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Femtosecond laser micromachining in

transparent materials

Femtosecond laser micromachining can be used either to remove materials or to change a material’s

properties, and can be applied to both absorptive and transparent substances. Over the past

decade, this technique has been used in a broad range of applications, from waveguide fabrication to

cell ablation. This review describes the physical mechanisms and the main experimental parameters

involved in the femtosecond laser micromachining of transparent materials, and important emerging

applications of the technology.
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Femtosecond laser micromachining was first demonstrated in
1994, when a femtosecond laser was used to ablate micrometre-
sized features on silica and silver surfaces™”. In less than ten
years the resolution of surface ablation has improved to enable
nanometre-scale precision®. Several review articles are available on
femtosecond lasers™, nonlinear processes’’, optical breakdown”?,
surface micromachining'®"' and the history of femtosecond laser
micromachining. In this review we shall focus on the femtosecond
micromachining of bulk transparent materials — that is, materials
that do not have any linear absorption at the wavelength of the
femtosecond laser — for the fabrication of photonic devices, as well
as other applications.

There are unique advantages in favour of femtosecond laser
micromachining of transparent materials over other photonic-device
fabrication techniques. First, the nonlinear nature of the absorption
confines any induced changes to the focal volume. This spatial
confinement, combined with laser-beam scanning or sample
translation, makes it possible to micromachine geometrically complex
structures in three dimensions. Second, the absorption process is
independent of the material, enabling optical devices to be fabricated
in compound substrates of different materials. Third, femtosecond
laser micromachining can be used for the fabrication of an ‘optical
motherboard, where all interconnects are fabricated separately,
before (or even after) bonding several photonic devices to a single
transparent substrate.

PHYSICAL MECHANISMS FOR FEMTOSECOND | ASER MICROMACHINING

Femtosecond laser micromachining results from laser-induced
optical breakdown (Box 1), a process by which optical energy
is transferred to the material, ionizing a large number of
electrons that, in turn, transfer energy to the lattice. As a result
of the irradiation, the material can undergo a phase or structural
modification, leaving behind a localized permanent change in the
refractive index or even a void.
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The absorption oflight in a transparent material must be nonlinear
because there are no allowed electronic transitions at the energy of
the incident photon”". For such nonlinear absorption to occur, the
electric-field strength in the laser pulse must be approximately equal to
the electric field that binds the valence electrons in the atoms — of the
order of 10° V. m™!, corresponding to alaser intensity of 5 x 10 W m?
(ref. 9). To achieve such electric-field strengths with a laser pulse, high
intensities and tight focusing are required. For example, a 1-yJ, 100-fs
laser pulse must be focused to a 200-um? area. The tight focusing and
the nonlinear nature of the absorption make it possible to confine the
absorption to the focal volume inside the bulk of the material without
causing absorption at the surface, yielding micromachined volumes
as small as 0.008 pm? (ref. 14).

During irradiation, the laser pulse transfers energy to the electrons
through nonlinear ionization'>'®. For pulse durations greater than
10 fs, the nonlinearly excited electrons are further excited through
phonon-mediated linear absorption, until they acquire enough kinetic
energy to excite other bound electrons — a process called avalanche
ionization. When the density of excited electrons reaches about
10* m™, the electrons behave as a plasma with a natural frequency
that is resonant with the laser — leading to reflection and absorption
of the remaining pulse energy'>".

Figure 1 shows the timescales for a number of relevant physical
processes involved in femtosecond laser micromachining. Part of the
optical energyabsorbed by the electronsis transferred to thelattice over
a picosecond timescale. Within a couple of nanoseconds, a pressure
or a shock wave separates from the dense, hot focal volume's'*%.
On the microsecond timescale, the thermal energy diffuses out of
the focal volume. At a sufficiently high energy these processes cause
melting or non-thermal ionic motion and leave behind permanent
structural changes?'.

Understanding the different timescales involved in converting
the laser pulse energy into a structural change provides an insight
into why ultrashort laser pulses are well suited for micromachining
applications. Laser-induced damage has been studied since the early
days of the laser'?, but damage caused by femtosecond laser pulses is
fundamentally different from damage caused by laser pulses with a
duration greater than one picosecond. For pulses of subpicosecond
duration, the timescale over which the electrons are excited is
smaller than the electron-phonon scattering time (about 1 ps).
Thus, a femtosecond laser pulse ends before the electrons thermally
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excite any ions. Heat diffusion outside the focal area is minimized,
increasing the precision of the method??. Additionally, femtosecond
laser processing is a deterministic process because no defect electrons
are needed to seed the absorption process; enough seed electrons
are generated through nonlinear ionization from the first tens of
femtoseconds of the pulse'®. The confinement and repeatability of
the nonlinear excitation make it possible to use the femtosecond-
laser-induced damage for practical purposes.

BULK DAMAGE AND EXPERIMENTAL PARAMETERS

Ifthe energy transfer from the laser pulse was caused solely by nonlinear
ionization, the intensity required to induce a permanent change would
depend nonlinearly on the bandgap of the irradiated material. The
probability of light being absorbed in a material that has a bandgap
energy equivalent to N photons through nonlinear absorption is I,
where I is the electric-field intensity. Because the bandgap energy (and
therefore N) varies from material to material, the nonlinear absorption
would vary enormously. Experimentally, however, the threshold
intensity, I, required to damage a material is found to vary only very
slightly with the bandgap energy (Fig. 2), indicating the importance of
avalanche ionization, which depends linearly on I. Because of this low
dependence on the bandgap energy, femtosecond laser micromachining
can be used in a broad range of materials.

The intensity required to damage a material is determined by
three experimental parameters: the laser pulse duration, 7, the pulse
energy, E, and the focusing numerical aperture, NA. The minimum
7and maximum E are usually fixed by the laser system, leaving only
the variable NA free. At first glance, the effects of 7, E and NA on the
intensity at a given wavelength, A, would be expected to follow*:

T ENA?/[TA*(1 - NA?)]. (1)
However, as shown below, the dependence of I, for micromachining
on these three parameters does not follow the expected behaviour.

The dependence of I, on 7 has been explored for values of t
down to 10 fs, and experiments do not reveal the expected inverse
relation between I and 7 given by equation 1. For 7 > 10 ps, I, varies
as 72, indicating that Joule heating of the electrons excited at the
beginning of the pulse is responsible for the optical damage'’. For
7 < 10 ps, I, increases threefold for a tenfold increase in 7 (ref. 25).
The low level of dependence on 7 is due to avalanche ionization:
nonlinear ionization creates the initial seed population, but the
linear dependence of the avalanche process on I is responsible
for the high excitation density necessary for micromachining'*¢.
The relatively small effect of altering 7 on I, provides flexibility
in the choice of laser system, which is important for commercial
applications of femtosecond laser micromachining.

For conditions where 7 and NA are fixed, the absorption
process has a strong dependence on E. The minimum E required
for the nonlinear absorption that seeds electrons is the threshold
energy. When E is kept close to this threshold, the absorption
produces a change in the index of refraction that is localized to
the focal volume. The magnitude of the refractive-index change
varies from material to material, with both positive and negative
index contrasts being reported. The refractive-index change is
usually of the same order of magnitude as that found in standard
optical fibres, that is, around 10~ (refs26-30). The change
in the refractive index is not spatially homogeneous, and the
mechanisms responsible for the spatially dependent change are
under investigation; stress-induced changes, densification, changes
in effective fictive temperature, and colour-centre formation
contribute differently for each material system and for each set
of processing conditions**~**, Increasing E beyond the threshold
increases the size of the affected area and the average energy of the
plasma. As the plasma energy increases, ionic shielding is reduced
causing Coulomb repulsion between ions. A surge of Coulomb
repulsion with sufficient energy leads to void formation®. Even if
E is not large enough for void formation, interference between the
incident pulse and the electron plasma can occur, resulting in a

Whenafemtosecondlaser pulse with ahigh enough pulse peakintensity
is focused into a material, optical breakdown is observed (Fig. Bla).
The laser pulse energy is partially transferred to the electrons in the
short duration of the pulse. The highly excited electrons thermalize
with the ions and alter the material permanently. Depending on the
degree of excitation, cracking, void formation or localized melting
occurs. In the absence of impurities, carriers are generated initially
by multiphoton absorption, promoting electrons from the valence
to the conduction band (Fig. B1b). Several photons must be incident

100 fs
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on an electron at the same time for the process to occur with a high
probability. For example, the six-photon absorption cross-section
of fused silica is approximately 6 x 10*m= ps (m*TW)® (ref. 13).
The micromachined feature size will depend on many experimental
parameters: E (the pulse energy), 7 (the pulse duration) and NA (the
focusing numerical aperture). However, under special conditions,
exposure to multiple pulses can further change the feature size. Figure
Blc shows microscope images of the large variation in the features of
femtosecond-laser-induced changes, due to experimental conditions.

ﬂ Conduction band

Valence band

Figure B1 Femtosecond laser micromaching process. a, Schematic of the laser incident on a transparent material. b, Diagram of the excitation of electrons to the
conduction band. e, Microscope images showing the large variation in the feature characteristics depending on the experimental conditions. Left: single 10-nJ pulse and right:

25,000 5-nJ pulses at a frequency of 25 MHz (both with the same focal spot).
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Figure 1 Timescale of the physical phenomena associated with the interaction of

a femtosecond laser pulse with transparent materials. The green bars represent
typical timescales for the relevant process. Note that although the absorption of light
occurs at the femtosecond timescale, the material can continue to undergo changes
microseconds later.

birefringent periodic modulation®-*. Most photonic applications
use values of E that are close to the absorption threshold and thus
result in changes in the refractive index.

The third experimental parameter, NA, determines the width
of the focal volume and therefore the resulting feature size. The
range of NAs that can be used, however, is limited. Numerical
apertures larger than 0.002 are required to achieve I, with the
millijoule values of E that are available with commercial amplified
laser systems. In practice, the minimum NA is significantly larger
than this value because at low NA, two nonlinear processes
compete with the energy deposition: self-focusing and white-light
generation. Self-focusing — an intensity-dependent distortion of
the propagating wavefront — manifests itself when the laser-pulse
power exceeds a critical value (about 4 MW for fused silica)*,
causing the pulse to collapse into a filament with a diameter that
is smaller than the one expected from the external focusing®>*.
White-light generation causes spectral broadening of the laser
pulse as it propagates**. For NAs below 0.1, the intensity threshold
of both these nonlinear processes is lower than I, (refs 24,45). The
nonlinear effects reduce the repeatability and the control over the
micromachining processes, and the resulting feature size is no
longer determined by the external focusing?**+".

At NAs close to or larger than unity, femtosecond laser
micromachining can be accomplished in glasses with femtosecond
laser oscillators delivering just nanojoules of energy per pulse®.
Laser oscillators, with their high repetition rates, can be used to
increase the area that can be patterned in a given amount of time
and to allow control over the size of the micromachined area.
In oscillator-only machining, the time interval between pulses
is smaller than the heat diffusion time (about 1 ps). The energy
delivered by each pulse accumulates at the focus before diffusing
out, forming a point source of heat**’. Because of this ensuing
diffusion, the feature sizes can significantly exceed the focal
volume, creating spherical features up to 50 pm in diameter, using
a focal spot of only 0.5 um (ref. 48). Although at high NAs, the
NA sets the threshold energy, the feature size is controlled by the
number of incident pulses.

Besides altering I, the NA also affects the geometry of the final
structure in single-shot experiments. Above an NA of 0.6, the
micromachined features are almost spherically symmetric; below
this value, the resulting structures become larger and asymmetric.
Changing the spatial profile and divergence of the input beam
prior to focusing, such that the focal-spot profile is closer to a
symmetric circular cross-section, can mitigate the asymmetry®°'.
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Figure 2 Bandgap dependence of the threshold fluence for femtosecond laser
micromachining by pulses centred at a wavelength of 800 nm with a duration of
100 fs. The bandgaps of the materials depicted by coloured circles range over
various multiphoton orders for the incident photon energy of 1.55 eV. The threshold
intensity does not follow a power law, increasing by only about a factor of two as the
energy required to span the bandgap increases from three to five photons. Because
femtosecond laser micromachining is nearly independent of the bandgap of the
material it can be used in a wide range of materials.

Beam shaping to alter the final geometry at low NAs remains an
active topic of research.

PHOTONIC APPLICATIONS

Femtosecond micromachining has been used to fabricate photonic
devices using a variety of transparent substrates, including
glasses, crystals and polymers. Owing to their high purity and
large transparency window, glasses and crystals are commonly
used as base materials. A wide variety of femtosecond-laser-
micromachined devices, discussed in more detail below, have been
demonstrated using glasses and crystals, including waveguides,
active devices, filters and resonators.

The use of transparent polymers as a substrate material for
fabrication presents advantages over other transparent materials.
First, for polymer processing, I is at least one order of magnitude
lower than for glass processing. Polymers are also an attractive
medium owing to the ease with which dopants can be incorporated
into them, the diversity of available compositions and physical
properties, and their low cost. However, compared with glasses
and crystals, polymers have higher transmission losses. So far
only a few photonic devices have been directly fabricated in
polymers, such as ring-mode®® and single-mode®® waveguides in
polymethylmethacrylate.

WAVEGUIDES

Along with data storage', waveguide fabrication was one of
the first demonstrations of the potential of femtosecond laser
micromachining for photonic applications®***. Femtosecond-
laser-micromachined waveguides can serve as interconnects
in a variety of host glasses, and have opened up the possibility
of three-dimensional layering of waveguides. The pulse energy
required for fabricating devices can be as low as a few nanojoules,
requiring only a laser oscillator®**® (see, for example, Fig. 3a). The
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Figure 3 Photonic applications of femtosecond laser micromachining. a, Optical microscope image of an oscillator-only femtosecond-laser-micromachined waveguide inside
bulk glass. The inset shows one end face of the waveguide. Reprinted with permission from ref. 48. b, Measured refractive-index profile of a waveguide micromachined
using a 0.45-NA objective with the laser beam incident from the top. False colour bar added to show the magnitude of the refractive-index change. Reproduced with
permission from ref. 60. ¢, Image of a femtosecond laser micromachined lasing waveguide. FBG is fibre Bragg grating and WDM is wavelength-division multiplexer. Courtesy
of Roberto Osellame. d, Image of a frequency conversion waveguide in a lithium niobate crystal. Courtesy of Stefan Nolte. e, Normalized transmission through the resonator
versus wavelength (relative to the laser centre wavelength of 800 nm). The inset shows a schematic of a vertical resonator design. Ris the radius of curvature and L is the
overlap length. Reprinted with permission from ref. 71. f, Optical micrograph of a waveguide Bragg grating structure. The horizontal black lines indicate the edge of the

waveguide. Reprinted with permission from ref. 72.

oscillator-only technique increases the rate of fabrication by three to
four orders of magnitude, and also enables simple control over the
cross-sectional diameter without altering the focusing conditions.
Although femtosecond laser fabrication is a serial process, 10-pm
waveguides spaced by 10 um can be micromachined over an area
of 10 x 10 mm? in about 10 minutes. Because there is no need
for either a mask or post-development processing, the rate of
fabrication using femtosecond lasers is now approaching that of
lithographic techniques.

Over the past decade, the transmission losses, refractive-index
contrast and bending radii of femtosecond-laser-micromachined
interconnects have been characterized. Transmission losses are
of the order of 0.1 dB mm™ for a large variety of materials and
processing conditions?’-2**%>-% The spatial profile of the refractive
index of waveguides is strongly dependent on the material and
the processing conditions*****, and is close to that of a fibre for
fused silica substrates?”* (see, for example, Fig. 3b). Additionally,
minimum bending radii of the order of tens of millimetres
have been achieved®™®. Photonic-circuit designs might require
micromachining interconnects across several substrates. Optically
connected waveguides have already been fabricated in bonded
doped and undoped phosphate glass®, and also through multiple
pieces of glass separated by air gaps®'.

ACTIVE DEVICES

The initial application of femtosecond laser micromachining
to active devices involved devices with optical gain®. Both
femtosecond-laser-micromachined amplifiers®>® with a gain
of 0.25dB mm™ (ref. 64) and an Er:Yb-doped phosphate glass
laser based on a femtosecond-laser-written waveguide have been
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demonstrated® (Fig. 3c). The materials used for micromachining
photonic devices have not been restricted to glasses. Waveguides
have been fabricated in electro-optic crystals, such as lithium
niobate (albeit with no demonstration of electro-optic
switching)®. Nonlinear frequency conversion in femtosecond-
laser-micromachined waveguides in lithium niobate shows a
49% conversion efficiency over a length of 9.3 mm (see ref. 67
and Fig. 3d). The feasibility of magnetic switching has also been
demonstrated with waveguide micromachining in a Faraday
material, with the micromachined region showing almost no
change in the Verdet constant from the non-irradiated material®.

FILTERS AND RESONATORS

In principle, devices fabricated with planar lithographic techniques
can be fabricated with femtosecond laser micromachining.
Indeed, couplers, filters and interleavers have already been
demonstrated?*?$465>606970 " The three-dimensional degree of
freedom permits the fabrication of vertical resonators, and vertical
and lateral splitters®>**7! (see, for example, Fig. 3e). Femtosecond
laser micromachining of fibre Bragg grating filters in the bulk of a
material was first demonstrated using multiple exposures (Fig. 3f,
ref. 72), but recently greater than 30-dB-strength Bragg gratings
have been fabricated with a single exposure’”*. The long-term
stability of the laser-induced index change makes femtosecond
laser micromachining also attractive for both long-period fibre
gratings’>’® and normal gratings” .

POLYMERIZATION
The intrinsic nonlinear spatial confinement of femtosecond laser
microfabrication can be used not only to process cured polymers,
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but also to induce polymerization in a resin®. Usually referred
to as two-photon polymerization®, or laser direct writing®,
this polymerization technique makes it possible to fabricate
polymer structures with a high degree of complexity. Many
interesting optical applications of two-photon polymerization
exist¥, most notably three-dimensional photonic crystals®®.
Two-photon polymerization is a large field with applications far
exceeding the domain of photonics, most of which have already
been reviewed®*®.

NEW AVENUES OF RESEARCH

NANOSURGERY

Lasers have been used for selective targeting of structures and cells
for more than four decades®. Until recently, this work involved
pulses with durations in the range of picoseconds or longer®.
As a consequence of these long pulse durations, large amounts
of energy are required to induce a material change. Although
subwavelength resolution has been reported®, heating and shock-
wave propagation leads to collateral damage®. In biological
applications, control over the energy deposition is crucial; for cells
even a minor rise in temperature leads to cell death®. Femtosecond
laser pulses make precise energy delivery possible, resulting in
clear, highly localized cuts in biological samples®. The ability to
selectively ablate an area using femtosecond laser pulses was first
demonstrated in the process of chromosome division®, and later
extended to subcellular organelles®~* (for example, Fig. 4a). With
these initial demonstrations, femtosecond lasers have established
themselves as versatile tools in biology with a broad range of
applications, including selective neurosurgery for behaviour
assays of the neuronal network in the roundworm, C. elegans
(refs 94,95).

MATERIAL PROCESSING

The controlled delivery of thermal energy during femtosecond
laser micromachining can be used for material processing. Bonding
of dissimilar materials is an engineering challenge because the
mismatch between thermal expansion coefficients causes thermo-
mechanical stress at the joint, weakening the bond®. Also, bonding
two transparent materials requires an additional, partially opaque
intermediate layer®. Femtosecond laser processing based on
nonlinear absorption overcomes the need for this intermediate
layer, and the rapid cooling strengthens the bond. For example,
processing with femtosecond laser pulses forms a 14.9-MPa
bond between borosilicate glasses®”® (Fig. 4b), a 15.3-MPa bond
between transparent materials with dissimilar thermal expansion
coeflicients (such as borosilicate and fused silica)®® and a 3.7-MPa
bond between non-alkali glass and silicon crystal®.

Femtosecond lasers can also be used to induce spatially
selective phase transitions within a material. For example, crystals
can be grown inside a piece of glass by exposing it to a series of
femtosecond pulses'®'". The laser pulses heat the glass in the focal
volume beyond the melting point, acting as a localized source of
heat. Onceaseed crystalis formed, the repeated heating and cooling
causes these seed crystals to grow. This technique for inducing
phase transitions can also be used for data-storage applications.
For example, when samarium ions embedded in a glass host are
irradiated with a femtosecond laser pulse, a transition from Sm*
to Sm?" is induced'® The exposed ions fluoresce at a different
wavelength from the unexposed ions, and so each exposed area
can act as a data-storage bit (Fig. 4c).

MICROFLUIDIC DEVICES
The fast automated and parallel processing of small quantities
of fluid requires an increasing miniaturization of chemical and
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Figure 4 Example applications of femtosecond micromachining in biology, material
processing and data storage. a, Ablation of a single mitochondrion in a living cell.
Fluorescence microscopic image showing multiple mitochondria in yellow before
femtosecond laser irradiation. Target mitochondrion (marked by arrow) before (top
inset) and after (bottom inset) laser ablation with 2-nJ, 100-fs pulses. Reprinted with
permission from ref. 92. b, Microscope optical image of a femtosecond laser bonded
borosilicate glass interface. Top view (top) and side view (bottom) of the joining area
bonded using 1-pJ pulse energy and 0.1-mm s~ translation velocity. The scale bar is
100 um. Reprinted with permission from ref. 98. ¢, Photoluminescence emission of
femtosecond photoreduced Sm? ions. The inset shows a samarium-ion bit that has
200-nm resolution. Reprinted with permission from ref. 102.

biological set-ups'®-'®. So far the fabrication of such so-called
microfluidic devices is mainly planar. Because the dimensions
required for channels, valves and other components are within
the realm of femtosecond-laser-micromachining capabilities,
three-dimensional microfluidic devices have become feasible.
Three-dimensional channel fabrication was demonstrated by
hydrofluoric acid (HF) etching of regions in silica that had been
exposed to femtosecond laser pulses (for example, Fig. 5a). Although
HEF etches silica too, the laser-exposed material reacts more readily
with HF than unexposed areas'®. Alternatively, the etching rate can
be increased by selective precipitation of a crystalline phase inside
photosensitive glasses that have been irradiated with femtosecond
laser pulses, enabling the fabrication of channels'” and complete
so-called ‘micro total analysis’ systems'®. Although the laser
processing time for a micro-total-analysis system is large compared
with the time required for lithographic and replication processing,
femtosecond laser micromachining allows new channel geometries
and glass-based devices. Femtosecond laser micromachining also
opens the possibility for direct integration with optical detection by
in situ fabrication of waveguides'®.

RAPID PROTOTYPING
Because femtosecond laser micromachining does not require any
mask or post-development steps, it is a suitable technique for rapid
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Figure 5 Examples of microfluidic and rapid prototyping applications of femtosecond micromachining. a, Scanning electron micrograph of a microfluidic channel fabricated by
HF-etching femtosecond-micromachined areas inside fused silica. Reprinted with permission from ref. 113. b, Fluorescence imaging of Bloch oscillations inside a bulk piece
of glass for the central waveguide excitation of a straight array with period a = 10 um. The top inset shows a curved array with radius of curvature R =77 mm and period
a=10 um. The bottom inset shows a curved array with R =77 mm and a = 8 um. Reprinted with permission from ref. 110. ¢, Measured (right) and theoretical (left) outputs
from a square waveguide array at a peak power of 40 kW (top) and 1,000 kW (bottom). Reprinted with permission from ref. 111.

prototyping of photonic devices. Arrays of curved waveguides
were micromachined in a glass substrate doped with a fluorescent
molecule, to study the optical equivalent of Bloch oscillations
(Fig. 5b, ref. 110). Two-dimensional arrays of waveguides were used
to study spatial solitons'"". Figure 5c shows the transition between a
delocalized state and a spatial soliton as the pulse intensity through
these coupled waveguides is increased. In both studies, the short
turnaround time of femtosecond laser micromachining has been
used to optimize the fabricated structures and demonstrate new
aspects of waveguide coupled-mode theory'".

CONCLUSION

Femtosecond laser micromachining presents unique capabilities
for three-dimensional, material-independent, subwavelength
processing. It enables the fabrication of three-dimensional photonic
devices with far greater ease than lithography, and the field is
maturing at an extraordinary pace. Because femtosecond laser
micromachining also holds great promise beyond the field of
photonics, it is a technology that creates new markets for the laser
industry and enables innovative applications.

doi:10.1038/nphoton.2008.48
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