Thi ugge ts that the material modi fie and re­
laxe after xpo ure due to the diffu ion of monomer MMA 
molecule, the mo t likely breakdown photo product, com­
bined with cro linking [3]. Even after 30 days, where first 
and third order ha e entially tabili ed, the econd order 
diffraction effici ncy i till changing. The inference i that 
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100um l00um 

b 

100um l00um 

d 

the t::.n modulation is altering both temporally and spatially 
as the MMA molecules diffuse out into the unexposed re­
gions between the grating lines. More stable structures may 
be expected at shorter pulselength 't = 100 fs in the NIR 
where multi-photon ionisation increases relative to impact 
ionisation or at shorter NUV wavelengths [1, 2]. 

Watanabe [7], while creating 3D directional couplers in 
PMMA using 1 kHz, 85 fs pulses at 800 nm, observed tem­
poral changes in waveguide cross sections, indicating that 
refractive index profile in the central region altered over a 
period of '" 20 minutes after irradiation, with the RI change 
t::.n going from negative to positive and reaching a maxi­
mum value of'" 4.6 x 10- 4 . 

The grating thickness parameter is given by Q = 2n)"'L / 

(nA 2), where L is the grating thickness and n = 1.49 is the 
refractive index of the bulk PMMA hence 6.3 < Q < 21.9 
(1 < L < 4 mm) so that gratings (Q > 10) are thick volume 
gratings [19], and hence should show a high angular selec­
tivity. 

The measured angular diffraction efficiency 11(8) at)... = 
532 nm (Coherent Verdi 2, M2 = 1.01) one week after ex­
posure is shown in Fig. 7 (L = 3.5 mm, first order) and 
Fig. 8 (1 SI-4

th orders). For measurements, the laser output 
was attenuated while substrates were attached to a mirror 
mount and translation stage mounted on a high-resolution 
rotation stage so that gratings could first be brought care­
fully to normal incidence. The peaks appear close to the cal­
culated Bragg angles 8B = arcsin(mA./2A) = 0.800 (m = 1, 
experimental Bragg angle 8B(exp) = 0.810), 1.600 (m = 2), 
2.41 0 (m = 3) and 3.210 (m = 4), where m is the order of 
diffraction. 

A silicon detector with power meter (Coherent LMlI 
Fieldmaster) was used to measure the transmitted power into 
each order. The curves were measured by placing the detec­
tor in turn at the location of each diffracted order and ro­
tating the grating from normal incidence. The symmetrical 
response is very satisfactory. The intensity drop measured 
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Fig. 8 Angular sele tivity of volume pha e grating (5 x 5 x 3.5 mrn) 
written by 16 beam u ing ymrnetric pattern at 775 nm, with 0.15 
NA objective, demon trating high electivity 

in the zero order i aJ 0 hown for compari on in Fig. 8, 
demon trating that coupling from zero order to any given 
order i highly elective. 

The mea ured fir t order angular Bragg envelope is 
hown in more detail in Fig. 7 (L = 3.5 mm) and compared 

with Kogelnik theory (2 wave, fir I order coupled wave 
analy i ) 120] u ed with thick holographic volume phase 
grating . First order theory giv an expected half width 
~8FWHM = /\ / L = 0.31° while the measured FWHM 

~8FWHM (eltp) = 0.47 ± 0.02°, a factor of 1.5 wider, how­
ever, the general curve with ide lobe i well reproduced. 
Holographic grating have a harmonic refractive index mod­
ulation All = ~no 0 (2rrz/ /\) while the index modulation 
profile here mu t be quite different from sinu oida!. 

The econd order, as e pected give higher re olution 
with ~(}FWHM (eltp) = 0.24 ± 0.01 0. The expected first or­
der diffraction rficien y can be e timated from 17±1 = 
in2(rrATloL/ Aco Bb) = in2¢ where Ano i the ampli­

tude of modulation and Bb i the first order Bragg angle 

[19]. A grapb of the measured diffraction efficiency of a se­
ries of gratings written under identical conditions with in­
creasing thickness is shown in Fig. 10 and compared with 
the expected sin2 ¢ function . Highest diffraction efficiency, 
17b = 75% is observed at 4 mm thickness. The fit is consis­
tent with a ~no = 4.6 x 10- 5, quite modest but not unex­
pected at the temporal pulselength of 170 fs at 775 nm. The 
high efficiency here has been achieved as a result of the uni­
formity and thickness of the gratings. 

Figure 9(a-g) shows a photographic image of the dif­
fracted spots when projected on a distant screen as the vol­
ume grating was rotated while Fig. 9(h-n) shows the mea­
sured intensity in a given order, normalised to scale. 

Using the technique demonstrated bere, the maximum 
spatial resolution will be limited by the filament widths, here 
measured to be "-' 4 I.lJTl so that a pitch below /\ < 8 I.lJTl 
(i.e. > 125 lines/rom) is unlikely with this material and 
geometry. We have diffracted up to 30 beams simultane­
ously, however, at a cost of intensity uniformity with the cal­
culated CGH's. While grating thicknesses (through stitching 
filaments) of up to 4 mm have been demonstrated (40 layers) 
a slight reduction in the filament length ("-' 10%) was ob­
served with thickness greater than 3.5 mm in PMMA. This 
factor may well limit the maximum thickness, uniformity 
and efficiency achievable using this technique. The devel­
opment of the first order efficiency over "-' 7 days infers a 
(~n/ At) ~ 0.66 X 1O- 5 /day. As pitch decreases, MMA dif­
fusion might well be restricted so that An contrast between 
expo ed and unexposed might drop so limiting the grating 
efficiency. More stable structures may be expected at shorter 
pulselength r = 100 fs in the NIR where multi-photon ion­
isation increases relative to impact ionisation or at shorter 
NUV wavelengths, [1, 2]. Accelerated development of the 
modulation might be achieved through thermal treatment of 
the polymer after exposure [21 ]. 

By re-calculating CGHs to offset the focal planes of par­
ticular spots, simultaneous parallel 3D writing at different 
depths using 16 (2 x 8) beams in a double layer and 15 
(3 x 5) beams in triple layer were demonstrated, as shown in 
the cross sections of Fig. II (a, b). At this stage, CGHs have 
not been optimised. 

4 Conclusions 

Highly parallel diffractive writing of uniform An struc­
tures in PMMA was demonstrated by combining 775 om, 1 
kHz, 170 fs pulses with an phase onJy SLM addressed with 
CGH's giving a throughput gain G = 16, a potentially use­
ful step in the high-speed production of 3D optical photonic 
components. The uniformity of filamentary modification 
is achieved by minimising diffractive intensity modulation 
through CGH optimisation while limiting filamentary mod­
ifications to "-' 110 f.Ulllengths at NA = 0.1, then carefully 
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Fig.9 (a-g) Compo ile image 
of Bragg diffraction at A = 532 
nm (a) +3rd to (g) -3rd order 
of the thick volume grating. 
(h- n) The relative inten ity of 
measured pea . Sa lc:ground 
scaller i low. Ole the fidel tty 
of coupling into given orders 
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Flg.10 Diffraction cfficiency of a cries of grating of varying thick­
ness and omparl on with first order theory, T} = in2 q, [19] 

overlapping axial filaments to produce a continuou modi­

fication. In addition , the a ymmetry due to pul e front tilt 
wa e liminated by in cribing in a ingle direction only. Con-
equently, thick, high-quality volume phase grating (5 x 5 

mm, 53 lin slmm) with up to 4 mm thickne and TJb = 75% 
fir t order diffraction effi iency have been produced at high 
speed. The me ured Bragg angular envelope is similar but 
wider by a factor of 1.5 hen compared to first order theory 

[20] while the diffraction efficiency with grating thickne s 
increase with the e peeted in2 4> function [19], consistent 
with a refractive inde modulation ~no = 4.6 x 10- 5. Tem­
poral change in refractive index are ob erved after mater­
ial in cription, probably related to the primary photoreaction 

product, mo tlikely monomer MMA which diffu e into the 
bulk over period of day to weeks ince monomer MMA i 
oluble in PMMA. Monomer pre ent in the bulk reduce the 

refractive inde there, whi le xpo ed region mayal 0 uffer 
from cro linking, increasing the refractive index [22]. 

imultan ou 3D modification at different depth within 

the bulk i al 0 demon trated here through the application 

of pha e re nel len e . Future work including long term 
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Fig. 11 Optical micrographs of 3D modified cross sections in PMMA 
written in parallel by (a) 16 (2 x 8) beams in double layer and (b) 15 
(3 x 5) beams in a triple layer 

volume grating stability test and further chemical analysis 
will be carried out. 
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hapter 6 UV multiple laser beam parallel writing of volume gratings 

expected f) = AIL = 0.4 0 for a inusoidal refractive index profile [160], while 

the second and third rder have () :::: 0.33 0 and 0.23 0 respectively. 

(b) 

(a) (c) 

Fig. 6.6-1: a) ntinuously m difi d cross-section created by overlapping 3 

layers each separat d b = 200 !lID along optic axis. (b) Cross-section of 18 

parallel b ams m difi ation of PMMA with At = 30 ~. (c) Front view of a 

grating with A2 = 15 !lID pitch. 
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Fig,6.6-2: tail d m ur ment fth Bragg diffraction efficiency of±l S
\ ±2nd 

and ±3rd ord r aft r d at 5 2 nm r adout wavelength. 
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