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Abstract The distinctive features of ultrafast lasers, such as the extremely high
peak intensity associated with their ultrashort pulse duration, enable the machining
of materials whose band gaps are larger than the photon energies of the laser due
to the nonlinear nature of photon absorption by matter. As a result, processing of
transparent materials at micro and nanoscale levels can be achieved using ultrafast
lasers, which is a matter of particular relevance in the fields of electronics, health-
care, photonics, and energy harvesting. By using ultrafast laser beams that possess
a standard Gaussian spatial profile, and by exploiting nonlinear light-matter interac-
tion confinement schemes, fabrication resolutions have declined to just a few tens
of nanometers on the surface, and a few hundreds of nanometers inside most trans-
parent materials. However, it is difficult to maintain such fabrication resolutions,
especially at nanoscale levels, when forming high aspect ratio (length over diame-
ter) structures inside transparent materials. This issue can be addressed using novel
focusing strategies and spatiotemporal beam shaping techniques. In this chapter,
we will begin by reviewing the basic concepts of, and experimental methodologies
related to, laser machining techniques. Then, machining strategies that have been
adopted to facilitate high fabrication resolutions and long fabrication lengths using
standardGaussian laser beams are discussed, alongwith other competent techniques,
thereby highlighting the underlying fundamental mechanisms and their applicabil-
ity for material processing such as for drilling and cutting. Furthermore, the impact
of spatiotemporal beam shaping on material processing is discussed, with a special
focus on applications of non-diffractive optical beams for fast and flexible material
processing. Finally, we provide a futuristic viewpoint on the potential for achieving
super-resolution, yet high-aspect-ratio, material fabrication.
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6.1 Introduction

Ultrafast lasers, defined as lasers with pulse durations shorter than a few picosec-
onds (ps), are excellent tools for transparent material processing. The ability of
such lasers to generate a high peak intensity squeezed into an ultrashort time win-
dow makes it possible for them to trigger nonlinear photon absorption processes
(described in detail in the following section), leading to optical breakdown of ideally
any material which is the basis of ultrafast laser machining technique [1–4]. Further-
more, as will be discussed below, when a laser pulse is focused with an adequate
amount of energy, nonlinear photon absorption can occur not only on the surface of
most transparent materials, but also inside them, at a very confined region near the
focal volume. This absorbed photon energy can induce a range of photo-chemical
and photo-physical processes such as cross-linking (polymerization), bond breaking
(refractive index alteration), and ablation (material removal in gas, liquid and solid
phase), over timescales ranging from femtoseconds to milliseconds. Likewise, mate-
rial processing down to the nanoscale, and (most importantly) in three-dimensional
(3D) space, can be realized using lasers, which has a great deal of relevance in
multiple fields including electronics, photonics, healthcare, and energy harvesting.
Since there have been numerous research efforts made to accelerate the field of laser-
assisted material processing in recent years, this chapter discusses some of the more
important approaches, while concentrating primarily on the processing of transparent
materials.

As mentioned above, the basic advantages of laser machining techniques lie with
their ability to produce localized material breakdown via optical means, thereby
causing modifications to material’s physical properties. From a fundamental view-
point, there are three generic aspects associated with ultrafast laser induced optical
breakdown of matter.

(i) The near-instantaneous transfer of energy from a laser pulse to the electronic
(sometimes referred to as electron-hole plasma) sub-systems of the material
via non-linear ionization mechanisms. Depending on the laser intensity level,
the nature of ionization mechanisms can be multi-photon (several photons
becoming absorbed simultaneously, thus promoting electrons from the valence
to the conduction band of the material), single-photon (conduction band elec-
trons becoming energized by directly absorbing single photons) and scattering
(conduction band electrons with energy levels exceeding the material bandgap
that can knock additional electrons from the valence band, thereby resulting
in an avalanche process). Although, the individual contributions of each ion-
ization mechanism are difficult to calculate (and are still a subject of debate),
multi-photon ionization is assumed to play an important role in cases involv-
ing dielectric materials possessing wide band gaps, with (ideally) no available
free electrons. Note that metals have vast amounts of free electrons and can be
energized on a single-photon basis. Additionally, narrow bandgap materials,
such as semiconductors, can undergo single photon absorption.
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(ii) Energy transfer from electronic sub-systems to the lattice via electron-phonon
scattering processes occurring on femtosecond to picosecond timescales,

(iii) Lattice re-organization and stabilization on timescales ranging from femtosec-
onds to microseconds. Quantitatively, in the case of dielectrics, when the laser
intensity exceeds the 1012 W/cm2 level, a laser induced free electron density
can be achieved in the range of 1018/cm3 to the critical density (i.e., nearly
1021/cm3), which has a strong potential to trigger lattice re-organization during
the relaxation cycle of excited matter. The material relaxation can take several
pathways [5–8], and can result in various types of material modifications [5,
9–11]. For example, the manifestation can be in the form of a surface crater via
ablation, an increased refractive index structure via molecular rearrangement,
or a decreased refractive index structure, such as a void formed via localized
explosion and stress relaxation inside most transparent materials. More sce-
narios that consider the experimental findings related to laser structuring are
discussed in later sections. In brief, the resultant material modifications depend
primarily on the laser assisted energy deposition dynamics. Specifically, the
amount of (and the rate at which) optical energy is deposited into or onto the
material.

Fromanexperimental viewpoint, the energydepositiondynamics for a givenmate-
rial are controlled via laser beam parameters such as the beam profile, pulse energy
and temporal duration, wavelength, polarization state, and focusing geometry. For
example, ultrashort laser pulses (those in the femtosecond (fs) to picosecond range)
that suppress thermal effects during ablation process, are useful for high-quality
material fabrication. In contrast, nanosecond laser pulses are suitable for material
processing based on melting and annealing. Laser wavelength is also critical for the
machining of biological materials. From an application viewpoint, single-laser-pulse
based material processing provides the best option in terms of throughput and fabri-
cation quality. However, since multiple laser pulses can also be employed, especially
when the single pulse energy is insufficient to trigger a material phase change, this
methodology can provide high-speed and economical material processing using cur-
rently available very high repetition rate (up to fewhundredMHz) ultrafast laserswith
nanojoule energy levels. In multiple-pulse-exposure cases involving pulse energies
of just a fewmicrojoules, the resultant material modifications are strongly dependent
on the laser polarization state. A spatially homogeneous laser beam profile (which
otherwise has a Gaussian profile in the radial direction), such as a flat-topped pro-
file, is also required for uniform energy deposition, especially for large area material
processing applications such as sintering, lithography, and pulsed laser deposition
[12].

6.2 Direct Fabrication Using Gaussian Laser Beams

This section first introduces Gaussian laser beam-based material processing tech-
niques aimed at the direct fabrication of micro and nanostructures, and then high-
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lights their underlying mechanisms and technical capabilities. Along with surface
and bulk processing facilitated by localized (point-like) energy deposition, elongated
structuring facilitated by aberration effects and nonlinear beam propagation dynam-
ics are also discussed. Nanoscale structuring techniques based on near-field optical
phenomena are then considered, after which a non-laser based (ion beam) machining
technique is reviewed to provide a useful comparison.

6.2.1 Standard Fabrication Approach

The methodology of standard laser machining techniques involves focusing a laser
beam through a lens (often a microscope objective lens) onto or into a material in
order to produce a local change in the physical properties of the treated material. An
altered material feature (such as a crater or index change) is mostly referred to as
a “structure” throughout this chapter. Figure 6.1a shows a schematic diagram of a
laser based surface structuring technique. Although the beam (ideal Gaussian pro-
file and wavelength λ) spot size (diameter) SG at the focal point of an objective lens
with a numerical aperture (NA) is SG �1.22 λ/(2 NA), the lateral dimension of the
machined structure often becomes smaller than the beam spot size due to the thresh-
old effect over the spatial distribution of the laser intensity. Additionally, various
researchers [13–15] have reported that machined structure sizes can be reduced to a
few tens of nanometers (which is much smaller than the irradiation wavelength and
diffraction spot size), clearly indicating non-linear energy deposition into the mate-
rial. For instance, Joglekar et al. [13] demonstrated nanoscale structuring of Corning
0211 glass using 600 fs laser pulses at wavelengths of both 527 and 1053 nm, which
were focused using an objective lens with an NA of 1.3. Figure 6.1b shows scanning
electronmicroscopy (SEM) images of nanostructures (size down to 30 nm)machined
on glass using a single 7.5 nJ energy laser pulse at a 527 nm wavelength. The lateral
size of the machined structure was also observed to be in the range from a few tens
of nanometers to a micron, as shown in Fig. 6.1c, where 1053 nm wavelength laser
pulses are employed. Here, the sub-wavelength scale structuring is attributed to the
nonlinear energy confinement mechanisms that lead to ablation events. Note that
ablation is a threshold-defined process. This implies that only the material region
within which the laser intensity exceeds the threshold value, i.e., 1012–1013 W/cm2,
gets ablated. Hence, the lateral size of the ablated zone that defines the surface
machining or fabrication resolution can be smaller than the diffraction limit. The
deterministic nature of the above-mentioned nanoscale structuring raised concerns
over widely accepted nonlinear ionization mechanisms such as multiphoton, tun-
neling, and avalanche ionization. Joglekar et al. [14] argued for a novel ionization
mechanism. Specifically, that Zener ionization could play a role at near-ablation
threshold intensity regime.

Although single-pulse structuring techniques involving ultrashortGaussian beams
have been very successful in producing high-quality nanoscale structures (i.e., with
almost no heat affected zone around the structure), the techniques suffer from poor
machining throughput. Additionally, scaling of structure dimensions (mainly lat-
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Fig. 6.1 Laser-based surface structuring technique: a Typical machining scheme showing a laser
pulse focused onto a material through an objective lens. b SEM images of single laser pulse (600
fs pulse duration, 527 nm wavelength, energy 7.5 nJ) induced structures on Corning 0211 glass
surface. c Variation of structure size as a function of laser energy in case of single pulse (600 fs
pulse duration, 1053 nm wavelength) excitation of glass [13]. Reproduced with permission from
the American Institute of Physics (AIP)

eral) is another issue in such machining schemes. A number of early experiments
exploited multiple pulse structuring in order to address the above-mentioned issues.
For example, multiple laser pulses (typically less than 103) at a repetition rate in
the kHz range were used to produce large structures on metals, semiconductors, and
dielectrics by invoking incubation effects [16, 17] assisted by laser induced defect
formation. By invoking heat accumulation effects [18–21], large numbers of laser
pulses (typically in the range of 103–107) at repetition rates in the kHz to MHz range
were also used to produce large (a few microns in diameter) structures, but primarily
inside transparent materials. Nevertheless, the machined structure in these cases is
always associated with an undesired surrounding heat affected zone.

Very recently, Kerse et al. [22] demonstrated a novel high-throughput ablation
concept using a multiple pulse structuring technique. The basis of this idea is to
eliminate the heat of the material generated by a laser pulse by removing any ablated
materials (debris) with the next pulse, before heat diffusion occurs. This implies that
machining with moderate energy pulses, which will eventually excite large volumes
of material per pulse (effectively, high ablation rate per pulse), can still be used to
process material without creating a heat affected zone, provided suitable pulse trains
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(i.e., at very high repetition rate in few hundred MHz range) are employed. This
technique is thus very useful for high-speed processing, especially for thermally
sensitive materials. Indeed, the authors have demonstrated virtually damage-free
ablation of brain tissue at a rate of 2 mm3 per minute using a 432 MHz intra-burst
repetition rate, 27 kHz burst repetition rate, and 16 μJ pulse energy.

In contrast to the laser based surface structuring technique, when laser beams are
focused inside any transparent material, as shown in Fig. 6.2a, a very localized mate-
rial phase change may be triggered depending on the excitation conditions defined
by the laser parameters and the focusing arrangement. The basic material excitation
mechanisms are essentially the same as those used in the case of a surface structuring
technique. However, the material relaxation scenarios are different. Nevertheless, the
resultant phase transformation can be in the form of either an increase or decrease
in the density or refractive index, with respect to the native values of the material.
This is the basis of a laser based bulk structuring technique. Since the light-matter
interaction zone can be flexibly placed anywhere within the material, the above
technique is applicable to numerous applications requiring structuring in 3D space.
For instance, Glezer et al. [23] demonstrated data storage applications by suitably
machining (using single 100 fs laser pulses focused through a 0.6 NA lens) void-
like structures as small as 0.008 μm3 inside several transparent materials including
glass, LiNbO3, and polymer, as shown in Fig. 6.2b. Based on the laser induced local-
ized material modification, especially the increased refractive index structure, direct
writing of waveguide structures has been demonstrated for emerging technologies
including quantum photonics [10, 24]. An illustrative image of waveguide writing is
shown in Fig. 6.2c, where either the sample or the focused laser beam can be contin-
uously translated along the desired direction within the material in order to realize
waveguides in 3D. A propagation loss down to 0.1 dB/cm has been achieved using
laser written waveguides in glass [25–28]. Similarly, localized increased refractive
index structures have also been exploited in the fabrication of optical components
including couplers and splitters [29, 30], volume Bragg gratings [31], diffractive
lenses [32], and waveguide lasers [33]. Note here that above-mentioned demonstra-
tions were based on point-like structures, and were facilitated primarily by either a
tight focusing geometry, or by using a low pulse energy close to the corresponding
material modification threshold value. Although the dimensions of bulk structures
can be down to sub-diffraction sizes, as in the above examples, the scalability of
such structures is questionable. For instance, if the laser pulse energy is increased,
an axially elongated structure with an almost non-uniform shape may be obtained
inside most transparent materials [34]. Such phenomena may be even more pro-
nounced when loose focusing geometries are involved. Figure 6.2d shows a typical
elongated microstructure with non-uniform index modification (negative and pos-
itive changes in the refractive index at the beginning and the end of the structure,
respectively) produced in glass using femtosecond laser pulses with loose focusing
(0.5NAobjective lens) geometry. This structure elongation ismainly attributed to the
involvement of non-linear propagation dynamics of Gaussian beams along with the
optical breakdown processes [35]. For instance,when operating at levels significantly
above the material breakdown (laser intensity dependent process) threshold regime,
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Fig. 6.2 Laser-based bulk structuring technique: a Typical machining scheme, showing laser pulse
focusing inside a transparent material through an objective lens. b Optical micrograph of single
pulse induced voids acting as data bits inside fused silica glass for data storage applications [23]. c
Illustration of laser writing of waveguide structures produced by traversing the sample continuously
during irradiation [25]. d Optical micrograph of a typical elongated structure inside glass produced
using high energy femtosecond laser pulses. The regions with positive and negative changes in
the refractive index of the structure are indicated as +�n and −�n, respectively [34]. Reproduced
with permission from The Optical Society of America (OSA), Laser Focus World, and American
Physical Society (APS)

the self-focusing phenomenon (laser power dependent process) may come into the
picture, but can be suppressed to some extent by using a tight focusing geometry
(such as by using an objective lens with an NA close to one). From a fundamental
viewpoint, such self-focusing concentrates light (like a positive lens) due to Kerr
effect, that results in plasmas (act like negative lens) that can defocus the beam. This
focusing-defocusing cycle continues over some beam propagation distance, produc-
ing a self-guided elongated plasma channel in a process referred to as filamentation.
Note that the spatio-temporal dynamics associated with the filamentation process is
very complex (difficult to control) and hence scalable material processing involving
such nonlinear laser beams is limited. Nevertheless, filamentation-based elongated
structuring of transparent materials can still be used for potential applications such
as deep drilling and cutting [35–40].

By exploiting the filamentation process in loose focusing geometries (using an
objective lens of 0.5 NA), and also in multiple pulse illumination schemes, Sudrie
et al. [31, 34] first successfully produced extended, but non-uniform, structures (up to
80 μm long and a few μm in diameter) in fused silica glass using femtosecond laser
pulses (160 fs pulse duration, 800 nm wavelength, and 7.8 MW power at 200 kHz
repetition rate). Ultraviolet (UV) filaments were also exploited to facilitate elon-
gated structuring of LiNbO3 [41] and fused silica [42]. Shah et al. [43] successfully
drilled straight hollow channels (≥1 mm long with aspect ratios up to10) in glass
in ambient air, and Varel et al. [44] drilled long microchannels in quartz in vacuum
conditions. Even in tight focusing conditions where a substantial reduction of non-
linear beam propagation effects is expected, femtosecond laser beams can undergo
filamentation process and can induce elongated, yet very narrow structures inside
transparent materials. For example, Kydryashov et al. [45] first reported fabricating
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Fig. 6.3 Gaussian laser beam based nanochannel formation in Corning 0211 glass using a single
femtosecond laser pulse (600 fs pulse duration, 1053 nm wavelength, and a fluence of 67 J/cm2).
Cross-sectional SEM images of structures machined on a reverse surface, and b front surface [15].
Reproduced with permission from OSA

1 μm long and 100 nm diameter hollow channel-like structures connecting to the
front surface of a sapphire specimen using a single femtosecond laser pulse (600 fs
pulse duration, 1053 nm wavelength, and nearly 2 W power). They also reported
similar observations inside glass. White et al. [46] produced nanochannels less than
500 nm in diameter and with lengths up to 12 μm connecting to the front surface
of fused silica glass materials using a single femtosecond laser pulse (200 fs pulse
duration, 800 nm wavelength, and nearly 1–3 μJ pulse energy), whereas Herbstman
et al. [15] demonstrated nanochannels between 150 and 240 nm in diameter with
lengths up to 8 μm on both the front and reverse surfaces of Corning 0211 glass
using a single femtosecond laser pulse (600 fs pulse duration, 1053 nm wavelength,
and fluence of 67 J/cm2), as shown in Fig. 6.3. It was also observed that the structure
quality depends on the focusing geometry. For instance, channels with parallel walls
were obtained in the case of reverse surface machining (see Fig. 6.3a), and tapered
channels were observed for front surface machining (see Fig. 6.3b).

From a fundamental viewpoint, several mechanisms were proposed behind the
formation of extended nanochannels in transparent materials using a single fem-
tosecond laser pulse. The first mechanism, proposed byKudryashov et al. [45], refers
to short wavelength Bremsstrahlung radiation from hot dense electron-ion plasma,
which can propagate and excite longitudinally beyond the skin depth (typically a few
tens of nanometers) inside the material. This can cause melting over a longitudinally
extended zone. During the relaxation phase, matter might have ruptured, thus leaving
behind an empty zone referred to as a channel, within the material. More realistic
mechanisms are based on filamentary propagation of Gaussian beams that cause
longitudinal extension of focal zones, and hence extended scale ablation resulting in
nanochannels, in the considered transparent materials. Spherical aberration (a linear
phenomenon) can also act towards extending the focal zone longitudinally. This is
because, compared to the central part of the normally considered Gaussian beams,
marginal rays with large incidence angles deviate more at the air-glass interface in
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the case of a tight focusing geometry. For example, Kanehira et al. [47] produced
structures that were nearly 200 μm long embedded with quasi-periodic nanovoids
380 nm in size, and with a pitch of 1.7μm, in a 900μm thick Borosilicate glass spec-
imen using 250 laser pulses of 10 μJ energy, whereas Sun et al. [48] and Song et al.
[49] reported having observed similar effects. Although the underlying physics are
yet to be discovered, Kanehira et al. attributed the mechanism of forming extended
structures to both self-focusing and spherical aberration. In addition, those authors
also presented some arguments in favor of standing electron plasma wave causing
periodic nanovoids. In short, the leading edge of a high intensity laser pulse can,
by itself, produce carrier plasmas inside glass that can interact with the trailing part
of the pulse, thereby forming an electron plasma wave. When this plasma wave
propagates into a region with a large plasma density gradient, it will be reflected
and interfere with the forward travelling wave, thereby creating a standing wave
pattern. As a result, the free carrier density distribution might be modulated, trigger-
ing periodic microexplosions and thus resulted into a periodic nanovoid structure.
To summarize, ultrafast Gaussian laser beams have been shown to be capable of
machining not only near-spherical (increased refractive index structures and voids),
but also elongated sub-micron diameter channel-like structures inside several trans-
parent materials including glass and sapphire on single-pulse and multiple-pulse
irradiation basis.

6.2.2 Near-Field Approach

It has been demonstrated that ultrafast lasers associated with far-field focusing
arrangements are capable of machining very fine structures down to few tens of
nanometers on or inside most technologically relevant materials, as discussed in the
previous section. In these cases, the spatial resolution of the machining is primarily
dictated by the beam focusing strategy (linear) in conjunction with the applicable
nonlinear light confinement processes. Meanwhile, several novel approaches based
on near-field optical phenomena have been demonstrated for nanoscale material pro-
cessing, but (so far) have been strictly limited to the surface of any samples. For
instance, tip-based machining approaches [50] combined with either atomic force
microscopy (AFM) [51] or near-field scanning optical microscopy (NSOM) [52],
have produced spatial machining resolutions down to 30 nm. Here, the strong light
localization near the tip causes a change in the thermo-mechanical properties of the
material, or even ablation at a very confined spatial scale under the tip. Since these
techniques rely on the near-field concept, the working distance is extremely short
(a few tens of nanometers). Therefore, an active feedback control system is often
employed to maintain the fixed distance between the sample and the tip, and hence
to obtain uniform material processing.

Micron size spherical particles (instead of tips) are also exploited for sub-
wavelength light localization, and show strong potential for use in fundamental and
technological applications including optical nano-sensing [53], nano-surgery [54,
55], and nanoscale material processing [55–60]. Light transmitting through a dielec-
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tric microsphere tends to emerge with a high intensity photon flux directly behind
the sphere. The birth of the high intensity jet-like beam lies with the fact that a
microsphere can be treated as a mesoscopic scattering particle for visible radiation,
which means it can scatter light strongly in the forward direction. This scattered
light then interferes with the transmitted light refracted through the sphere and pro-
duces a highly localized light wave known as “photonic jet”. The primary features of
photonic jets are as follows: (a) Strong transverse light localization maintained over
several wavelengths along the longitudinal direction. For instance, the jet diameter
can be as small as just a few hundred nanometers, and the jet length can be extended
up to a few micrometers. It has also been shown that the length scale of the photonic
jet can be improved further by using a multilayer dielectric microsphere [61, 62], a
micro-ellipsoid [63], a liquid filled hollow micro-cylinder [64], a hemispherical cell
[65], and a micro-axicon [66]. (b) The spatial distribution and intensity of a photonic
jet depend primarily on the sphere diameter and the refractive index contrast between
the sphere and its surrounding medium. Most importantly, the peak intensity of the
photonic jet can exceed the ablation threshold level for most technologically relevant
materials.

Fig. 6.4 Simulation results: photonic nanojets with a wavelength of 400 nm, produced by micro-
spheres with a refractive index of 1.59 at diameters of a 1, b 2, c 3.5, and d 8 μm [53]. Reproduced
with permission from OSA
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Figure 6.4 shows simulation results for a typical photonic jet, demonstrating its
spatial characteristics as a function of sphere diameter [53]. A linearly polarized light
wave (polarization direction is perpendicular to the sheet) with a 400 nm wavelength
is incident (along the z-direction) on spherical particles that have a refractive index
of 1.59 in the ambient environment. The smallest lateral size photonic jet (which
eventually dictates the machining spatial resolution), which has a full width at half
maximum (FWHM) of 130 nm, was obtained for a 1 μm diameter sphere, as seen
in Fig. 6.4a. The jet size increases with increasing sphere diameter. Nevertheless,
the possibilities of confining light below the diffraction limit and tuning the beam
profile as a function of sphere dimensions, have generated some research interest in
the field of nanoscale material processing.

For example, Lu et al. [56] initially reported Si nanostructuring using laser
(pulse durations ranging from 150 fs to 23 ns and wavelengths ranging from
248 nm to 800 nm) irradiation through microspheres. Huang et al. [59] demon-
strated nanocraters on Ni film using the same technique, whereas Zhou et al. [60]
reported nanoscale crater formation on a glass surface. In this last case, a monolayer
of 1 μm diameter silica spheres was first deposited on a glass surface, after which a
laser pulse (800 nm, 100 fs) was focused (spot size of 5.4 μm) on the microspheres.
This resulted in nanocraters just below the spheres.

SEM image of craters and an AFM line profile of a typical crater are shown in
Fig. 6.5a, b, respectively. The lateral size (200–400 nm) of the craters were also
observed to be linearly scaled with the laser fluence, as illustrated in Fig. 6.5c. These
results clearly present novel opportunities for rapid, large-area, and nanoscale mate-

Fig. 6.5 a SEM images of photonic nanojet assisted nanocraters on glass surfaces. The laser pulses
(wavelength of 800 nm, pulse duration of 100 fs, and fluence of 35 J/cm2) pass through a monolayer
of 1 μm-diameter silica spheres to form surface craters. b AFM cross-sectional line profile of a
typical crater shown above. c Evolution of average crater diameter with respect to the laser fluence
[60]. Reproduced with permission from AIP
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rial processing. However, the above technique provides little freedom for designing
and emplacing the nanostructures, as these elements are primarily dictated by the
methods used to deposit the spheres on the relevant materials. To overcome this
drawback, McLeod et al. [67] proposed a technique based on an optical trap [68,
69] that holds the microsphere in an aqueous environment. More specifically, zero-
order Bessel beams [70, 71] were employed to trap a polystyrene microsphere near
the substrate (to be machined), by suitably balancing the scattering force imposed
on the sphere by the beam with the counter forces, such as electrostatic repulsion
between the sphere and the substrate. The microsphere was therefore self-positioned
(without any help of feedback system) at a distance of about 50 nm from the sub-
strate. In this way, the authors demonstrated direct writing of individual as well as
continuous structures with lateral sizes down to 100 nm on polyamide films. The
self-positioning mechanism also facilitates machining of non-uniform surfaces, and
the technique also has the potential to be used for parallel writing using adaptive
optics [71–74] such as by trapping several spheres at the same time, followed by
laser illumination for nanoprocessing.

6.2.3 Alternative Technology to Laser Machining: Focused
Ion Beam (FIB) Machining

With its state of the art fabrication capability down to 10 nm, the focused ion beam
based nanofabrication technique [74–77] is mostly utilized for the fabrication (pri-
marily on surface) of plasmonic components, X-ray optics, photonic crystal fabri-
cation, and other such applications where high fabrication resolution and accuracy
are important. However, laser machining has the potential to beat the FIB tech-
nique in two areas. First, in terms of fabrication resolution, Joglekar et al. [13] have
already demonstrated surface craters with sizes down to 30 nm. Since this precision
comes from the strength of nonlinear light-matter interactions, it can be predicted
that with recently discovered ultrashort laser pulses (such as few cycle laser pulses)
and spatiotemporal engineering concepts [78], the fabrication resolution can be fur-
ther reduced to just a few nanometers in the future. Second, in terms of fabrication
depth, the laser (normally considered Gaussian spatial profile) machining technique
is already on a par with the FIB technique. For instance, FIB can only machine a
few microns deep inside some technologically relevant materials, such as TiO2, as
shown in Fig. 6.6 [75].

The figure shows an SEM cross-sectional image of a typical photonic crystal,
which consists of an array of 50 nm diameter nanochannels with an aspect ratio
of 10, machined using FIB fabrication, for visible light manipulation. In contrast,
machining of channels that are just a few tens of nanometers wide and up to 10 μm
long has been demonstrated in glass using Gaussian laser beams. Furthermore, there
is a significant increase in fabrication depth [up to a millimeter (mm)] when using
zero-order Bessel laser beams, which will be discussed in the final section of this
chapter. Note that even though the recent machining demonstration using the FIB
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Fig. 6.6 FIB fabrication results: SEM cross-sectional image of a 3D photonic crystal in TiO2
produced using FIB. The photonic crystal consists of an array of nanochannels (FIB fabricated) of
diameter of 50 nm, and an aspect ratio of 10 [75]. Reproduced with permission from OSA

technique represents the current state of the art, the fabricated structures still cannot be
integrated completely in the volume. In contrast, it can be foreseen that a fabrication
technique involving a laser beam in ambient air (instead of the vacuum environment
required for FIB) will emerge in the future, and the final section of this chapter
on laser machining using non-diffractive beams provides a potential pathway to the
realization of this goal.

6.3 Hybrid Approach

Direct fabrication techniques involving ultrafast Gaussian laser beams can achieve
super-resolution structures, but the scalability of the structure diameter is question-
able, as discussed in the previous section. In particular, since the direct fabrication
of large diameter (more than few microns) structures (especially hollow-like) is
extremely difficult, hybrid material processing approaches, such as those discussed
below, have been developed. The first hybrid approach relates to single-step process-
ing i.e. laser ablation of materials that are essentially transparent to incident light, in
the presence of an aqueous environment in order to facilitate removal of ablated parti-
cles. The second approach relates to two- and three-step processing i.e. laser induced
material modification followed by chemical etching and as-needed heat treatment.
The underlying mechanisms and technical capabilities of such techniques are also
discussed below.
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6.3.1 Single-Step Processing: Laser Machining in Suitable
Environment

Laser machining of transparent materials in the presence of a suitable environment
using the multiple laser pulse irradiation scheme has been shown to be very effective
for fabricating hollow channels, without any need of post-fabrication processes. Long
straight microchannels were machined in transparent materials such as quartz in a
vacuum environment, which facilitated the removal of ablatedmaterials [44]. The use
of a liquid environment (which is in contact with the machining surface) offers more
flexible microchannel fabrication in terms of length and shapes. Different liquids
such as water, methanol, ethanol, and isopropanol were evaluated for this process,
eventually leading to the conclusion that low viscosity fluids are better candidates
for hybrid machining techniques [79]. Water assisted machining techniques have
been shown to have great potential for producing arbitrarily shaped hollow channels
in transparent materials. The methodology of the machining technique shown in
Fig. 6.7a, can be understood as follows: a femtosecond laser pulse is first focused
(through thematerial) at the reverse surface of a transparentmaterial placed in contact
withwater, after which the laser focal point can be translated inside thematerial along
the chosen trajectory in order to obtain arbitrarily shaped 3D hollow channels.

For example, Li et al. [80], the inventors of the water-assisted machining tech-
nique, successfully fabricated 4 μm diameter microchannels with aspect ratios of
up to 50 in silica glass at an effective sample translation speed of 0.3 μm/s using
an objective lens of 0.55 NA. Figure 6.7b shows an optical micrograph of a typical
continuous square-shaped hollow microstructure machined in this way. Using a sim-
ilar technique and focusing geometry, Iga et al. [81] drilled straight 2-μm-diameter
microchannels with aspect ratios of up to 325. Later, Hwang et al. [79] enhanced this
method by adding ultrasonic wave agitation in order to machine straight and curved
3D channels with diameters on the order of tens of microns (see Fig. 6.7c, d), and
aspect ratios of around 40 in glass at a translation speed of up to 30 μm/s using an
objective lens of 0.42 NA. In addition, Ke et al. [82] successfully fabricated very
long channels (>200 μm) of very small diameter (<700 nm) and aspect ratios of up
to 1000.

Although technical exploitation of the liquid assisted machining technique has
been very successful, the underlying physical mechanisms involving laser induced
plasma generation, bubble generation and expansion, and the generation and expan-
sion of shock/pressure waves are very complex, and not yet fully understood. How-
ever, the essential physics of this technique can be elucidated as follows: the laser
pulse focused on the reverse surface of the sample in contact with a liquid can trigger
an optical breakdownof the sample, thereby causingmatter ablation. Simultaneously,
part of the laser pulse energy can also be absorbed by the liquid such as water. This
causes rapid heating (typically at the rate of 1010 K/s [82]) and water vaporization,
thereby creating bubbles inside the water. Such bubbles create a liquid flow, assisted
by the thermal convection processes, that carries away the debris. This process is
followed by the immediate inflow of the surrounding water into the ablation site. As
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Fig. 6.7 Water-assisted micromachining results in glass: a Scheme of laser machining in liquid
environment [82], b optical micrograph of a continuous, square-shaped hollowmicrostructure fabri-
cated in glass using this machining technique [80]. Optical micrographs of microchannels machined
without (c) and with (d) the assistance of ultrasonic waves [79]. Reproduced with permission from
The American Chemical Society (ACS), OSA, and Springer

the laser focal point moves inside the sample to illuminate the fresh ablation site,
the “sample ablation-bubble generation—bubble and debris evacuation” processes
continue. Gradually, a hollow channel shaped structure appears.

In a broader sense, the large number of bubbles generated and their fast entrain-
ment through the channels leads to rapid debris evacuation inside the channels. This
necessitates the proper selection of laser parameters and liquids for the machining
of high quality channels. The rate of bubble expansion and collapse needs to be bal-
ancedwith the laser repetition rate, which has been normally limited to a range of just
a few kHz, while remembering that the bubble lifetime in such ablation conditions
is in the order of a millisecond. Thus, any minor fluctuation in laser energy would
lead to different bubble dynamics that would interrupt the channel evolution process.
In addition, laser focal point scanning has to be maintained precisely at the ablation
site (which moves with each pulse) in order to avoid channel clogging. Note here
that the water flow inside micron and sub-micron size channels, which is essential
for realizing long channels, is assisted by capillary forces that impose no obvious
limitations on long hollow structure machining.
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6.3.2 Multi-step Processing: Laser Irradiation, Followed
by Chemical Etching and Heat Treatment

As discussed in the previous section, processing of transparent materials in a single-
step, such as by using water-assisted machining technique, is useful for obtaining
long, arbitrary shapes and hollow structures with lateral sizes down to few hundred
nanometers. However, since the structure/channel wall quality is observed to be poor,
reservations exist regarding their usage in technological applications.Multi-step pro-
cessing techniques based on photo-physical or photo-chemical reactions and selec-
tive chemical etching are often considered as ways to tackle the above-mentioned
issue [83, 84]. The methodology of such multi-step processing technique can be
understood as follows: femtosecond laser pulses (tens of nanojoules to a few micro-
joules of pulse energy at high repetition rates, typically in the kHz to MHz range)
are first focused at a certain position inside the material, after which the focal point
is scanned along a pre-designed path in order to induce soft material modifications.
Note that the laser irradiation path must connect at least one of the sample surfaces.
After laser irradiation, the sample is placed inside a chemical compound mixture
consisting of hydrofluoric and sulfuric acids in order to etch out the laser modified
material. Depending on the molar concentration of the acids used, the etching time
may vary from a few minutes to a few hours. One of the advantage associated with
this technique lieswith the use of very low (by at least one order ofmagnitude) energy
pulses compared to the single-step, ablation-based machining methods. Marcinke-
vicius et al. [85] fabricated an H-shaped 3D structure of interconnected 12 μm wide
hollow channels with arbitrary angles of interconnection inside silica glass using
this technique. Combining focal spot engineering with a two-step machining tech-
nique, Cheng et al. [86] varied the beam focal depth to machine hollow channels
with arbitrary cross-sections in glass.

With an aim towards enhancing the potential of such two-step processing tech-
niques, special photosensitive materials, such as Foturan glass, are being considered
for technological applications. For such glasses, the etching rate of the laser-exposed
region is significantly enhanced compared to the unirradiated region. However, the
processing technique requires multiple steps. After laser irradiation along the desired
path, the photosensitive material is annealed (up to few hundred centigrade), after
which the sample can be treated with chemicals to etch out the laser-modified region.
Following this approach, Masuda et al. [87] and Sugioka et al. [88] fabricated a
microfluidic device based on Foturan glass that contains a movable plate inside the
channels for controlling the flow direction of certain reagents, as shown in Fig. 6.8.

However, there are several undesired effects that are associated with above-
mentioned multi-step processing techniques. These include (i) Channel tapering:
since the exit point of a laser modified zone is more exposed to chemical etching
than the interior parts, tapering (longitudinally) occurs in the resultant channels. The
tapering effect is stronger as the laser modified zone decreases in lateral size (below
a few tens of microns). Nevertheless, this effect can be neglected when fabricat-
ing channels that are just a few hundred microns in diameter, as are often used for
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Fig. 6.8 Microstructures fabricated inside photosensitive glass using multi-step processing tech-
niques. A microfluidic device prototype with a freely movable microplate that can switch the flow
direction of reagents is shown. The movable plate inside the glass was realized by laser structuring
followed by heat treatment and chemical etching. a By infusing compressed air from the left open-
ing of the top part, the microplate moves to the right side. b As compressed air is infused from the
right opening of the top part, the microplate moves to the left side [88]. Reproduced with permission
from Springer

lab-on-a-chip or bio-chemical applications [86, 88]. A novel possibility for over-
coming the tapering effect was explored by Chaitanya et al. [89]. In this technique,
the laser modification pattern was designed like double cones facing each other so
that after the chemical etching treatment, the resultant channel becomes cylindri-
cally shaped. (ii) Complex integration: chemical etching processes that rely on the
chemical selectivity of the laser modified material do not differentiate well between
soft material modification (basis of waveguide structure) and strong material modifi-
cation. Therefore, simultaneously writing both waveguides and hollow channels for
opto-fluidic applications is very challenging. In fact, when integrating microfluidics
with optical waveguides, the waveguides are always written after the fabrication of
the microfluidic components.

6.4 Non-diffractive Approach for Flexible Fabrication

The contemporary approach to material processing involves fabrication using optical
beams that do not diffract while propagating from one point to the other, and which
can attain both super-resolution (lateral sizes down to 100 nm) as well as longitu-
dinally extended length scales (up to 1 mm). Being propagation invariant solutions



166 M. K. Bhuyan and K. Sugioka

of Helmholtz equation, non-diffractive optical beams such as Bessel beams [70, 71]
and Airy beams [89–92] have been advocated as potential candidates for advanced
material processing. Such beams can ideally overcome diffraction and hence require
an infinite amount of energy, which obviously means these beams cannot be realized
in practice. However, quasi-diffraction free beams have been experimentally gen-
erated that retain their inherent beam characteristics (i.e., non-diffractive and self-
reconstruction behavior [93, 94]) over limited propagation distance. Such beams are
now being used in numerous applications in fields such as nonlinear optics [94–100],
plasma physics [101, 102], material processing [103, 104], optical trapping [69, 105,
106], microscopy [107, 108], and atom guiding [109, 110]. From an application
viewpoint, physical parameters such as the central lobe size and the corresponding
intensity (specifically, the highest among all the surrounded lobes) of non-diffractive
beams, are of the utmost importance. In this section, we focus primarily on the
application of quasi-non-diffractive beams for fast and flexible material processing.

6.4.1 Zero-Order Bessel Beams

Durnin et al. [70] first studied solutions of Helmholtz equation and found Bessel type
solutions that have electric field structures independent of the propagation distance.
In a cylindrical coordinate system, the electric field structure of such a wave can be
described as

E(r, Φ, z) � E0 Jn(krr)e
ikz ze± i n Φ,

where E0 is a constant, r, F and z are the radial, azimuthal, and longitudinal axes,
respectively, k is the wave vector relating its radial component, kr � k sin θ , and
the longitudinal component, kz � k cos θ , Jn is the nth order Bessel function of the
first kind, and θ is the half-angle of the cone containing all the wave vectors (more
explanation of this parameter is given in the following paragraph) that superimpose
to form Bessel beams. When n �0, the above equation is reduced to

E(r, z) � E0 J0(krr) exp(i kzz),

which defines the field structure of zero-order Bessel beams. Therefore, its cor-
responding intensity is proportional to J 2

0 (krr), clearly indicating concentric ring
patterns with a central bright spot. Importantly, the central spot of this Bessel beam,
which is equivalent to the focal spot of a Gaussian beam, does not diffract over the
beam propagation distance. This unique property has made the beam of particular
interest for high-aspect-ratio micro and nanostructuring applications.

For the generation of zero-order Bessel beams, several methods have been pro-
posed using passive components such as annular disk [70], axicon lens [110–113],
static hologram [114] and dynamically reconfigurable hologram generated via spa-
tial light modulator (SLM) [114–119]. Among these methods, a generation approach
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Fig. 6.9 Zero-order Bessel
beam characteristics and
generation method: a Peak
intensity variation along the
longitudinal direction
corresponding to Gaussian
and BG beams that have
central spot sizes of 1.8 μm.
b Experimental arrangement
for axicon lens-based Bessel
beam generation along with
a magnification system
comprising two lenses (L1
and L2) and a spatial filter to
produce high-quality and
high cone angle zero-order
Bessel beams

based on an axicon lens (a cone-shaped optical element) has attracted significant
amounts of attention due to its ability to produce high throughput (nearly 100%)
beam transformation (from Gaussian to Bessel beams) in an economical manner.
In contrast, diffraction-based optical elements, such as SLM, suffer from typically
below 50% beam transformation efficiency. When collimated monochromatic Gaus-
sian laser beams with flat phase front are incident normally on an axicon with nax
refractive index and α wedge angle (sometimes referred to as base angle), the beams
deviate towards the main axis (along the beam propagation direction) with an angle
θ ′ and overlap. This produces an interference effect that can be characterized as
zero-order Bessel beams (sometimes referred to as Bessel-Gauss (BG) beams) of
conical half-angle θ ′. With pure geometrical optics considerations, Snell’s law at the
inclined face of an axicon gives rise to the following expression:

θ ′ � arcsin(nax sin α) − α.

A quantitative comparison of the on-axis (central axis) intensities of Gaussian and
BG beams with identical 1.8 μm spot sizes is shown in Fig. 6.9a. As evident from
the figure, the longitudinal distance (non-diffracting length) for BG beams is nearly
one order of magnitude longer than that for Gaussian beams. The mathematical
description of BG beams generated by an axicon lens is usually based on Fresnel
diffraction integral evaluated under stationary phase approximations [120]. The on-
axis intensity I(z) of BG beams thus produced at a distance z from the beam onset
point (the axicon tip) can be expressed as follows [121]:

I (z) � 8π P0z sin2 θ ′/λ0w
2
0 . exp

[
−2

(
z sin θ ′/w0

)2]
,
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whereP0 is the peak power of the laser beam incident on the axicon, λ0 andw0 are the
wavelength and waist of the incident laser beam, respectively, and θ ′ is the conical
half-angle of the experimentally generated BG beams. Note here that, compared to
the BG beams in air, the conical half-angle θ ′ of BG beams in glass is reduced by
a factor of n, the refractive index of glass, whereas the non-diffracting length ZB

gets lengthened by a factor of n. Interestingly, the size of the central core of BG
beams does not change while propagating linearly in glass. However, according to
Polesana et al. [122], the core size becomes reduced in cases involving the nonlinear
propagation of Bessel beams in Kerr media.

From a technical viewpoint, although the use of an axicon has been observed to
be very efficient for generating BG beams, the alignment of the illuminating beam
over the axicon is very critical. Any off-axis and oblique-axis axicon illumination
can easily aberrate the generated BG beams, thereby resulting in a checkerboard
type pattern instead of a central spot with concentric rings. Additionally, typical axi-
con manufacturing defects, such as oblate tips, often modulate the on-axis intensity
profile of BG beams. Of course, a methodology based on Fourier filtering can be
adopted to obtain near-ideal BG beams. Another important issue, especially within
the framework of Bessel beam-based material processing (which typically requires
high-angle BG beams [121, 123]) concerns the direct applicability of an axicon lens
alone. In fact, large base angle axicon lens are not suitable (and often commercially
unavailable) for high cone angle BG beam generation due to large scale aberrations
and pulse broadening effects that result from the large thickness of the axicon lens
itself. Therefore, telescopic systems are normally employed in association with an
axicon lens to produce BG beams of micron and sub-micron central core sizes, which
eventually determines the fabrication resolution. A typical axicon lens based Bessel
beam generation scheme is depicted in Fig. 6.9b, where a telescope consisting of
lens L1 (of focal length f 1) and lens L2 (of focal length f 2) with a de-magnification
factor of f 2/f 1 is employed. For example, when α �0.5°, nax �1.45, f 1 �1 m, and
f 2 �20 mm, a BG beam of conical half-angle θ �12° can be obtained in air, with
its onset position lying at the focal plane of the objective lens, L2. A spatial filtering
arrangement [124] at the focal plane of lens L1 followed by the axicon lens was also
employed to produce near-ideal BG beams. The spatial filter is mainly composed of
a stopper that blocks undesired wave vectors lying inside the ring and an aperture
that blocks undesired wave vectors lying outside the ring. This arrangement only
allows passage of the wave vectors passing through the stopper-aperture based annu-
lus region, and thereby ensures near-ideal BG beams at the focal plane of lens L2.
Interestingly, recently, Dudutis et al. [125] discovered an application of modulated
BG beams (i.e., with no spatial filtering) generated by an imperfect axicon lens, for
initiating preferential cracks, leading to cutting of transparent materials.

Surface processing:

Exploiting their inherent properties, zero-order BG beams are shown to be useful for
large-area, nanoscale surface processing. For the sake of comparison, a smaller spot
(sub-micron size is needed for better fabrication resolution) can be obtained using a
tight focusing geometry in the case of Gaussian beams. However, tight focusing of
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Gaussian beams also results in shrinking the corresponding longitudinal depth to a
few microns. Now, when laser processing over a large area (~cm2) is required, main-
taining a fixed distance between the sample and the laser focal point is a tedious job
that would normally require an adaptive positioning control system, thereby adding
complexity and expense to the manufacturing process. However, BG beams offer
potential solutions to this problem. In ablation-threshold regime, the light-matter
interaction zone involving primarily the BG central core can be defined and posi-
tioned with respect to the material to be processed in a more efficient way compared
to comparable Gaussian beams. Note that the central core size of a BG beam is a
function of its cone angle (a high cone angle corresponds to a small core size), while
the longitudinal depth (non-diffracting length) of a BG beam is a function of the
beam apodization (a large input beam size corresponds to a large depth of focus).
Most importantly, since both the central core and the longitudinal depth of focus are
essentially decoupled from each other, they can be independently controlled, which
is an unusual characteristic when compared to Gaussian beams. These unique char-
acteristics remove the stringent criteria of sample-beam positioning that is normally
required for large-area processing.

Courvoisier et al. [126] demonstrated that the size and morphology of the struc-
tures machined on a glass surface using high cone angle Bessel beams (θ~24°) do
not vary much over long distances (up to a few tens of microns), and Sahin et al.
[127] successfully machined slits (see Fig. 6.10a) with widths down to 125 nm on
a 25 nm thick gold film over glass using femtosecond BG beams (θ~20°). They
also reported a prominent plasmonic resonance effect at wavelengths around 900 nm
when using nanoslit arrays with 860 nm periodicity, as shown in Fig. 6.10b.

To summarize, large-area surface processing, especially of opaque materials in
the ablation threshold regime, can be very productive when using high cone angle BG
beams. While this has opened a potential route to machining plasmonic, metasurface
structures, such a technique would face scaling restraints in terms of the machined

Fig. 6.10 a SEM image of nanoslits machined on 25 nm thick gold coated over glass using zero-
order BG beam. The darker regions of the image are ablated stripes. The corresponding plasmonic
response is shown in (b), depicting the transverse magnetic transmission spectra corresponding to
four nanoslit arrays with periodicities of 550, 640, 860 and 980 nm cases [127]. Reproduced with
permission from AIP
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Fig. 6.11 SEM surface profile images of a hole drilled into a 20 μm thick stainless steel sheet
using a BG beam (100 pulses of 20 J/cm2 fluence). a Front surface profile, and b rear surface profile
[128]. Reproduced with permission from Springer

structure size. For instance, when high energy Bessel pulses are employed in order
to obtain large structures, a signature mark of concentric ring-shaped structures is
obtained, as shown in Fig. 6.11. In fact, these results (as depicted in Fig. 6.11)
represent one of the earliest studies byMatsuoka et al. [128] on BG beammachining.
SEM surface profile images of a hole drilled into a 20 μm thick stainless steel sheet
using a BG beam (100 pulses of 20 J/cm2 fluence) clearly show that ring patterns
are only visible on the front surface of the material. This is because material ablation
occurs over the whole region exposed by several outer rings of BG beams, exceeding
the ablation threshold fluence. Nevertheless, this ring (instead of point) structure is,
in general, an undesired effect that can degrade the quality of high-density structures.

He et al. [129] proposed a technique based on tailored BG beams to address
the issue of supplementary, yet unwanted, ring-type surface structuring. The beam
tailoring technique followed by the authors was primarily based on the Bessel beam
generation method of Durnin [70] using an annulus ring coupled with a lens. In the
present case, a binary phase (0− π ) plate consisting of numerous concentric annular
zones was used to replicate the function of annulus rings. Each annular zone creates
a BG beam of a certain cone angle that causes all the generated BG beams (by several
annular zones) to lie together and interfere at the same point, which is defined by
the axicon lens. The key to this technique lies with the phase tuning of individual
annular zones that achieves constructive interference only at the Bessel central core
positions and destructive interference in the region of outer lobes of all the generated
BG beams. This permits a BG beam with a super-intense central core and highly
suppressed outer lobes to be generated. When employed for material processing,
such a beam can be expected to produce high-quality structures.

He et al. [129] produced such tailored BG beams using a custom designed phase
plate for processing of Si using 65 fs laser pulses at a wavelength of 1.5μm (to which
Si is transparent) at a 1 kHz repetition rate. Longitudinal cross-sectional images of
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Fig. 6.12 Spatial characteristics of conventional and tailored BG beams. Longitudinal cross-
sectional profiles for conventional (a) and tailored (b) BG beams are shown. The radial inten-
sity profiles corresponding to conventional (c) and tailored (d) BG beams are also shown [129].
Reproduced with permission from Nature Publishing Group (NPG)

both conventional and tailored BG beams are shown in Fig. 6.12a, b. The radial peak
intensity profile for the beams, as shown in Fig. 6.12c, d, clearly indicate that the side-
lobe intensity for the tailored BG beam is suppressed to merely 0.6% compared to
15.6% for the conventionalBGbeam.Note that in both cases, the central core sizewas
6μm. The potential use of beam tailoring for themachining of near-parallel channels
in 50–100 μm thick Si, with no unwanted features around the channel opening, was
demonstrated using a multiple pulse irradiation scheme (limited to a few hundred
laser pulses per channel), as shown in Fig. 6.13a–f. From a quantitative view point,
the Gaussian beams produced tapered vias/channels with front surface diameters of
20 μm and aspect ratios of less than 3, as can be seen from the SEM cross-sectional
image of the channel shown in Fig. 6.13a. The conventional BG beams produced
5 μm diameter near taper-free vias with aspect ratios around 10 (see Fig. 6.13b).
However, the applications of such vias are limited due to undesired surface damage
caused by the characteristic concentric lobes of BG beams. In contrast, tailored BG
beams produced a clean structure (with no additional damage) with characteristics
similar to that of a conventional BG beam (see Fig. 6.13c). Figure 6.13d–f show
the SEM cross-sectional, front, and rear surface 2D array images of through holes
produced in 100 μm thick Si substrates by tailored BG beams.

Volume processing:

The potential application of zero-order BG beams to the machining of sub-micron
scale surface features is clearly evident from the earlier paragraphs. Here, we discuss
how BG beams are useful for controlled volume fabrication. In the context of BG
beam volume interactions with transparent materials such as glass, it is important to
note here that (analogous to Gaussian beams), BG beams also suffer from nonlinear
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Fig. 6.13 Experimental results for through Si hole fabrication using laser beamswith several spatial
profiles. SEM cross-sectional profiles of through holes drilled in a 50 μm thick Si substrate using a
Gaussian, b conventional BG, and c tailored BG beams are shown. d–f SEM cross-sectional, front,
and rear surface images of two-dimensional (2D) array of through holes produced in 100 μm thick
Si substrates by the tailored BG beam, respectively. The scale bars in the insets of e and f are 5 μm
[129]. Reproduced with permission from NPG

effects, including the Kerr effect and the plasma defocusing effect, while they are
propagating in the medium. Yet, it has been observed that BG beams are more robust
to nonlinear distortion than Gaussian beams over a broad range of experimental con-
ditions [97, 123]. Nevertheless, three different Bessel beam propagation regimes in
Kerr media have been observed: weakly nonlinear Bessel filamentation, unsteady
Bessel filamentation, and steady Bessel filamentation [97]. The most important case
in the context of material processing refers to steady Bessel filamentation, where
an extended plasma column of near-uniform density can be achieved, and where a
significant level of energy absorption may occur inside the medium, especially when
the plasma number density is above 1018/cm3. Experimentally, such a regime can be
achieved in a certain parametric window of laser energy, pulse duration, and Bessel
cone angle. In a broader sense, high cone angle BG beams normally produce high
electron densities (close to the corresponding critical density) and therefore cause a
higher level of energy deposition inside the medium, when compared to low cone
angle BG beams. In a medium such as glass, even with low-level excitation (employ-
ing a low cone angle BG beam), soft material modification (in terms of positive
changes in the refractive index) can be obtained, as reported byMarcinkevicius et al.
[130], who were the first to demonstrate wave-guiding with low loss and birefrin-
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gence effects in BG beam induced structures in glass. However, structure size and
uniformity could not be maintained when the laser energy increased. In fact, one
such (multiple pulse irradiation regime) case led to periodic damage structures, as
observed by Gaizauskas et al. [98], who attributed BG beam induced structures to
an unsteady Bessel filamentation process. Bhuyan et al. [131] also observed similar
behavior when machining glass using femtosecond BG beams (θ �7°).

In brief, low cone angle BG beams normally induce a soft positive refractive index
change (~10−4–10−3), even though the structure size is not scalable solely on the
basis of laser pulse energy. A typical example of femtosecond (60 fs) laser-driven
positive index structures in fused silica glass using single pulse and multiple pulse
(100 pulses at 1 kHz repetition rate) irradiation schemes is shown in Fig. 6.14a, b.
A novel approach to single pulse machining involving low cone angle BG beams
and exploiting the temporal engineering concept [78] demonstrated by Bhuyan et al.
[132] provides additional control over the structural characteristics of material mod-
ification. Figure 6.14c shows a phase contrast microscopy (PCM) image of a single
picosecond (4.7 ps) pulse induced negative index structure, such as a void inside fused
silica glass. The impact of pulse duration (from 60 fs to 5.7 ps) on material process-
ing was therefore studied and a gradual change in refractive index from positive to
negative is clearly evident from the PCM images of single pulse induced structures
in glass using BG beams (θ �8.3°, pulse energy of 4.1 μJ), as shown in Fig. 6.15a.
A longitudinal cross-sectional profile of the BG beam is also shown in the top of this
figure. A parametric window in the energy-pulse duration framework is shown in
Fig. 6.15b. Here, the highlighted regions correspond to structures that show unique
morphology. For instance, Regimes 1, 2, 3 and 4 represents positive index modified
structures, uniform negative index modified structures (such as voids), fragmented
negative (soft) index modified structures, and fragmented negative (strong) index
modified structures, respectively.

A few important points should bemadewhenBGbeams interact with a condensed
transparent medium such as glass, thereby resulting in a permanent material modifi-
cation. First, BG beams are more robust to Kerr nonlinearities than Gaussian beams.
For instance, it has been shown that the “self-focusing effects” that play a decisive
role (obstructive) in energy deposition inside the medium (which dictates the type
of material modification) can be substantially suppressed using high cone angle BG
beams, and over a wide variety of energetic conditions, primarily due to the conical
nature of the energy flow. In contrast, control of high-energy Gaussian beams is very
challenging. Second, when femtosecond and picosecond BG beam are compared,
the latter is more stable in the presence of nonlinearity of the medium. This is mainly
because the plasma defocusing effect is substantially suppressed due to delayed ion-
ization mechanisms triggered by the picosecond laser beam. The leading part of the
femtosecond laser pulse can swiftly generate free carriers in the medium, which have
the potential to scatter the remainder of the pulse. However, generally speaking, a
picosecond laser pulse of the same energy produces a smaller number of carriers
at the leading edge of the pulse due to its low peak intensity (in comparison to a
femtosecond pulse), so a low carrier scattering effect can be observed. Additionally,
the avalanche effect is more pronounced in the case of picosecond BG beams, which
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Fig. 6.14 Phase contrast microscopy (PCM) images of BG beam (θ �8.3°) induced high aspect
ratio structures at two different pulse durations. a Single pulse based Type-I positive refractive
index structure machined using 1.7 μJ pulse energy and 60 fs. b Multiple pulse (pulse number, N
�100) based smooth Type-I refractive index structure machined using 1 μJ, 60 fs. c Single pulse
based Type-II uniform void structure machined using 7 μJ, 4.7 ps. Typical SEM cross-sectional
profiles for the fabricated structures at picosecond pulse durations demonstrating submicron lateral
confinement are also shown (inset) [133]. Reproduced with permission from Wiley

Fig. 6.15 BG beam based bulk structuring results: a Pulse duration dependent morphological
characteristics of single pulse induced long structures in fused silica glass, showing the gradual
evolution from positive to negative refractive index changed structures, b energetic conditions in
the framework of pulse energy and temporal duration for the machining of structures with different
morphologies [132]. Reproduced with permission from AIP

ultimately boosts the carrier number density. This is the reason why, compared with
their femtosecond counterparts, picosecond laser pulses are generally more efficient
in terms of energy deposition inside a medium.

Indeed, through numerical simulation studies, Bhuyan et al. [132] demonstrated
that energy deposition approximately an order of magnitude higher can be obtained
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inside glass when it is excited by a picosecond (such as 4.7 ps) BG beam with a
conical half-angle of 8.3° and a pulse energy of 4.1 μJ, instead of a femtosecond
(such as 60 fs)BGbeam.Nevertheless, these results pertaining to the nonlinearBessel
beam propagation dynamics in glass indicate the achievement of a high deposited
energy density (a few kJ/cm3, sufficient to trigger a phase change of material) only
in the picosecond case. As an extreme case, the temporal engineering concept was
applied to a loose focusing geometry, and remarkably long voids with lengths of up
to 1 mm and diameters of down to 100 nmwere obtained on single-pulse basis, using
zero-order BG beams with a conical half-angle of 4.2° (in glass), 1 ps pulse duration,
and an energy of just a few microjoules [133].

In brief, void-like structures with potential applications in the field of photonics
and fluidics can be realized using BG beams of low andmoderate conical half-angles
(θ <nearly 10°) only when a temporal engineering concept (that produces ps pulses)
is employed. However, Bhuyan et al. [121] were the first to demonstrate that a single
femtosecond BG laser pulse in a tight focusing geometry can drastically alter the
material properties, and thus produce voids inside transparent materials. This tech-
nique has been explored for different transparent materials such as borosilicate glass
[121, 134], fused silica glass [132], sapphire [135], polymers [135–138] and others.
Figure 6.16a shows an SEMcross-sectional image of a 21μm long and 300 nmdiam-
eter nanochannel in borosilicate glass that was machined using a single femtosecond
BG pulse (θ �17° in glass) of 0.85 μJ energy. The channel characteristics have also
been observed to be scalable [121]. For instance, the region of thematerial overwhich
the BG central core intensity exceeds approximately 1012−13 W/cm2 [2] primarily
dictates the channel length. This implies that higher is the pulse energy, longer is the
channel length, until reaching a saturation value. In contrast, the channel diameter
estimation is difficult as the underlying mechanism (which is still being debated) is
not yet fully understood. Nevertheless, Bhuyan et al. [121] experimentally obtained
a near-linear scaling of channel diameter with respect to the laser pulse energy. One
of the important features of single-pulse BG beam machining is that by keeping
the pulse energy fixed, the channel length can be varied straightforwardly, without
affecting the channel diameter, simply by suitably placing the BG beam within the
medium. Note that this unique feature of de-coupling channel length-diameter is not
possible with Gaussian beam machining due to its complex and unpredictable beam
propagation dynamics.

From a technological viewpoint, BG beam induced extended nanochannels are
suitable for numerous applications. For instance, the deep drilling (up to amillimeter)
capability of BG beams is unique and far exceeds other state-of-the-art techniques
[74–77]. Bhuyan et al. [132] demonstrated water flow through BG beam induced
nanochannels in fused silica glass, thereby opening novel possibilities for design-
ing nanoscale devices, such as by injecting suitable nanoparticles inside channels.
With an aim towards replicating the design of a photonic crystal, Bhuyan et al. [121]
demonstrated a 2D nanochannel array comprised of machined channels (230 nm in
diameter and a few tens of microns long), as shown in Fig. 6.16b. The other applica-
tion that BG beam machining technology aims at is high throughput slicing and/or
cutting of thick transparent materials. The methodology of such cutting technique is
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Fig. 6.16 BG beam (θ �17°) based nanostructuring results. a SEM cross-sectional image of a
typical nanochannel produced in Corning 0211 glass using a single Bessel pulse of 0.85 μJ energy,
and b SEM cross-sectional image of a nanochannel array obtained using almost the samemachining
conditions [121]. Reproduced with permission from AIP

as follows: (a) Choose the laser energy needed to machine a uniform channel-like
structure (although strong non-uniform material modification can be used if com-
promised with the cut surface quality) inside the material using a single laser pulse.
Although the length of the channel is not especially critical, the best cutting results are
obtained in cases where the channels extend over the sample thickness (especially for
inhomogeneous materials such as tempered glass [139]). (b) Optimize the distance
between consecutive channels (pitch), which depends on the channel morphology
and the lateral dimensions. The pitch values used for cutting experiments thus far
are reported to lie between 0.5 and 10 μm. (c) Select the effective number of laser
pulses per spot. Ideally, the best case would be achieved using a single laser pulse
per spot. However, if single pulse induced material modification is not sufficiently
strong, multiple laser pulses per spot will be required. (d) Apply mechanical pressure
on either side of the plane containing channel-like structures to achieve cutting of
the material.

Several research efforts [138–141] have been made in this direction. For instance,
Tsai et al. [140] first exploited femtosecond (120 fs) zero-order BG beams (2 μm
core diameter) to realize cutting of 100 μm thick fused silica glass (homogeneous
along the sample thickness) at a speed of 1 μm/s (laser repetition rate of 1 kHz, and
a pitch of 1 μm), whereas Bhuyan et al. [139] demonstrated cutting of homogenous
glass and inhomogeneous tempered glass with thicknesses of up to 1 mm, at a speed
up to 270 mm/s (laser repetition rate of 60 kHz), using picosecond BG beams with
2.5 μm core diameter. Those authors also reported that pitch is an important factor
for high-quality cutting, as shown in Fig. 6.17a. For instance, an optimum pitch of
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Fig. 6.17 Experimental results of BG beam-based cutting of transparent materials. a Sample crack
evaluation with respect to the pitch, i.e., distance between consecutive BG beam induced material
modifications inside a 700μm thick tempered glass, b typical cut surface of a tempered glass [139].
c SEM cross-sectional image of a cut surface of sapphire sample machined with a pitch of 25 μm
[141]. Reproduced with permission from Springer and OSA

2±0.5 μm was observed for sample cleaving with minimum surface damage. Rapp
et al. [141] also demonstrated sapphire plate cutting using a zero-order BG beam
with an exceptionally high pitch (25 μm), as illustrated in Fig. 6.17c. The possibility
of cutting with a large pitch was facilitated by preferential crack propagation along
the crystal orientation axis. In short, the deep drilling capability of BG beams can
be highly beneficial for high-speed cutting of thick materials, irrespective of sample
homogeneity along the sample thickness direction.

To better understand and control material processing using BG beams, it is neces-
sary to study the dynamics of material modification. First, since it was clarified that
nanoscale yet extended material modifications could be obtained either completely
inside the material or with a structure opening on the sample surfaces, the question
of whether the dynamics of material modification in each separate case are the same
requires consideration. Second, since various structural modification types, such as
positive and negative refractive index changes, can be obtained using BG beams with
the same focusing geometry and the same pulse energy, but different pulse durations,
this again opens up the question of whether the dynamics of both structure types are
the same, or if they follow the same route. Although the exact mechanism is yet to
be clarified, a number of mechanisms have been proposed based on the experimental
findings obtained thus far. The ultrafast dynamics of extended structures machined
in glass using zero-order BG beams were first revealed by Velpula et al. [133, 142]
using time-resolved optical microscopy techniques. In these experiments, the optical
transmission mode was employed to study the behavior of laser induced plasmas,
i.e., free carriers inside glass through their scattering and/or absorption natures. PCM
mode was employed to track the relative phase change of the excited matrix. The
carrier density was then estimated from the absorption characteristics of the excited
regions at a fixed time delay with respect to the laser excitation, based on the Drude
model [6, 133, 142]. Ideally, laser-excited matter dynamics would be independent of
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Fig. 6.18 Ultrafast dynamics of fused silica glass excited by BG beams: a variation of peak carrier
density with respect to the delay time in cases of material modification with both increased (Type-I)
and decreased (Type-II) refractive indices [133], b schematic illustration of exciton and intrinsic
defect energy levels in SiO2 [6]. Reproduced with permission from Wiley and Springer

the spatial profiles (such as Gaussian, Bessel) of the incident laser beam. However,
given the advantage of extended scale matter excitation, which makes the visualiza-
tion of transient features clearer, the study of matter excited with BG beams is more
appealing.

The carrier dynamics corresponding to increased (Type-I) and decreased (Type-
II) refractive index structures machined using 8.3° BG beams in fused silica glass,
as shown in Fig. 6.18a, are observed to be different from each other. For the Type-I
structure, which can be obtained primarily using a single femtosecond BG pulse, the
carrier number density swiftly increases, reaching a maximum value that is about
an order of magnitude less than the critical value in vacuum (Ncr �1.74×1021/cm3

for 800 nm light), and decreases to almost zero within a few picoseconds after laser
excitation. This behavior is often associated with carrier trapping (lifetime of 150 fs
in SiO2 matrix [6]).

The carriers trapped in their own deformed matrix then result in self-trapped
exciton formation. Such excitons are very transient (see Fig. 6.18b), and upon relax-
ation decay into electronic defects known as E′ centers and non-bridging oxygen-
hole center (NBOHC). Earlier reports on Gaussian beam excited glass dynamics
have revealed that NBOHC defects form smaller Si-O rings, and hence create a
compact matrix. Therefore, increased refractive index structures are believed to be
formed via electronic defects. In contrast, for the Type-II structure, which can be
obtained primarily using a single picosecond BG pulse, the carrier number density
increased to a near-critical value and remained almost constant until 17.5 ns, without
showing any observable carrier trapping signature. Earlier reports [132, 133] have
clarified, through numerical simulations, that the temperature rise in this case can
indeed be close to (or above) the fused silica matrix softening point, which is about
1000 °C. Therefore, at such high temperatures, carrier trapping is not expected. For
these machining conditions, the pressure waves [133, 143] can be visualized fol-
lowing 1 ns of laser excitation, thereby indicating the existence of high-level matter
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excitation, which can lead to a high temperature and pressure state. As a result, a
micro-explosion may occur over the excited zone, compressing the material along
the outward direction and leaving behind a rarified zone at the excitation epicen-
ter. The existence of a high temperature and pressure state was also argued based
on the fact that molten material can be obtained at the exit opening of such Type
II structures (channels/voids) when they are machined in an appropriate way (see
inset to Fig. 6.14c). It was then argued that the hot excited matter must have been
ejected from the bulk and deposited around the channel. Therefore, the decreased
refractive index structures are believed to be formed due to the high temperature and
pressure driven thermo-mechanical expansion of glass. Very recently, Bhuyan et al.
[144] reported that the timescale of emergence of such void-like structures (resulting
from stress relaxation) can be up to a few hundred nanoseconds, which is other-
wise believed to be on the ultrafast timescale [7]. However, more advanced imaging
and microscopy tools will be required in order to examine the unique light-matter
interaction processes involving non-diffracting zero-order BG beams.

6.4.2 Vortex Beams

Optical vortex beams with zero intensity at the center, and concentric high inten-
sity lobes, have attracted significant attention in fields such as nonlinear optics and
plasma physics [102, 144–151], optical tweezers [105, 152], and material processing
[151, 152–157]. Femtosecond optical vortices have been generated using spiral phase
plates [157–161], holograms [151, 155], and uniaxial birefringent crystals [153,
162]. Interestingly, however, when such high-intensity femtosecond vortex beams
are employed for surface processing, an unusual light-matter interaction geometry
is facilitated, resulting in the creation of a dense plasma zone in a toroidal region
of the material. As a result, ablation within the ring (down to micrometer size) may
occur even when using a single laser pulse. Hnatovsky et al. [153] first exploited such
a concept and machined highly reproducible microstructures on glass, as shown in
Fig. 6.19a, b. One of the more striking observations from that figure is that, upon
increasing the laser pulse energy, deep cavities started to form at the center of the
annulus ring-type structure. This was attributed to shock wave (moving towards the
ring center) driven material compression and ejection. This technique can be poten-
tially useful for the direct fabrication of isolated nanoparticles of different materials.

Non-diffractive higher-order Bessel beams (Jm), consisting of concentric cylin-
drical regions with gradual diminishing intensity from the inner to outer regions, and
Laguerre-Gaussian beams, are also representative of the vortex beam class, and have
been exploited for material processing. Like zero-order Bessel beams, ideal higher-
order Bessel beams also require infinite levels of energy. However, finite-energy
versions of such higher-order Bessel beams can be realized using Gaussian beams
passing through a spiral phase plate followed by an axicon lens, or a spatial light
modulator masked with a suitable phase. In any case, the vortex charge or helicity
(integer values) determines the size of the intense inner ring of the corresponding
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Fig. 6.19 Vortex beam-based surface structuring results: a, b single pulse ablation of soda-lime
glass with double-charge femtosecond vortex pulses using a focusing lens of 0.9 NA [153], c,
d micro- and nano-disks machined on graphene using higher-order Bessel beams in multi-pulse
exposure scheme [154], e, f nano-disks machined on gold film using femtosecond laser first-order
Bessel beams [156]. Reproduced with permission of OSA and AIP

Bessel beam. This opens up the novel possibility of designing a light-matter interac-
tion geometry in the form of a cylinder with an arbitrary radius. For instance, using
femtosecond laser vortex beams, Wetzel et al. [154] fabricated micro- and nano-
disks with sizes as small as 650 nm on some of the most technologically demanding
materials available, such as graphene, with clear boundaries confirmed via Raman
spectroscopy (see Fig. 6.19c, d). Similarly, Sahin et al. [156] fabricated nano-disks
as small as 200 nm on a gold thin film using a femtosecond first-order Bessel beam,
as shown in Fig. 6.19e. They also pointed out that concentric rings formed around
the central intense ring may produce unwanted structures for higher laser fluences
(see Fig. 6.19f).

Vortex beams such as higher-order Bessel beams with an extended depth of focus
have also been demonstrated for volume fabrication (i.e., internal material modi-
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fication) [151, 157]. The underlying process in such cases is almost the same as
that for a zero-order Bessel beam. For instance, the nonlinear propagation stability
(in the presence of nonlinearity of the medium and multiphoton loss) of first-order
Bessel beams [147–150] in a Kerr medium such as glass, is obviously an impor-
tant factor for uniform energy deposition inside the medium. This is mainly because
the multiphoton absorption loss in the high-intensity regions (innermost cylinder)
is readily compensated for by the inward energy flow associated with the conical
nature of first-order Bessel beams. Similar to the case for zero-order Bessel beams,
several researchers [149, 150] have discovered parametric windows that provide sta-
bility criteria for nonlinear first-order Bessel beams. Apart from parameters such
as the laser pulse energy and the pulse duration, the stability of Bessel beams is
extremely sensitive to the cone angle. In other words, higher is the cone angle, better
is the nonlinear stability of Bessel beams. For instance, since self-phase modulation
and four-wave mixing effects modify the spatial spectrum, modulations to the axial
intensity distribution (primarily on the inner cylinder of first-order Bessel beams) are
very dominant in the case of low cone angle Bessel beams. Generally speaking, axial
intensitymodulation results in non-uniformity of the processed structure. In addition,
the maximum intensity, and hence the plasma density in the cylindrical (innermost)
region of higher order Bessel beams, can be obtained with a lower vortex charge
value (smaller inner cylinder diameter).

Therefore, for material processing applications, an optimum balance between the
vortex charge and the cone angle for higher-order Bessel beams is highly important,
depending on the material to be processed and the type of structure to be obtained.
For instance, Bessel beams that have cone angles (in glass) larger than 5° can trigger
peak electron densities of more than 1019 cm−3, thus facilitating sufficient energy
deposition to induce a permanentmaterial modification, as shown in Fig. 6.20a [151].
Xie et al. [151] first exploited vortex Bessel beams (higher order) for volume fabrica-
tion of Corning glass and obtained a tube-like refractive index modified structure for
potential waveguide applications, as illustrated in Fig. 6.20b. A single pulse (35 μJ
energy and 1 ps temporal duration) was shown to be capable of machining a 150 μm
long cylindrical positive index modified zone with a 5 μm diameter using J3 vor-
tex beams. The refractive index change was estimated to be around 10−4 from the
light (633 nm) guiding experiments (see Fig. 6.20d for the guided mode profile).
Figure 6.20e schematically shows the directions of inwardly and outwardly propa-
gating cylindrical matter waves generated by the tubular plasma. These are shock,
pressure, and heat waves. Jedrkiewcz et al. [157] demonstrated cylindrical refrac-
tive index modifications (wall thickness and diameter of approximately 1 and 8 μm,
respectively) in 100μm thick BK7 glass using a J8 vortex beam (37μJ pulse energy,
1 ps temporal duration) with a conical half-angle of 11° (in the medium). Note that
a hollow structure fabricated by a single vortex pulse can also be fabricated using a
hollow Gaussian beam in a multi-pulse illumination regime with continuous sample
translation. However, vortex beams clearly show superiority in terms of fabrication
speed and structural uniformity.
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Fig. 6.20 Vortex beam (J3 beam, θ �6.8°) based micro-structuring results. a Electron density
distribution inside 150 μm thick glass excited with 5 μJ pulse energy, obtained by numerical
simulations. bOpticalmicrograph (longitudinal view) of a typical tubular structuremachined (35μJ
pulse energy, 1 ps pulse duration) in glass on single-shot basis. c Transverse section of the damage
observed under identical machining conditions, but using 20 μJ pulse energy. d Image of near-field
output guided light in the structure shown in (c), at an input wavelength of 632 nm. e Schematic
view of the propagation direction of mechanical and thermal waves expanding outward and inward
(arrows) from the excited tubular sheet volume (circle) [151]. Reproduced with permission from
NPG

6.4.3 Curved Beams

An ideal Airy beam, discovered by Berry et al. [90], is basically a solution of the
paraxial wave propagation equation, which is non-diffractive in nature. Similar to
zero-order Bessel beams, such beams also possess a central intense spot, and prop-
agate over an infinite distance with no diffraction, and uniquely along a parabolic
(i.e., curved) trajectory. Like other non-diffractive beams, Airy beams also exhibit
self-reconstruction characteristics [94]. Notably, Airy beams require an infinite level
of energy in order to manifest their diffraction-free propagation characteristics in
free space. Siviloglou et al. [91] first derived a finite energy Airy beam solution by
modulating an ideal Airy beam with an exponential decay function. In this case, the
field in the ζ�0 plane is assumed to have form ofψ (s, ζ �0)�Ai(s) exp(as), where
Ai denotes the Airy function, and a is a real positive constant. s�x/x0 and ζ � z/kx20
are the dimensionless transverse and longitudinal coordinates respectively, x0 is the
spatial spot size and k � 2π/λ0 is the wavenumber of the optical wave. Upon
substituting this initial field (ζ �0 plane) profile in the 2D paraxial envelope equa-
tion (i∂ζψ + 1/2∂2sψ � 0), one can obtain the generalized Airy-Exponential field
solution as follows:
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Fig. 6.21 Airy beam-based cutting results: Longitudinal (a) and transverse (b) cross-sectional
images of a typical airy beam generated using a spatial light modulator. Cross-sectional SEM
images of cut surfaces of (c) diamond and (d) Si [170]. Reproduced with permission from AIP
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Froman experimental viewpoint, finite energy (usually by beamapodization)Airy
beams can be generated using a phase mask [100, 163, 164], SLM [164–167], or an
optically induced refractive index gradient [168]. Airy beams with central lobe sizes
down to the sub-micron scale, which are useful in many important applications, have
been generated [99, 100, 106, 108, 169]. These applications include flexible material
processing [165, 170, 171], where the existence of stable nonlinear Airy beams is
beneficial [172, 173]. Note here that the size (da, FWHM) of the central lobe of the
Airy beams can be related to the curvature radius over which the beam bends, as da
�1.63 [R/2k2]1/3, where R is the trajectory curvature radius [166]. This implies that
the higher the curvature radius, the lower the Airy central lobe size. Figure 6.21a,
b show typical longitudinal and transverse cross-sectional images of experimentally
generated (via SLM) Airy beams with an arc-shaped (curvature radius of 120 μm)
central lobe size of 2 μm extended longitudinally over several tens of microns, as
reported by Mathis et al. [170].

When such a beam is used for bulk structuring of materials, the intense curved
central lobe is expected to ablate and/ormodify thematerial in away similar to Bessel
beams, but along a curved line if operating in the above-ablation threshold regime.
This unique curved machining feature of Airy beams has been exploited for cutting
or dicing of technologically important materials such as diamond and Si by following
the same methodology used for Bessel beams and filamentation based cutting [36,
139, 140]. For instance, using a pulsed laser source with 800 nm wavelength, 100 fs
pulse duration, and 11 μJ pulse energy, Mathis et al. [170] demonstrated cutting
(laser material modification followed by cleaving) of 50 μm thick diamond slides
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with cut surface circular profile radius of 70 μm by suitably machining individual
curved structures (pitch of 0.3 μm) along a certain direction, as shown in Fig. 6.21c.
Using parameters similar to those described above, except with a pitch of 0.5 μm,
the same authors also demonstrated cutting 100 μm thick Si (see Fig. 6.21d for
a cross-sectional SEM image of the cut surface) with cut surface circular profile
radius of 120 μm. Note that the above cutting demonstrations were realized using
a two-pass configuration (effectively, two laser pulses at each spot). Airy beams
thus provide an additional degree of control along with mechanical sample rotation
or beam steering that can be used to obtain round-cornered, thick materials with
curved surface profiles. Besides cutting, curved trench machining using Airy beams
was also demonstrated by the same authors [171]. One of the striking observations
that they made was the asymmetric debris distribution (present only one side of
trench) around the trench, which can be of technological importance in situations
where sample cleaning is critical after processing. This unique debris distribution
was attributed to the asymmetric intensity profile, as shown in Fig. 6.21a, b.

6.5 Conclusions

In the 30 years since the first ultrafast laser processing experiments were demon-
strated by Srinivasan et al. [174] andKüper et al. [175] in 1987, research into this field
has become increasingly more active. This is because, due to distinct features such as
ultrashort pulse width and extremely high peak intensity, ultrafast lasers offer novel
schemes for processing materials that are not accessible using other types of lasers.
In particular, the clean ablation ability of ultrafast lasers and their associated multi-
photon absorption processes surprised numerous researchers, and opened a new door
for high-quality processing of transparent materials [176]. Breakthroughs in terms
of internal modification or volume fabrication of transparent materials, such as glass,
further accelerated the growth of this field [10, 11, 23]. It was also demonstrated that
the multiphoton absorption processes in the near-threshold ablation regime can even
lead to fabrication resolution down to a few tens of nanometers, which is far beyond
the diffraction limit [13, 14]. Therefore, material fabrication at micro and nanoscale
levels is currently one of the major activities in the field of ultrafast laser processing,
and has numerous potential applications in the fields of electronics, healthcare, pho-
tonics, and energy harvesting. One of the most successful commercial applications
of the ultrafast laser processing of transparent materials is scribing and dicing very
thin and hard glass in order to produce high-quality edges, flexible geometry, and
crack-free components for use in the mass production of displays for cell phones and
tablet computers. Meanwhile, from the viewpoint of recent fundamental research,
attention is being focused on nanoprocessing based on the nonlinear light confine-
ment processes in order to produce structures of lateral sizes down to few nanometers.
Near-field optical phenomena can also be used to improve the fabrication resolution.
Further challenges lie in facilitating the deep machining of transparent materials
while maintaining micro and nanoscale lateral sizes (high aspect ratio machining).
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Non-diffractive optical beams represented by zero-order Bessel beams possessing
a long (along the longitudinal direction), narrow and intense region, have become
promising tools for high aspect ratio material processing. For example, voids with
lengths up to a millimeter and diameters down to 100 nm have been fabricated inside
fused silica glass on a single-pulse basis using temporally engineered zero-order
Bessel beams [133]. Other non-diffractive optical beams, such as vortex and Airy
beams, enable us to imprint new types of structures that cannot be achieved by other
techniques. For example, the former can produce tube-like structures, while the latter
can produce longitudinally curved structures.

Ultrafast laser processing is already used for commercial and industrial applica-
tions, and this trend is expected to be further accelerated because of the distinct advan-
tages ultrafast laser processing has over conventional laser processing or other exist-
ing competing techniques. To this end, current research activities are not only focus-
ing on developing advanced processing techniques, but are also aimed at elucidating
the detailed mechanisms of ultrafast laser-matter interactions. It is now believed
that spatiotemporal beam shaping, including the generation of non-diffractive opti-
cal beams, will be one of the key technologies driving future improvements to the
fabrication resolution, quality, and efficiency of ultrafast laser based manufacturing.
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