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Direct ultrafast laser processing is nowadays considered the most flexible technique allowing to generate complex 3D
optical functions in bulk glasses. The fact that the built-in optical element is embedded in the material brings several
advantages in terms of prototype stability and lifetime, but equally in terms of complexity and number of possible
applications, due to the 3D design. The generated optical functions, and in particular the single mode character of the light
guiding element alongside the accessibility toward different spectral windows, depend on the refractive index contrast that
can be achieved within the material transparency window and on the characteristic dimensions of the optical modification.
In particular, the accessibility to the infrared and mid-infrared spectral domains, and to the relevant applications in sensing
and imaging, requires increasing the cross-section of the guiding element in order to obtain the desired normalized
frequency. Moreover, efficient signal extraction from the transported light requires nanometer size void-like index
structures. All this demands a thorough knowledge and an optimal control of the material response within the interaction
with the ultrafast laser pulse.
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functions.

| 1. Introduction

Bulk material refractive index engineering under exposure to focused ultrafast laser beams represents the fundament of
direct-laser-writing (DLW) techniques . The local change of the dielectric function induced by the laser due to energy
absorption, and replicated via the laser/sample scan, is thus the building block of complex 3D embedded optical functions
in transparent materials 28, The technique consists in focusing the laser beam into the glass, usually by using high
numerical aperture (NA) microscope objectives or optical lenses; the material is thus modified in correspondence of the
focal region, where the intensity reached by the focused beam is sufficiently high that strong-field nonlinear ionization
processes (multi-photon, tunnel, avalanche) are induced, with the subsequent generation of free carriers in the conduction
band (electron-hole plasma). Part of the energy of the laser pulse is firstly transferred to the free carriers (inverse
Bremsstrahlung) and subsequently to the material matrix (recombination of the plasma, electron—phonon coupling) due to
collisional processes. The locally absorbed laser energy induces a local elevation of the temperature in the material, and
eventually thermodynamic and hydrodynamic phenomena of matter modification and rearrangement can happen (phase
transitions, material expansion and cavitation, cooling). Incubation effects are also important because point defects 4!,
broken chemical bonds, and, more generally, molecular rearrangement can be generated during the plasma
recombination, which can be considered as precursors of the final permanent change obtained after many laser shots [
[, The permanent change is represented by a local modification of the glass refractive index, which can be either
positive, corresponding to a local smooth densification (the so-called Type | index change) or negative, corresponding to a
local rarefaction (the so-called Type Il index change). In the case of smooth Type | index changes, by translating the
sample during the irradiation process a structure can be generated capable to transport and guide light (a waveguide). In
general, by using both Type | and Type Il index changes, within a 3D optical design, complex optical functions can be
defined MBIEILAL  ang sophisticated integrated photonic devices can be built, which can find applications in numerous
domains, such as information technology, opto-fluidics, but also laser developments and quantum optics [12[231[14][15](16]
Possibilities of application further increase when one moves toward the infrared (IR) and mid-infrared (MIR) spectral
regions, and they range from gas sensing for atmospheric and astronomical measurements (spectroscopy and
interferometry) [BI7I18IL9120121] 15 jndustrial monitoring/control processes.

The interest of DLW technique for building bulk embedded optical functions relies on a series of advantages with respect
to existing micro/nano-technologies; this is not only related to intrinsic mechanical stability or optical performances of the
embedded optical functions, but equally to the extension to 3D geometries, and the high flexibility in designing index
properties, relevant scales, and therefore modal features. The extension to the third dimension in compact geometries
allows for example addressing the complexity of the next generation of astronomical instruments (especially for multi



object spectroscopy and stellar interferometry) %21 due to the embedded nature of the technology. Basic optical
functions, as for example light transport, wavefront filtering, beam splitting and combination, and signal information
extraction, can be integrated within a monolithic compact photonic device, contributing to the development of complex,
compact integrated instruments for astronomy signal collection and processing. As an example, the spectral domains of
3-5 um and 8-12 um are of great astrophysical interest as humerous molecular organic tracers (water, CO,, ozone) can
be sensed at these wavelengths, and this can be applied to the research of life on exoplanets.

Concerning the optical bulk materials, the question of accessibility and fabrication requirements in the MIR region puts
forward chalcogenide glasses (ChGs) as a promising solution. ChGs are an important class of amorphous
semiconductors, which finds applications in many fields, as for example phase-change memories, solar cells, sensors,
and photonics [2223124](251[261[27] Thejr name is due to the fact that they contain one or more chalcogen elements from
group 6a of the periodic table (sulphur, selenium, and tellurium), which are covalently bonded to network formers such as
As, Ge, Sb, Ga, Si, or P. This gives a very broad range of possible glass-forming systems, generating glasses with a large
variety of optical properties, such as nonlinearity, photosensitivity, and infrared transparency 28[22[B081I32][33] The energy
band-gap of these material is lowered by the fact that their inter-atomic bonds are weak if compared to those in oxide
glasses. Moreover, the vibrational energies of the bonds are low because the constituent atoms are particularly heavy.
This gives them a large transparency up to the mid-infrared, and the heavier the constituent atoms the larger the
transparency window. Typically, Sulphur-based ChGs transmit to about 11 pm, selenium-based ChGs to about 15 pm, and
tellurium-based ChGs to beyond 20 um. However, physical properties such as the glass transition temperature (Tg), glass
hardness and strength generally deteriorate with weaker bonding and therefore decrease with long-wave transparency.
On the contrary the nonlinear index (200 to 1000 times higher than in fused silica) generally increases with weaker
bonding and lower band-gap.

| 2. Response of Sulfur-based ChG Glasses to Ultrafast Lasers

The final result of the laser-induced local index change in ChGs strongly depends on their elemental composition and their
thermal history. The role played by the glass elemental composition is evidenced by comparing the optical response of
two ChGs, namely As,S3; and Gei5As15S79, under femtosecond laser irradiation. Typical photo-inscribed longitudinal
waveguides, obtained by translating the sample in the confocal direction during laser irradiation, are shown in Figure la
(As,S3) and Figure 1b (GeisAs15S70). The irradiation conditions were the same for the two glasses, with a laser energy
density (in vacuum) at the center of the focal region reaching about 130 J/cm®. As can be clearly seen, As,S; and
Ge15As15S7¢p samples show an almost opposite response, which can be summarized as follows: (1) As,S3 presents
mainly negative refractive index modifications; positive index Type | modifications are observed for very low laser doses in
a relatively narrow range and with a very poor contrast; (2) Ge1sAs15S7¢ presents mainly positive index modifications over
a wide range of laser dose values (negative modifications are observed, but only at relatively high laser doses). A first
conclusion can therefore be given: doping with Ge an As-S glass structure, having very narrow windows for positive index
modifications, allows creating glasses (Ge-As-S structures) with a large window for positive index changes, which are
much more suitable for photonic applications. A first remark can be done concerning the role of Ge insertion: the quasi
planar As-S molecular structure acquires a 3D connectivity after inserting Ge, as depicted in Figure 1c; one can claim
therefore that this is a key factor to increase the level of structural flexibility.

On the other side, several levels of structural arrangements and rigidity of the glass matrix can be obtained depending on
the thermal history during glass preparation. The glass thermal history is a key factor in establishing the link between the
matrix connectivity and the degree of photo-induced densification. The process by which Ge-As-S glasses are prepared
generates quite unrelaxed glasses with characteristic volumes higher than the volume corresponding to a relaxed
configuration, and therefore a lower density. Re-annealing should enable a structural relaxation process that corresponds
closely to a structural equilibrium at the annealing temperature, little affected by the cooling tie as the relaxation times
becomes prohibitively long 4. In other words, from a standard normal thermodynamic behavior of a chalcogenide glass,
the longer the annealing time at temperatures under Tg, the lower its final volume, i.e., the higher its density B3 as
schematized in Figure le. The glass refractive index, which depends on its density, will depend therefore on its thermal
history. A glass annealed for a long time at a temperature close to Ty will have therefore a higher refractive index than a
glass annealed for a short time; global refractive index variations of the order of 10™ to 1073 can be achieved by
annealing 887, The enthalpy represents a first evaluation of structural flexibility allowing evaluating the strength of
additional laser-induced modification on a structure with different degrees of relaxation, up to the point where, in principle,
no further structural changes and relaxation can be induced. In re-annealed samples, where the glass structure is relaxed,
it should be much harder to induce photo-contraction, and furthermore the opposite effect of photo-expansion should be
observed, especially at higher intensities 28], To verify this point, ultrafast laser photo-inscription of Type | waveguides has



been performed in two samples, a reference Ge;s5As15S7¢ glass, as prepared in the laboratory with a standard procedure,
and a similar sample but re-annealed during 72 h at T4—15 °C and then slowly cooled to room temperature. The photo-
inscription process was performed in both samples under the same experimental conditions and the response of the two
samples was evaluated by performing guiding tests (injecting light in the waveguides and evaluating the intensity of the
near-field guided modes at the exit). The results are shown in Figure 1d,e, the response of the reference and re-annealed
samples was significantly different. The reference sample (top) showed the expected response, a good photo-induced
local densification and a good confined guided mode, while waveguides photo-inscribed in the re-annealed sample
(bottom) showed a much lower index contrast with a poor guided mode. Furthermore, as can be seen on the bottom of
Figure 1d, in the re-annealed sample, the region where the laser pulse is more intense (the center of the pulse) gives an
inverted response, with a negative refractive index variation. This behavior was expected and it is in good agreement with
the results reported in B8l j.e., irradiating the surface of high enthalpy chalcogenide glass with low intensity laser pulses
results in a large photo-contraction, while high intensity irradiation can generate the exactly opposed effect, i.e., photo-
expansion, in low enthalpy samples. These results can be explained in terms of volume reduction by structural relaxation
when high enthalpy ChGs samples are annealed for a long time slightly under Ty,

Raman shift analysis performed on non-irradiated and irradiated Ge;5As15S7¢ samples showed many molecular structural
changes corresponding to the irradiated region, some of which are a clear signature of an augmented disorder under laser
irradiation, and a possible cause of photo-induced densification. Measurements on re-annealed samples showed the
same molecular changes after laser exposure, but less intense than in the case of non-reannealed samples, in
agreement with the difference observed in the refractive index change. Recently, Gretzinger et al. B2 reported on
structural rearrangements and ion migration in correspondence of Type | structures photowritten in GLS, as evidenced by
Raman spectroscopy.

Based on all the results presented above, the following scenario has been proposed. First, the insertion of Ge in a quasi-
planar As-S matrix introduces a 3D connectivity and new degrees of freedom, allowing for higher structural flexibly and so
a higher relaxation potential. This indicates that the laser role is to trigger locally states with a different degree of
relaxation with respect to the pristine sample, inducing further relaxation in unrelaxed or partially relaxed matrices (with a
result in index increase) or to induce structural constraints in relaxed matrices up to thermomechanical effects (local
expansion). The question is then how the laser pulse is able, via the deposited energy, to trigger molecular mobility and
structural rearrangement ¥, As a consequence of the ionization of the sample by the focused laser pulse, a number of
electrons are promoted from the valence band to the conduction band by two-photon absorption. When electrons are
excited to the conduction band, covalent bonds of the glass matrix are weakened and molecular mobility is allowed even
at room temperatures where normally it is prohibited by slow kinetics. The lifetime of the electron plasma generated by a
single pulse (which can reach few tens of nanoseconds 1) is too short to induce an efficient molecular mobility with only
one laser pulse; however, following laser pulse after laser pulse, a relaxation channel is generated through which the
glass structure is allowed to rearrange even at room temperature. The irradiation process can be seen therefore as a way
to remove the kinetic constraint to the thermodynamically driven relaxation. These results are in good agreement with
previous works reported in the literature. Hisakuni and Tanaka 2442l reported on photo-induced glass softening effect in
amorphous As,S3. They have shown the possibility of a-thermally photo-induced fluidity, i.e., the possibility of introducing
degrees of freedom and structural mobility via paths that are not exactly temperature driven in the glass matrix under laser
irradiation. More recently, Lucas and King 9 reported on the observation of fast light-activated relaxation in GeSeq
chalcogenide glass illuminated with sub-band-gap light from a Ti:Sapphire laser.
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Figure 1. Comparison of the refractive index change results (PCM) of the waveguide laser photo-inscription process in (a)
As,S3 and (b) Ge;5As:15S7¢ glasses with the same laser parameters (2 mW (@100 kHz) and 160 fs duration) and for two
different scanning speeds. The translation speeds of the samples are indicated on the images; (c) A quasi planar As-S
molecular structure acquires a 3D connectivity (Ge-As-S) after doping with Ge, increasing its structural flexibility; (d,e)
Comparison of the index change results (PCM) of the waveguide photo-inscription process in a pristine (top) and longtime
re-annealed (bottom) Ge;sAs15S79 samples by 2 mW (@100 kHz) and 160 fs laser pulses, with two different scanning
speeds. The translation speeds are indicated on the top; (f) Schematic of the thermal history of annealed chalcogenide
glasses and its influence on the enthalpy of the microscopic glass structure.

| 3. Infrared Light Transport by Embedded Large Diameter Waveguides

The requirements of single mode guiding in the MIR domain impose constraints on minimal waveguide section diameters
(with ranges in the tens of pm) and index contrast (approaching or exceeding 1073). In response to these limitations
mainly two approaches have been tested, namely the slit-shaping method [“3I44] and the evanescently coupled multicore
waveguide bundle design [, In standard irradiation conditions, laser photo-inscribed waveguides have transverse
cross-sections with few micrometers in diameter, and, particularly for transverse scan schemes, the cross-section is
asymmetric and elongated in the direction of the confocal axis. One of the most effective spatial shaping techniques by
which one can obtain either a higher symmetry of the transverse profile (increasing the circularity of the guided mode and
reducing polarization sensitivity) or a larger cross-section diameter is the slit-shaping technique, allowing to change the
profile along the propagation axis and thus the confocal volume. The technique has been introduced by Cheng et al. 3]
using partial beam truncation along one transverse direction, and then reinforced via astigmatic control by Osellame et al.
44 As a consequence of Gaussian beam propagation laws, decreasing the initial beam waist along one transverse
direction leads to the related increase of the corresponding focal waist in the focal plane up to the point where it becomes
comparable to the confocal length. A quasi-circular symmetry thus can be obtained in the form of a disk that can be
replicated by transverse scanning to form a waveguide of larger diameter and circular cross-section.

Further flexibility in the normalized frequency requires increasing even more the waveguide cross-section diameter,
beyond the typical limit of the slit-shaping technique (tipically 10-15 um). The flexibility in designing optical functions in a
waveguide array concept is considerable, ranging from photonic crystal fibers to imaging devices, routers, and mode
convertors 45481147 |n the context of LMA light transport, evanescently coupled fibers 48 or embedded waveguides 42!
were demonstrated to be potential efficient solutions. The coupling efficiency in waveguide arrays is the key engineering
factor in designing the properties of the array, and it can straightforwardly be designed using index contrast, inter-trace
spacings, or lengths for various spectral domains. In terms of optical guiding, based on a multicore fiber concept, a matrix
of waveguides permits upon central injection and gradual coupling in the next neighboring waveguides the development of
in-phase modes that will coherently overlap, thus forming a large-area single mode covering the whole array. An example



of photo-inscribed multicore array waveguides functioning in single-mode operation is given in Figure 2c. Typical
hexagonal arrangements with 37 micron-spaced 10 mm-long traces were used in a Ge;sAs15S79 sample. For typical
single trace NA below 0.05, equivalent to index contrasts of up to 5 x 107 at 800 nm, the individual modes superpose
coherently and create super-single-mode propagation over the bundle cross-section. Higher NA and/or section diameters
lead to stronger mode localization and favorable conditions for multimode guiding. The mode becomes more confined
when increasing the index contrasts and keeping the diameter constant, or inversely can be extended with larger inter-
trace separation and keeping the index contrast constant. Consequently, the single trace NA can be adjusted for single
mode conditions, with losses around 1 dB/cm. Even larger sections (up to 100 um or more) with multimode character can
be obtained using multicore bundles with slit-shaped individual traces.

Tests of MIR light guiding with multicore and slit-shaped structures with index contrasts up or in excess of 1073 are given
in Figure 2. The results indicate high transmittance over the whole black body source range (2-13 pum) convoluted with
the glass transparency window (0.5-11 pm) and the detector response (FLIR camera). The large band response in Figure
2a shows chromatic effects with apparent slightly higher attenuation at large wavelengths depending on the degree of
mode confinement, obtained by increasing the waveguide index contrast. The chromaticity of the structures can be
controlled via index contrast engineering. Chromatic effects are less apparent in slit-shaped traces (Figure 2b), with main
index contrast effects in the overall guide transparency. Spatial mode profiles under coherent light injection were tested at
3.39 um He-Ne laser radiations for multicore structures and show symmetric single mode guiding (Figure 2d) with mode
areas matching the size of the multicore structure in Figure 2c. The result is confirmed by numerical simulations [&. An
example of a calculated mode is given in Figure 2e for a hexagonal structure having the same characteristic of the
experimental one. The guiding performances were experimentally analyzed via the cut-back method on multicore guides
of several lengths, indicating propagation losses in the 1 dB/cm range at 3.39 um injection. More recently, Masselin et al.
(49 showed that propagation losses as low as 0.11 dB/cm at 1.5 um can be obtained by optimizing the index contrast of
multicore structures in bulk ChGs. Other techniques and configurations have been proposed in the literature in order to
increase the guiding cross-section area. These techniques are mainly based on depressed cladding concepts [LEI50[51]
(photo-inscription of a low index Type Il cladding surrounding the guiding area), or on a 1D version of the multicore
concept B2 (periodic arrangement of Type | index slabs). In particular, depressed-cladding techniques can be effective in
bulk materials which cannot sustain contrasted Type | index structures, as is the case for example in As,S3 chalcogenide
glass, as will be discussed below.

u 05| — JmW- 0.1mm/s MULTICORE W 0.14 | §LIT-SHAPED '~ 380mW - 0.1mrm/s
E - BmW-01mmis . - S 512 r%.—ssmw 0.2mm/g
= ! [
04 E
a T 0.10 ,.r.
203 : | S 008 <
2 02 3 a6 3
E : & 0.04 :
5 :
it ot D ooz 3 -
el ,
w00 ' 0.00 = :
4567 6 9101112° 2 3 4 56 7 8 9 1011 12
(b)
37 um
E
3
o
o™

(c) (e)

Figure 2. (a) MIR large band guiding in a multicore waveguide. The spectral dependencies of the laser-induced structures
as a function of the index contrast is also shown. Two input powers at 2 and 6 mW are used with the same sample scan
velocities of 0.1 mm/s, in order to obtain two different index contrasts. Higher contrast leads to better guiding in the large
wavelength spectral domain; (b) Laser energy dose dependent spectral behavior of slit-shaped traces via two scan
velocities (0.1 and 0.2 mm/s) at the same input power of 380 mW. Higher contrast leads to better guide transparency;
however, overall performances lay below those of the multicore; (¢) Multicore structure written in bulk Ge;5As15S7g glass
(10 mm length) at 2.4 mW, 100 kHz input laser conditions via a NA 0.5 aspherical lens at 0.5 mm/s scan speed. The inter-
trace spacing is 5 um, and the whole diameter 30 um; (d) The corresponding single mode guided at 3.39 um, detected via
a FLIR camera &; (e) Finite element analysis for a guided mode at 3.39 pm in a multicore hexagonal structure with 5 pm
spaced, 4 um thick individual traces of NA = 0.08.



| 4. Signal Extraction by Embedded High-Aspect-Ratio Bessel Nanovoids

Reducing the size and power consumption of detecting instruments has always been an issue for spatial astronomical
applications. Nowadays, with the development of Nanosat projects, the possibility of achieving very high resolution in a
very compact and light device gives waveguide optics a very broad field of application. A possible approach is to develop
integrated spectrometers where the spectrum is obtained by Fourier Transform of a static interferogram, as proposed in
the SWIFTS-Lippmann configuration 2334, |n the present approach, the stationary wave is obtained by superposing the
direct and backward guided modes of a simple channel optical waveguide, the latter being obtained without using a mirror
but only Fresnel reflection at the waveguide output, exploiting the high refractive index of GLS waveguides. For sampling
the stationary wave inside the waveguide, periodic nanodots of gold sputtered on the surface 3, or grooves obtained by
Focused lon Beam technology (FIB) B4, are typically utilized. For the first time, the classical nano-scattering centers,
fabricated by time-consuming lithographic techniques, are here replaced by Bessel high aspect-ratio nanovoids photo-
written by DLW perpendicularly to the waveguide 9 (the energy scattered by the periodic nanostructure, which is then
used to sample the signal transported in the waveguide), as shown in Figure 3a,b. Periodic Bessel nanovoids with a
transverse section below 500 nm (see the inset on top-right of Figure 3b) and an axial dimension above 150 pm,
separated by 10 um were employed. As a guiding element, a photo-inscribed LMA waveguide was used, in order to
achieve large diameter mode guiding in the NIR and MIR with single mode characteristics. This was based on a centered
hexagonal arrangement of 37 parallel waveguides A view on the multicore waveguide cross-section structure and the
corresponding guided mode at 1550 nm, with a diameter of about 20 um, is shown in the top-left inset of Figure 3b. The
trial was performed in GLS. The main interest of this technology is not only that the waveguide cross-section diameter and
index can be adjusted in order to have single mode guiding at the desired wavelength, but also that the sampling nano-
voids can be written in a very short time using DLW (few minutes) over the whole length of the sample (typically few cm,
and this is highly suited in order to increase the spectral resolution), whereas classical techniques such as FIB or
lithography take hours, and are limited to small lengths (typically 500 um), requiring mask shifting in order to cover high
areas. Moreover, the sampling nano-voids can be set at different depths in order to optimize interaction with the
evanescent field of the waveguide, optimizing therefore the scattered signal, and finally their form factor can be easily
changed, in order to modify the extraction efficiency and directivity 58], This is a perfect demonstration of the high flexibility
of the DLW technique in realizing compact embedded detectors, if compared to existing industrially mature lithographic
techniques.
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Figure 3. (a) Schematic concept of LMA light transport and signal extraction optical functions, obtained by using multicore
array waveguide concept (for guiding) and high aspect ratio Bessel nano-voids photo-written transversally to the
waveguide (signal extraction by scattering); (b) Top-view of the prototype schematized in (a) fabricated in bulk GLS glass.
The inset on the left shows the multicore cross-section of the fabricated LMA waveguide and the corresponding guided
mode obtained by injecting the waveguide with a 1550 nm SLED. The inset on the right shows the cross-section of the



single Bessel nano-void structure; (¢) Sampling of the A = 3.39 um signal confined in the waveguide and extracted from
the periodic Bessel nano-voids (input injection on the left, output interface on the right). Although the signal is under-
sampled (discussion in the text), a stationary wave is clearly visible as formed in the waveguide by interference.

5. Photoinscription of 3D Nonlinear Optical Functions in Bulk ChG
Glasses

Designing bulk 3D optical functions with additional Kerr nonlinearity becomes possible in ChGs, due to their high
nonlinear index, enabling the development of all-optical signal processing concepts based on the excitation of spatial and
temporal solitons at relatively low peak powers 237 |n this context, evanescently coupled two-dimensional waveguide
arrays with a third-order nonlinear response have been proposed for light manipulation due to the strong sensitivity to
injected power and subsequent discrete coupling B8I52I[80II61] A good example in this sense is represented by the function
of a passive saturable absorber with a variable modulation depth 2 relying on discrete nonlinear localization of light in
arrays of coupled waveguides 8. The nonlinear waveguide arrays geometry is particularly interesting as the fabrication
procedure can be extended to 3D embedded designs in ChG glasses using the ultrafast DLW technique. The design of
such an optical device in bulk glasses implies the photo-inscription of Type | waveguide in longitudinal configuration and in
a centered hexagonal arrangement, where the maximum transfer from the central to the side waveguides can reach up to
86% (831 controllable via the length and the index contrast of the surrounding waveguides. In the present case, the Type |
central waveguide has a length of 9.1 mm, with the surrounding hexagon at a length of 2.4 mm. Details about the
irradiation conditions can be found in ref. (64,

Type | positive index waveguides with typical index contrasts in the range of 10741072 were generated. A summary of the
optical performance of the device, with its conceptual design, is shown in Figure 4a. Upon core injection with ps-long
pulsed laser at 800 nm, the collective optical response of the waveguide array shows a strong intensity dependence, with
the low-power propagating field being redistributed between the central core and the surrounding waveguides due to
evanescent coupling, and high-power favoring decoupling and core propagation. Figure 4b indicates the measured low-
power (around 0.2 kW) repartition of energy in the structure, with a minimal amount localized in the core. Increasing the
intensity, the Kerr contribution increases the effective index of the central waveguide and the light becomes self-localized
(Figure 4c), achieving more than 90% transmission in a stable manner. The power-dependent field propagation in the core
suggests its potential as a saturable absorber. We noted that femtosecond injection leads to output transmission
fluctuations, due to pulse spatial and temporal nonlinear distortions during propagation in the array. The spatiotemporal
propagation of the pulses in the micro-structured GLS sample has been modeled by means of a discrete—continuous
version of the UMEs 57, as described in detail in ref. 64l The results for simulation concerning the picosecond input case
are given in Figure 4d. This presents the fluence profile at the output of the saturable absorber for two levels of input pulse
intensity. The modal profiles are comparable to the experimental profiles shown in Figure 4b,c, which were taken under
similar input conditions. The overall transmission response of the saturable absorber (with respect to the performance of a
single waveguide) is summarized in Figure 4e, which displays the experimental transmission data in the central core as a
function of the estimated peak intensity of the injected pulse. The analogous results of the simulation are shown in the
same graph (calculated assuming all the energy of the pulse is coupled in the waveguide), indicating good agreement
between experiment and theory.
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with a 9.1 mm length for the core guide and a 2.4 mm length for the surrounding hexagon. The inter-trace spacing is 13
pm; (b) Output mode in the case of low-power (0.2 kW) injection with a uniform spread of energy; (¢) Output mode in the
case of high-power (7 kW) injection with a core localization of light. The injected pulse duration (FWHM) is 3 ps; (d)
Output mode snapshots resulting from the simulation of the propagation in the photonic saturable absorber of a A = 800
nm positively chirped pulse of 3 ps, for an input pulse intensity of 2.5 GW/cm? (top) and 25 GW/cm? (bottom); (e) Intensity
and power-dependent transmission in the hexagonal array. Experimental values (solid squares) and simulation data (open
circles) are plotted. The x-error bars reflect the precision in evaluating the intensity via the accuracy of mode size
estimations.

| 6. Conclusions

In conclusion, ultrafast photo-inscription concepts for designing laser-written waveguides in sulfur-based chalcogenide
glasses have been explored, which are compatible with light transport in the infrared and mid-infrared spectral domains.
They emphasize a correlation between irradiation design and material engineering. The focal slit-shaping technique and
evanescently-coupled and structured multicore waveguides are efficient solutions for large-mode-area guiding in the
infrared ranges. The study of the response to ultrafast lasers showed how Ge-doping an As-S chalcogenide structure
increases the structural flexibility of S-based chalcogenide glasses, allowing for a larger processing window of positive
index changes, via photo-induced local contraction. Equally, it has been shown how the thermal history of the sample can
influence its structural flexibility, a short annealing time under Ty corresponding to a reduced packaging, allowing for a
more efficient response.

From an applicative point of view, it has been demonstrated how using multiscale laser processing, from micron-sized
large-mode-area waveguides traces to nanoscale one-dimensional Bessel scatterers, it is possible to obtain compact high
spectral and spatial resolution spectrometer designs, embedded in the bulk of chalcogenide glasses and working in the
infrared domain. By direct laser photo-inscription, it is possible to design the modal characteristics, such as waveguide
refractive index, as well as the length of the diffraction nanovoids grating, so that the spectral resolution and the spectral
bandwidth can be easily tuned, giving to these photowritten embedded photonic prototype a very high flexibility. The
obtained results, although preliminary and to be optimized, are encouraging for lightweight applications, such as drone
and cubesat interferometry projects, where we expect this type of compact spectro-interferometers to be a good tradeoff
between performances and fabrication time and cost. Finally, by exploiting the high nonlinearity of chalcogenide glasses
(GLS in the present case), nonlinear embedded optical functions can be also defined. In particular, a near-infrared
saturable absorber 3D concept based on ultrafast laser-fabricated coupled waveguide arrays has been demonstrated,
which is suitable for infrared ultrashort laser pulses at a low, kilowatt threshold.
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