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Abstract: Thanks to its unique properties, glass plays a fundamental role in science and
technology, especially in optics and photonics. For instance, its transparency has been exploited
in the last decades for efficiently guiding light in optical fibers for long distances, while its
versatility makes it the perfect material in different research fields, ranging from fundamental
science to biology and chemistry. On the occasion of the International Year of Glass, we would
like to discuss a powerful microfabrication technique for devices in this material: femtosecond
laser micromachining (FLM). This technique can process different types of glass, and thanks
to the nonlinear nature of the induced modification, it enables the fabrication of complex three-
dimensional micro-structures capable of guiding light or transporting fluids. The purpose of this
review article is to celebrate the multidisciplinary nature of FLM by discussing, without claim
for completeness and after a brief introduction about the process, a selection of its applications in
the diverse fields of biology, strong-field physics, and astronomy.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

According to scientists, educators, artists, and glass manufacturers across the globe we are at a
special moment in time where the arrival of The Age of Glass can be declared. This is surely
due to the countless applications of glass, to its infinite recycling possibility and to its possible
carbon-free manufacturing [1], all features nowadays highly desirable. Thanks to its properties,
glass is exploited in many different fields ranging from food conservation - glass has been in
fact selected as the best material for wine storage - to architecture or to optical systems; the
international year of glass coincides in fact with the 670th anniversary of the first depiction of
eyeglasses in a painting. Transparency is for sure the peculiar feature that drove the use of glass
through the years as an optical material exploited in several applications for the manipulation
and transport of light possibly in combination with fluids. In the 20th century the encoding
of electrical signals into a light beam, in combination with glass transparency, allowed for
transmission over long distances with the invention of optical fibers and integrated optical circuits.
This led to widespread use of glass products also in communications and electronic industries. In
the last decades, thanks to the rapid advancing of science and technology, innovative methods have
been developed to produce and microstructure glasses both for photonic and microfluidic devices.
For the fabrication of integrated photonic circuits, two main categories can be highlighted: thin
film deposition techniques, either physical or chemical, and processes for local modification
of the refractive index of the glass, either in bulk or in thin film format [2]. Moreover, the
combination of transparency with chemical inertness to many solvents has made glass the material
of choice also for the realization of microfluidic devices for many applications, notwithstanding
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the higher cost of this material with respect to polymers. Fabrication methods for microchannels
can be mainly divided into chemical, mechanical and laser-based processes [3,4]. Most of
the techniques previously mentioned for the fabrication of optical and microfluidic devices are
borrowed from the fabrication of microelectronic chips, as for example photolithography, and can
be considered very mature. Nevertheless, their intrinsic capability to process only bidimensional
device layouts is a limitation in applications where complex integrated 3D structures are needed.
A flexible approach that allows for the fabrication of both optical waveguides and microchannels
is femtosecond laser micromachining (FLM), which can be applied to different materials offering
a three-dimensional writing capability [5,6]. The use of ultrashort pulses allows controlling the
thermal aspects of light-matter interaction [7] and exploiting nonlinear absorption to achieve
permanent structuring in transparent materials [8]. These two aspects make ultrashort pulses
extremely attractive for glass processing. This review is therefore dedicated to femtosecond laser
micromachining of glass as a rapid prototyping technique for photonic and optofluidic devices
used in diverse applications. Many recent reviews already cover the basic concepts of FLM and
its use for creating glass devices for very different purposes [9-15], therefore here we would like
to focus on a restricted set of applications, which are very recent or in rapid expansion and, in our
opinion, very promising for FLM in glass. We thus believe that they deserve a dedicated review
paper. These are integrated microscopy, on-chip high-harmonic generation and astrophotonics.
Another fast growing field of application of FLM in glass is integrated quantum photonics, which
however will not be discussed in this paper as some of the authors have very recently published a
dedicated review paper, to which we direct the interested readers [14].

2. Femtosecond laser micromachining in glass

FLM in glass is performed by focusing a train of ultrashort laser pulses in the bulk region
of the sample by means of a suitable optical system, i.e. an aspheric lens or a microscope
objective. Importantly, the laser wavelength must belong to the glass transparency window, in
order to prevent its linear absorption. Thanks to the short pulse duration (typically in the range
of 50 fs - 500 fs) and the consequent high optical peak intensities reached at the laser focus,
non-linear absorption phenomena such as multiphoton absorption and tunnelling ionization
are deterministically triggered [16]. This leads to a permanent and localized modification of
the substrate on a scale comparable to the size of the laser focal spot. Three-dimensional
machining is then achieved by translating the sample at uniform speed, during the laser irradiation,
along the desired geometry. Depending on the amount of energy deposited per unit area in the
substrate (i.e. the laser fluence), different kinds of modification can be produced, ranging from a
smooth and gentle alteration of the refractive index to more dramatic structural changes, up to
micro-explosions and cracks. The actual microscopic mechanism that is responsible for these
modifications is a complex interplay of different substrate relaxation phenomena upon the laser
light absorption [8], whose weights strongly depend on the specific composition of the glass
under processing and the irradiation parameters chosen. The main parameters under control are
the laser pulse duration and repetition rate, the numerical aperture of the focusing optics, the
scan speed and the laser polarization.

2.1. Waveguides

By operating in a low-fluence regime, it is possible to use FLM for inducing a localized increase
of the glass refractive index. Such possibility, originally discovered in 1996 by Davis and
co-workers [17], plays a major role in the technological applications of FLM, since it allows
to write high quality optical waveguides in glass in a direct and maskless fashion, buried in
the substrate volume, and with arbitrary 3D layouts. Optical channel waveguides fabricated in
this way present a typical refractive index change An between core and cladding in the range of
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1073-1072 and a cross section of a few tens of um?, thus featuring guiding properties very similar
to those of standard silica fibers.

Most common glass substrates used for FLM waveguide writing, where best results in terms
of losses and light confinement have been demonstrated, are pure fused silica [18,19] and several
commercial alumino-borosilicate glasses, e.g. Corning Eagle XG, Schott AF32 and Schott
Borofloat [20-23]. Single mode light guidance has been obtained in these kinds of glass for the
whole visible and near infrared spectrum, up to the telecom C-band, with optimized propagation
losses ranging from 0.1 dB/cm to 1 dB/cm, and negligible bending losses for radii of curvature
greater than few tens of mm. The waveguide writing in fused silica is preferably performed
adopting a low repetition rate regime, i.e. between 1 kHz and 100 kHz. The main physical
mechanism responsible for the refractive index increase in this material upon laser irradiation
is a local densification due to a re-arrangement of Si-O bonds in the silica network [24]. The
waveguides fabricated in this material typically present a strongly elongated cross section, a
moderately high degree of modal birefringence (in the order of 10~*) and an elliptical intensity
mode profile [25]. For the waveguide inscription in alumino-borosilicate glasses, instead, higher
repetition rates are more favourable (i.e. from 500 kHz to 5 MHz). In this regime, the machining
process is strongly influenced by thermal accumulation effects [26]. In this case, the major role in
the waveguide core formation is played by thermally-induced ion migration processes occurring
during the glass melting phase, which are responsible for a local change in the glass chemical
composition [27,28]. Waveguides fabricated in these materials present a round cross section,
a more circular guided mode profile and a substantially lower degree of birefringence, mainly
given by the mechanical stresses that accumulate in the substrate during the machining [29]. In
borosilicate glasses it has also been shown that planar waveguides, i.e. light guiding structures
where light confinement occurs only in the vertical dimension, can be fabricated by FLM, by
irradiating the sample with a high number of laser scans that partially overlap for covering a large
horizontal surface, with mm sized width [30].

FLM waveguide fabrication has been demonstrated also in other kind of multi-component
glasses besides alumino-borosilicates. One example is represented by zinc-phosphate glasses
[31-34], that, thanks to the relative high concentrations of rare-earth ions in their composition, are
very attractive for the development of active devices such as waveguide-based lasers and optical
amplifiers. Another important example is the FLM waveguide writing in composite chalcogenide
glasses such as GLS and fluoride glasses such as ZBLAN. These two materials are particularly
appealing for mid-IR photonic applications, thanks to their high degree of transparency in this
spectral range. In the case of GLS, waveguides capable of guiding light up to 10 um wavelength
can be fabricated with the multiscan approach, which allows to define a large core cross-section
[35-37]. In the case of ZBLAN, instead, the production of positive refractive index change upon
direct laser irradiation has proven to be a challenging task. Thus, waveguides in this material are
typically fabricated in the so called “depressed-index” configuration, where multiple laser scans
opportunely arranged in a 3D fashion are used for defining the waveguide cladding [38—40].

2.2. Microchannels

Another technologically relevant use of FLM applied to glasses is represented by the fabrication
of buried three-dimensional hollow channels, whose typical length range from few tens of um to
several mm, suitable for the development of microfluidic and optofluidic devices. This process,
mostly applied to fused silica, consists in a two-step procedure commonly known as FLICE:
Femtosecond Laser Irradiation followed by Chemical Etching. In particular, the first step consists
in using FLM for defining, via laser irradiation, the desired geometry of the channels. If adopting
an adequate energy fluence regime, higher than what is required for the waveguide writing process,
the irradiation has the effect of creating self-oriented nanogratings, i.e. periodic alterations of the
glass morphology at the nanoscale, localized at the laser focal spot and oriented perpendicularly
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to the laser polarization direction [41]. This kind of modification has the macroscopic effect of
enhancing locally the etching rate of the substrate when exposed to a wet etching attack. Thus,
after irradiation, the sample is immersed in a proper etchant solution, typically hydrofluoric acid
(HF), which selectively removes the irradiated material and creates the microchannel structures.
This step is favourably performed in a sonic bath, in order to ensure a continuous acid replacement
within the channels during the etching process. The finite ratio between the etching rates of the
irradiated and non-irradiated material poses some constraint on the possible geometries that can
be achieved with the FLICE technique. In particular, in order to fabricate microchannels with an
elevated aspect ratio, i.e. with a cross section of few hundreds of ym? and a length of several mm,
additional strategies must be implemented for a successful outcome. These include the fabrication
of additional side-channels, which allow the acid to penetrate in the main structure from multiple
access points distributed along its whole length, and to pre-compensate during the irradiation
step possible geometry distortions that may arise due to a non-uniform etchant distribution [42].
It has been shown that potassium hydroxide (KOH) [43,44] and Sodium hydroxide (NaOH) [45]
can also be used as etching agent for performing FLICE in fused silica, showing a higher etching
selectivity for the irradiated vs non-irradiated glass, though at a lower overall etching rate. Finally,
besides fused silica, the FLICE process has been demonstrated successfully also in other kind
of glasses, including Borofloat 33 [46], Corning Eagle XG borosilicate glass [47], and Schott
Foturan [48] a metal-enriched photosensitive glass.

3. Applications
3.1.  Microscopy on chip

Lab on a chip devices consisting of microfluidic channels are a powerful tool for the observation
of biological samples. Indeed, they allow to analyse the specimens under different and highly
controlled conditions, and they facilitate the automation of the measurements by using the fluid
flow to deliver the samples through the detection region. Usually, microfluidic channels are
fabricated in PDMS substrates by soft lithography, with the advantage that once the mask is
developed many replicas can be easily and rapidly obtained. Nevertheless, the poor optical quality
of the substrate, the microchannel deformability, the intrinsic bi-dimensional nature of these
devices, as well as solvent incompatibility may constitute a limitation for certain applications, such
as the one we discuss in this paragraph. On the other side glass substrates are characterized by
high optical quality, making them especially suitable for the observation of biological specimens.
Imaging is traditionally achieved by placing microfluidics channels in standard bench-top optical
microscopes. An increased level of integration can be achieved by fabricating in the same
substrate the optical components necessary for sample inspection. In this regard, FLM is an
enabling tool for the fabrication of both optical and fluidic components in glass substrates,
allowing the on-chip integration of advanced and high throughput imaging techniques.

Hanada and coworkers developed different prototypes of what they referred to as "nano-
aquariums” in photostructurable glass substrates (Foturan) for the observation of aquatic mi-
croorganisms using external optical setups. Using these devices, they were able to investigate
different phenomena, such as i) the flagellum movement of E. Gracilis, a single-celled alga
living in fresh water [49], ii) the high-speed motion of a unicellular protist, Criptomona [50]
and iii) the gliding mechanism of Phormidium, a genus of filamentous cyanobacteria [51]. In
the microfluidic channels they were able to precisely control the environmental conditions, e.g.
by dissolving infinitesimal quantities of chemical substances in the water. In addition, by laser
irradiation they proved the capability of further customization of the devices. For instance, they
have integrated on-chip a movable glass microneedle for the contact stimulation of single cells of
Pleurosira laevis, a typical diatom living in fresh water, allowing the observation of information
transmission to adjacent cells. Moreover, by the fabrication of two opposites waveguides that face
the microchannel they could locally perform optical absorption measurements for environmental
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analysis. Another example of integrated device for the analysis of aquatic microorganisms has
been developed by Schaap et al. [52]. While the gold standard protocol for water monitoring is
based on sample collection and ex-situ analysis, the compact glass-based optofluidic chip that
they proposed is compatible with in-situ measurements, promising a prompt identification of
possible phytoplankton outbreaks. This monolithic device is constituted by a curved waveguide,
fiber-pigtailed to the laser source at 1550 nm, which is used to illuminate the specimens flowing
through a straight microfluidic channel that is a few centimeters long. The waveguide is terminated
500 um from the microchannel to guarantee the illumination of the entire height of the channel
by exploiting the divergence of light at the waveguide output. The signal is externally collected
by a four-quadrant photodetector and the light distribution is subsequently analyzed. Using
this approach, the authors have been able to successfully classify different algae populations,
benefiting from the pattern recognition feature of the neural network toolbox in MATLAB for
signal analysis [53].

In the previous application, the use of an optical waveguide for sample illumination has allowed
ease of use and a precise and stable alignment between optical and fluidic components. To
increase the imaging capabilities of integrated devices also other optical components should be
integrated on chip, such as lenses, mirrors or filters. All these components have been successfully
fabricated in glass substrates by FLM. Qiao et al. have reported the integration of a microlens and
a microfluidic channel in a fused silica substrate, demonstrating image magnification of beads
[54]. The lens, fabricated by FLICE, consists of a hole in the substrate with a hemispherical
profile, which focuses the light that impinges at the air-glass interface. Since the surface roughness
that characterizes this fabrication process could be detrimental for the optical properties of the
lens, they used an OH flame to polish the surface. He et al. have reported the fabrication of
tunable hemispherical lenses in a photosensitive glass, in which an annealing process is used to
smooth the lens surface [55]. Hu et al. have demonstrated lenses with tunable optical properties,
by fabricating these optical components inside a microchannel and by filling it with different
refractive index liquids (water, ethanol or sucrose solutions) [56]. Paié et al. have reported a
cylindrical lens with a profile optimized to reduce spherical aberrations and with dynamically
tunable optical properties [57]. Indeed, by combining in the same microfluidic network a droplet
generator module and the microfluidic lens, they have been able to obtain an integrated optofluidic
modulator capable of both on-demand on/off switching and periodic modulation of light. Dudutis
et al., have fabricated by femtosecond laser ablation, followed by CO2 laser polishing a high
quality axicon in a fused silica substrate [58], proving properties comparable to the ones of
commercially available items. Zhang et al. have presented a microlens array, fabricated by single
pulse laser ablation, followed by chemical etching on a fused silica surface [59]. The authors
have successfully fabricated a large array with about two millions of microlenses by optimizing
a high speed irradiation process, and used it for liquid sensing applications. Wang et al. have
reported the fabrication of a micromirror by exploiting total internal reflection at the interface
with an embedded hollow trench in a Foturan substrate [60]. They have further integrated it with
other optical components, such as waveguides and lenses. Sala et al. have realized the same
component in a fused silica substrate. In this work the authors have investigated the parameter
optimization of both the laser irradiation and the thermal annealing processes to reduce the
surface roughness of microstructures fabricated by FLICE [61].

Benefiting from the capability of FLM to fabricate both high quality optical components and
microfluidic channels in glass substrates, Paié et al. have developed a first microscope on a chip
based on light sheet fluorescence microscopy (LSFM) [62], for the automatic investigation of
fluorescent cellular spheroids. LSFM is a 3D microscopy technique in which a plane of light
allows a non-invasive optical sectioning of the sample. In this device, an integrated cylindrical
lens, collects the light from a fiber, previously pigtailed to the substrate, and generates a thin
plane of light centered in the sample channel, where the specimens are flowing, as in Fig. 1. The
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emitted fluorescence signal is orthogonally collected by an external microscope objective and
focused on a camera. Thus, all the specimens flowing in the channel are automatically imaged,
with no need of manual alignment or expert end-users. This compact device can be used as an
add-on to any standard fluorescence microscope allowing to upgrade it to a light sheet one. In
addition, due to the versatility of the fabrication technique, these microscopes on a chip can be
easily adapted to the specimens under investigation. Sala et al., have optimized the device for
dual color investigation of single cells, by optimizing the channel cross-section and the light
sheet thickness, to guarantee an optical sectioning adequate to the cellular dimensions [63].
Memeo et al., have presented a microscope on a chip tailored for Drosophila embryos imaging,
whose dimensions can degrade the image quality, being quite thick and elliptical samples (200 x
500 ,umz). In this case, using micro lenses, waveguides, integrated filters and an innovative 3D
microchannel layout, both optical and fluidic optimization has been carried out to implement
dual-sided illumination and automatic sample orientation [64].

Fig. 1. a) picture and b) schematic design of the microscope on chip for LSFM of single
cells. c), d), and e) maximum intensity projections (MIP) of different specimens obtained
using stacks of images acquired on chip. Specimens are: a cellular spheroids [62] c), a
single cell [61] d), and a Drosophila embryo e) [63], scale bar is 100 um, 5 pm and 100 um,
respectively.

3.2.  High harmonic generation on chip

High order Harmonic Generation (HHG) in noble gases is a strongly non-linear process. HHG is
driven by the interaction of intense and ultrashort laser pulses with matter; it involves the emission
of a burst of coherent radiation, collinear to the driving beam, with a characteristic comb-like
spectrum of odd harmonics of the fundamental laser field, ranging from the vacuum ultraviolet to
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the soft x rays [65]. Despite the potentials of this radiation for numerous applications in the field
of ultrafast spectroscopy and high-resolution imaging [66,67], coherent light sources of eXtreme
ultraviolet (XUV) and soft x-rays based on HHG are confined to a few advanced laboratories and
large-scale facilities [68], due to their high technological complexity. Thus HHG in integrated
devices paves the way to more compact and easy to align and handle XUV sources. This idea
takes origin from the first implementations of HHG in a hollow glass capillary [69]. The capillary
is filled with a noble gas and in the meantime it works as a hollow waveguide where the driving
field propagates, as a consequence HHG takes place in the capillary core. Hollow waveguides
represent a good alternative to the gas jet configuration because they can provide a confined
transverse intensity profile of the fundamental beam and thus a very controlled geometry of the
interaction region. Nevertheless, the glass capillary strategy presents strong limits regarding the
control of the gas density inside them due to the fact that the gas can only access from the two
open ends.

In this framework, microfluidic chips fabricated in fused silica glass by the FLICE technique
offer several advantages. On the one hand, they are perfectly suitable for the manipulation
of gases as the channels are directly buried in glass, a non porous material, thus enabling the
possibility to create a microfluidic network to control the gas density. On the other hand, the 3D
capabilities of the FLICE technique allows to integrate in the same device the gas microfluidic
network and the hollow waveguides, expanding the potentials of HHG in capillaries previously
discussed.

The first attempt to use FLICE to produce channels as hollow optical waveguides was made
by He et al. in 2011 [70]. They used fused silica substrates to fabricate embedded channels of
250 um diameter and 100 mm length. For the fabrication they focused a 800-nm wavelength
femtosecond laser beam, at 1kHz repetition rate, with a 20x microscope objective (0.46 NA).
After irradiation the sample was etched in a 20 M/L aqueous KOH solution, maintained at 95°C.
In order to obtain a uniform radius along such long hollow waveguide, they also inscribed short
vertical access channels at a constant interval of 5mm, see Fig. 2(a) that facilitates the access
of the etchant to the main channel. The samples are afterwards thermally annealed to smooth
the hollow waveguide walls, achieving an average roughness of 52.4 nm, in a 50x50 um? area.
Thanks to this high surface smoothness they achieve a transmission of 90% with an He-Ne laser,
which is close to the theoretical limit of 95%. They also demonstrated the capability to couple
and propagate in the same waveguides a femtosecond laser beam at 800-nm wavelength (Fig. 2(b)
and (c¢)) with a transmission of 80%. This first result gave impulse to the use of more complex
integrated devices for high-field laser physics research.

A first demonstration of HHG in a complex microfluidic device was presented by Ciriolo et
al. [71]. In this device a microfluidic network is used to deliver helium gas into a 6mm long
cylindrical channel, which is also designed to work as a hollow optical waveguide (internal
diameter 120 pm) for the driving laser (wavelength 800 nm), see Fig. 2(d). Thanks to numerical
simulations (Comsol), it was demonstrated that the helium gas density inside the channel scaled
linearly with the backing pressure, thus allowing to control the density of the high order harmonic
generation medium. The interaction of the confined driving field with the gas molecules inside the
channel resulted in HHG with a higher yield than in the more traditional generation configuration
with a gas jet, as shown in Fig 2(e). This device has been further improved later on [72], increasing
the length (8mm) and inner diameter (130 um), in order to increase HHG efficiency and spectral
extension. In an attempt to demonstrate the improvement due to the gas density control inside
the channel a theoretical model was developed that took into account the propagation of the
driving field in the gas filled hollow waveguide, showing a good agreement with the experimental
results. The smoothing of the channel walls, after a thermal annealing step [73], gave a further
improvement in the generation yield and a reshaping of the generated spectra in helium that is
still under investigation.
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Fig. 2. (a) Schematic of the hollow waveguide fabricated by [69] , (b) Near-field and (c)
far-field mode profiles of output pulses from the previous hollow waveguide with high input
pulse energy of 906 wJ; (d) picture of the HHG glass chip with 6 mm length [71] and (e)
comparison between HHG spectra produced inside the microchannel (blue), in a continuous
gas jet (red), and in a pulsed gas jet (yellow) with He gas.

These achievements mark a substantial breakthrough in ultrafast technology, potentially making
HHG-based sources available for application in numerous novel fields. Moreover we foresee that
the 3D capabilities of FLICE could be further exploited for the development of more complicated
integrated devices, that will be used to manipulate and control strong laser field and XUV
radiation, thus paving the way for future ultrafast spectroscopy on a chip.

3.3. Astrophotonics

The field of astrophotonics promises to improve the observation of celestial objects by interfacing
photonic integrated circuits with telescopes [74]. As a matter of fact, the confinement and the
filtering capabilities of single-mode waveguides enable an improvement in the quality of the
collected light [75], while the use of more complex integrated elements such as beam combiners
and gratings provides for instance an enhancement of the angular resolution in the imaging of
astronomical objects [76], or the possibility to perform the spectral analysis of the light emitted
by a star [77]. In this regard, photonic integrated circuits inscribed in glass by FLM have some
peculiar advantages if compared to other platforms. First, they can propagate a wide wavelength
range, spanning in the visible, near and mid infrared spectra with very good performances in
terms of insertion losses and reproducibility. In addition, their low birefringence is beneficial for
achieving a polarization insensitive operation, a feature that allows to increase the throughput of
the already faint celestial light, since no polarization filtering at their input is required. Finally,
the possibility of exploiting all the three dimensions allows the inscription of complex 3D circuits
capable of performing unique tasks in a reduced footprint. In the following, we will provide a
brief overview about the main applications of FLM in glass for astrophotonics.
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3.3.1. Photonic lanterns and remappers

One of the first astrophotonic applications of femtosecond laser written circuits has been related
to the conversion from multi-mode (MM) to single-mode (SM) operation of the celestial light. In
fact, most of the instrumentation used for its processing and analysis, such as frequency filtering
and phase preservation, requires a single-mode input. However, for increasing the throughput
and thus collecting more photons, a multi-mode operation is preferred at the telescope output.
While directly coupling a MM fiber to a SM one drops the overall light transmission, a low-loss
conversion can be performed by a photonic lantern [78]. The state of the art in this respect
involves fiber bundles or multicore fibers that are properly tapered to create a single multimode
region at one of their ends [79]. This approach allows to convert a multimode input into hundreds
of cores with an average transition loss <0.3 dB [80]. However, when stability and compactness
are desired, thanks to its 3D capability, FLM is a good alternative for obtaining an integrated
photonic lantern in glass. Such a device can be realized by inscribing single-mode waveguides
whose cores, initially arranged very close to create a MM guiding region, are adiabatically
separated in such a way to support only the fundamental mode at the end of the transition. In
2011, Thomson et al. [81] reported one of the first examples of integrated photonic lantern by
employing the three-dimensional geometry presented in Fig. 3(a). The device, fabricated in
borosilicate glass, was composed by 16 waveguides evolving from a MM square region of side
~ 32 um to a 4 X 4 square lattice of single mode waveguides spaced by 50 um. Notably, the
possibility to inscribe the waveguides without interruptions between the elements composing the
device enabled a transition loss at the wavelength of 1539 nm of 0.7 dB, thus providing good
performances if compared to the state of the art.

(a)

Reformatting
Component

Fig. 3. a) Scheme of the photonic lantern, adiabatically converting a MM input into a 4x4
single-mode waveguide array. At the two sides, the microscope images of the input and
output cross section of the device are shown. From [81]. b) Design and images of the
8 waveguides pupil remapper. The structure is bending for providing a reduction of the
uncoupled light at the device output, thus increasing the signal to noise ratio. From [84]. ¢)
Schematic and microscope images of the 92 waveguides pupil reformatter, used to convert
the output of a photonic lantern into a planar waveguide. From [86]. d) Scheme of an AWG
used for light dispersion. From [30].

Another field that could benefit from the 3D capability of FLM is represented by the aperture
masking interferometry [82]. In this framework, the light imaged on the telescope pupil plane is
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sampled, by means of a mask or a segmented mirror, only in some points, that are then made
interfere to generate a pattern containing information about the initial light distribution. This
technique provides enhanced resolution and robustness to atmospheric aberrations if compared to
classical imaging, and for this reason it is widely used when studying far astronomical objects [83].
Integrated optical waveguides can be used to remap the initial configuration of the sampled points
into an arrangement that is more straightforward to analyze, e.g. a linear one. Moreover, the
wavefront filtering provided by single-mode operation is beneficial to increase the fringe visibility.
However, the three-dimensionality required to remap the sampled points from a 2D configuration
to an arbitrary one cannot be achieved by planar lithographic techniques, for this reason FLM
has a key role in this field. An example in this respect is represented by the pupil remapper
reported in [84], shown in Fig. 3(b). The device consisted of 8 single-mode waveguides inscribed
in borosilicate glass, whose design enabled the remapping of light into a linear configuration,
necessary for the spectral dispersion of the resulting interference pattern. Notably, the different
waveguide geometry was engineered by using 3D cubic spline interpolations to match their
optical path with an error lower than 100 nm, thus enabling the temporal overlap of the remapped
light. This circuit was used in an actual astronomic observation of extra-solar planets in the
near infrared spectrum, performed in May 2011 at the Siding Spring Observatory, in Australia.
Moreover, a recent version of it has been coupled with a planar silica-on-insulator interferometer,
providing the possibility of combining up to eight telescope apertures with an overall throughput
of 26% [85]. An even more complex reformatting device, still inscribed in borosilicate glass by
FLM, was reported in [86]. As shown in Fig. 3(c), in this case the number of waveguides was
increased to 92, with the purpose of remapping the output light of a multi-core fiber photonic
lantern into a linear array of pitch equal to 6.2 um, acting as a planar slab waveguide. Also this
circuit was validated on sky, in October 2014 at the William Herschel Telescope, in the Canary
islands.

3.3.2. Spectroscopy

A crucial aspect in the study of the light collected by a telescope is represented by its spectral
analysis, which provides for instance information about the composition of stars and planets.
In this respect, the arrayed waveguide grating (AWG), an integrated device of fundamental
importance in telecommunications [87], has been proposed as dispersive element in astrophotonic
applications. In this circuit, the input light is coupled into several curved single-mode waveguides
with different lengths, in such a way, when the different modes are combined again in a free
propagation zone, every wavelength interferes constructively at a different position of the device
output, thus leading to light dispersion in the horizontal direction. Since the input of an AWG
should be single-mode for a reliable operation, the first proposals interfaced photo-lithographic
AWGs with femtosecond laser written photonic lanterns, which are very challenging to achieve
with planar platforms due to the required three-dimensionality [77]. However, in 2018 an AWG
inscribed in borosilicate glass by FLM was reported for the first time [30]. The circuit, whose
schematic is shown in Fig. 3(d), was composed of 19 single-mode waveguides connecting two
free propagation zones, obtained by inscribing 2300 modifications with a pitch of 0.4 um to create
two planar slab waveguides with a length equal to 7.7 mm and a width of 0.9 mm. Moreover, a
tapered region was introduced at the input and output of each of the 19 waveguides for reducing
the transition loss. The circuit was designed to provide spectral dispersion at a wavelength of
632.8 nm, with a FSR of 22.6 nm and a resolving power of 532, with a total footprint of 35.5 x
4.3 mm? and a throughput equal to 11.5% across five orders. Despite the lower performances
if compared to AWGs fabricated with lithographic processes, this first demonstration showed
that photonic lanterns and AWGs can be monolithically integrated in the same chip to increase
both stability and coupling efficiency. In fact, the authors also reported about the inscription in
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the same sample of a 3-mode photonic lantern as input of the AWG, realized during the same
fabrication run to remove any coupling loss.

3.3.3. Nulling interferometry and beam combination

Femtosecond laser micromachining in glass can be also employed to inscribe integrated inter-
ferometers with peculiar characteristics and designs, allowing to perform complex analysis of
astronomical targets. The first application we consider here is related to the study of extra-solar
planets. Their observation, which is of fundamental importance in astronomy, is generally made
difficult by the presence of the parent star, which, being several orders of magnitude brighter,
easily saturates the imaging detectors [88]. To separate the light of the planet under analysis
from the light emitted by the star, an integrated nulling interferometer [89] can be used. In this
device, whose schematic is shown in Fig. 4(a), the light collected by two telescopes - or by two
sub-apertures of the same telescope pupil - interferes in a directional coupler. Since the star and
the exoplanet have two different angular position, there exists an optical phase difference between
the two spatial modes that can be exploited to completely route the starlight to one output mode,
thus leaving in the other one only the planet signal, which can then be further analyzed. A laser
written nuller, working at 1550 nm and based on the scheme shown in Fig. 4(a), was reported
in [90] and used at the Anglo-Australian Telescope, while an even more advanced version of it,
working in the NIR and involving the analysis of up to six sub-apertures, is currently used at the
Subaru Telescope in the Hawaii [91]. Moreover, a 3 dB directional coupler working in the band
2.0 — 2.4 um has been recently realized by FLM in Infrasil silica glass [92]. Its good performance
in terms of achromatic behavior, achieved by a detuning of the propagation constants, and high
interferometric fringes contrast (>90%) could pave the way to the realization of nullers also in
the K band, where the observation of exoplanet is facilitated by the contrast reduction between
starlight and planet [93].

(a)

Input 1
Input 2

(b) [

Diffraction cone

Photometry 1

Interferometry 1
Interferometry 2

Photometry 2

¥unction Directional coupler
X-junction

Fig. 4. a) Design of a nulling interferometer. The interference between the two spatial
modes occurs in the central directional couplers, while two Y-junctions with known splitting
ratio are used to estimate the input signals. The interferometer is displaced with respect to
the input waveguides to reduce the disturbance of the uncoupled light. From [90]. b) Scheme
of (B) the 23-modes DBC with (A) a pupil remapper and (C) a linear fan-out. From [97].

Another application worth mentioning is represented by the interferometric combination of the
light beams collected by different telescopes, with the purpose of increasing the angular resolution
of the observation. To perform this task, complex planar ABCD interferometers are usually used,
based on the pairwise interaction of all the beams [94], a configuration which however makes it
challenging to scale up the number of modes. For instance, the state-of-the-art ABCD beam
combiner reported in [85] requires a total of 120 waveguides to perform the combination of 8
input modes. In this framework, a new type of device, called discrete beam combiner (DBC), has
been proposed as a scalable interferometer [95]. This intrinsically 3D element is based on the
continuous interference of light, achieved by means of a continuously-coupled waveguide array
arranged in a triangular lattice. The continuous 3D coupling allows a reduction of the footprint of
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the device, since the beams interfere collectively and not pairwise, thus enabling a faster spreading
of the input light in all the waveguides. During the astronomical observation, the properties of
the target can be retrieved with an enhanced resolution from the analysis of the device output,
as long as its transfer function is known. The first device based on this scheme, composed of
23 waveguides and realized in GLS for operation at 3.39 um, showed good interference fringes
contrast (87 — 93%) among the four inputs [96]. A second DBC, inscribed in borosilicate glass
for guiding light at 1550 nm, was tested on sky at the William Herschel Telescope in 2019 [97].
Also in this case, the circuit (Fig. 4(b)) was a 4-input DBC with 23 waveguides, however it was
followed by a fan-out region reformatting the output modes in a linear configuration. Then, the
interferometer was preceded by a length-matched pupil remapper, necessary to route the four
selected sub-apertures of the telescope pupil into the interferometric region. Notably, the device
showed a polarization insensitive behavior, thus enabling the analysis of all the collected light
without polarization filtering. Moreover, the monolithic integration of the three components in
the same chip enabled an overall throughput of 50%. The DCB concept has been further scaled
up in [98], where the authors realized a 6-inputs beam combiner composed of 41 waveguides and
working in the J band, with central wavelength equal to 1300 nm.

4. Conclusions

Femtosecond laser micromachining has proved over the past years to be a valuable platform
for the processing of glass. Thanks to the nonlinear interaction between the substrate and the
ultrashort laser pulses, it is possible to inscribe 3D photonic integrated circuits with low loss, as
well as to directly microstructure the substrate for the fabrication of buried microchannels and
even more complex optical elements, such as lenses and filters. As we discussed, this versatility
can be exploited in different fields of science and technology. In biology, femtosecond laser
written microfluidic channels can provide a high control of the cells flowing in a lab-on-a-chip
device, while optical waveguides and lenses allow probing their properties in an automatized
way. Microchannels can also be used as hollow core waveguides to guide strong laser fields in
gases for high harmonic generation. By engineering the shape of these structures, it is possible
to obtain a more efficient phase matching condition if compared to bulk setups, thus providing
stronger signals. Finally, we discussed the use of FLM photonic circuits in astrophotonics, where
some of their main features, such as the 3D capability and the low birefringence, are exploited to
the maximum for providing high-quality devices for the manipulation and analysis of the celestial
light collected by telescopes.

FLM allows the integration in the same chip of several functionalities, providing complete and
compact circuits. This feature evidently is important in lab-on-a-chip devices for biophotonic
analysis, however, also the other applications here discussed would benefit from this integration.
For instance, the fabrication of a filtering stage in the HHG generation device would allow the
suppression of the remaining driving laser field in the output signal, a task currently achieved
by metallic filters, which however degrade in time and are affected by a narrow bandwidth.
Concerning the astronomical applications, a complete device could be for instance composed
by a remapping stage, followed in the same chip by an interferometer and a spectrometer, thus
gaining both interferometric and spectral information about the astronomical object under study.
Moreover, the possibility to use different glasses, each of them optimized for a specific wavelength,
could be exploited for analyzing the light emitted by the same target on a larger bandwidth than a
single device would allow.

The versatility of FLM is also beneficial for other fields, not discussed in this review, including
integrated quantum photonics, telecommunications and sensing. Moreover, the possibility to
inscribe directly in the substrate integrated waveplates and polarizing beam splitters enables the
on-chip manipulation of the polarization degree of freedom [99,100], a very challenging result
to achieve with other platforms. Although this review is focused on glass materials, it may be
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worth mentioning that FLM can also be exploited to process crystals [101-103]. This opens
up new application fields as integrated single photon sources [104] and memories [105]. The
multidisciplinarity of FLM is for sure what makes it so interesting, and considering the young
age of this technology, we believe that in the future the number of applications benefiting from it
will further increase.
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