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Abstract: Current demands in astrophotonics impose advancing optical
functions in infrared domains within embedded refractive index designs.
We demonstrate concepts for large-mode-area guiding in ultrafast laser
photowritten waveguides in bulk Sulfur-based chalcogenide glasses. If
positive index contrasts are weak in As2S3, Ge doping increases the
matrix rigidity and allows for high contrast (10−3) positive refractive index
changes. Guiding with variable mode diameter and large-mode-area light
transport is demonstrated up to 10 μm spectral domain using transverse
slit-shaped and evanescently-coupled multicore traces.
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1. Introduction

Present demands in astrophotonics impose advancing optical functions and accessibility in
mid-infrared (MIR) spectral ranges, enhancing as well the efficiency of photon harvesting and
transport [1]. This concerns astronomy and space sensing applications, particularly in track-
ing molecular organic tracers. Miniaturization in dedicated optical instrumentation targets now
specifically the fabrication of three-dimensional (3D) photonic circuitries in adapted optical
materials with transparency window up to 14 μm.

Photonic developments in the area of multiplexed spectroscopy or for interferometric combi-
nation of beams from large telescopes were dominantly based on planar technologies and fibers.
These include already a range of functionalities and systems such as waveguide combiners in
miniaturized spectrographs and interferometers, broadband Bragg gratings for suppression of
unwanted spectral signatures (e.g. OH), or photonic lanterns with phase-controlled modal be-
haviors [2–7]. The extension to the third dimension in compact geometries allows to address
the complexity of the coming generation of astronomical instruments (especially for multi ob-
ject spectroscopy and stellar interferometry) due to the embedded nature of the technology.
Basic optical functions (e.g. light manipulation including wavefront filtering, beam splitting,
combination, and reshaping) can be integrated within a unique compact photonic device, and
contribute to the development of complex “instruments without bulk optics” with phase and
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modal control for astronomy signal collection. Second, 3D geometries allow for further flex-
ibility in the MIR spectral range for photonics-based astronomical instruments. The spectral
domains of 3-5 μm and 8-12 μm bear great astrophysical importance as numerous molecular
organic tracers (water, CO2, ozone) can be sensed at these wavelengths. The question of ac-
cessibility and fabrication requirements puts forward chalcogenide technology as a promising
solution with the challenge of creating performant light transport capabilities [8–14].

For designing optical functions relevant for astrophotonics at arbitrary positions, 3D ultrafast
laser modification of transparent materials and refractive index engineering offers already inter-
esting perspectives [15–18]. The localized refractive index changes following laser scan allow
to create light control functions inside bulk materials where the embedded nature determines
intrinsic phase stability. The associated optical properties can provide throughput and flexibil-
ity, contributing to efficient light delivery in complex optical designs. The optical performance
is linked to the balance between index contrast, profile, and dimension, thus optimal material
response to light interaction is determinant. That implies that the physical interaction and its
dimensionality have to be accurately controlled for achieving desired mode transport in MIR.

Chalcogenide glasses (ChGs) represent an important class of materials for MIR applica-
tions [19–21] due to their transparency and nonlinear strength [22–26], and are currently em-
ployed in guiding, nonlinear switching, continuum generation, amplification, or optical record-
ing. Planar and fiber methods including fiber drawing, embossing, deposition/etching, pho-
tolithography, photo-darkening, or ion implantation are already developed and implemented
for photonic applications [27, 28]. These materials show equally strong photosensitivity and
intrinsic metastability, which marks the reaction to external radiation [29–35]. The structural
flexibility allows to tune optical properties by elemental constituents, namely gap and phonon
energy, or nonlinearities. These features, coupled to a relatively high two photon absorption
at current ultrafast laser radiation wavelengths in the transparency window (in the range of
cm/GW) permits the development of volume 3D photoinscription methods. Nonlinear bulk
photoinscription techniques were already employed to create waveguiding traces using ultrafast
laser radiation [36–42], with the demonstration of 3D feasibility [43, 44]. The induced refrac-
tive index change has a nonlinear nature and is determined, depending on glass composition,
by molecular, structural, and thermomechanical rearrangements [45–47]. With optical guiding
demonstrated at visible and NIR wavelengths, the extension to MIR poses further challenges.
Traces photoinscribed by volume direct laser writing are limited in cross-section due to the usu-
ally employed tight focusing geometries and in index contrast, and, therefore, the normalized
frequency is intrinsically low in MIR, creating delocalized modes and inducing losses.

Here we present concepts of large-mode-area guiding in IR and MIR spectral domains in
As40S60 (As2S3) and Ge15As15S70, compatible with large normalized frequencies and low nu-
merical apertures for efficient collection of light up to 10 μm. We firstly show that Ge insertion
in As2S3 significantly enhances the processing window for positive refractive index changes,
by gap engineering. We then indicate that variable mode dimensions particularly attractive for
MIR can be realized using slit-shaping and multicore guide bundle designs. Characterization in
a large spectral domain shows good guiding properties and moderate chromaticity.

2. Experimental description

An amplified Ti:sapphire ultrafast laser system delivering 800 nm light pulses of 500 mW power
at a variable repetition rate of 10–100 kHz and a nominal output pulse duration of 130 fs was
employed as irradiation source. The source is equipped with a pulse envelope control unit in
time and space domains based on spectral and spatial phase modulation [48]. Exposure doses
were controlled by electromechanical shutters. As2S3 and Ge15As15S70 parallelepipedic sam-
ples with transparency cut-off in the 520–580 nm domain were employed, mounted on XYZ
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Fig. 1. Ultrafast laser (150 fs) photoinscription results in As2S3 glass in terms of PCM
phase retardation maps for static and longitudinally scanned conditions. (a) PCM images
of static traces at different accumulation doses: N=100 and 20 nJ, and N=50000 and 2 nJ at
100 kHz, illustrating positive and negative index change domains. (b) PCM images of lon-
gitudinally scanned photoinscription domains with positive and negative index changes, de-
pending on scan velocity and input energy (10 kHz laser repetition rate). Laser parameters
are given on the figure for NA=0.45 focusing. Insert: Refractive index qualitative profiles
from Abel inverse transformation of retardation charts. (c) Depressed cladding guide made
by partly overlapping type II traces and the corresponding mode at 800 nm. Experimental
conditions: 20 nJ per pulse, 100 kHz repetition rate, 0.5 mm/s scan speed.

motion stages that allow translation parallel or perpendicular to the laser propagation axis. The
beam was focused inside the target by various focusing optics, including large focal distance
microscope objectives (NA=0.42–0.45, effective NAs due to truncation limited to NA=0.4)
or aspherical lenses (NA=0.5). Static and longitudinal writing configurations with translation
parallel to the laser axis and in the direction of the laser source were used in direct focusing ge-
ometries, with power compensation schemes to correct spatial distortions at increasing focusing
depths. Slit-shaping techniques with typical slit dimensions of 100 μm and afocal cylindrical
telescopes for astigmatic corrections were employed with transverse scans. An Olympus BX 41
positive optical phase-contrast microscope inserted in the irradiation setup was used to image
the interaction region in real-time in a side-view geometry. Positive refractive index changes
relative to the background matrix are appearing dark on gray background, while white zones
indicate negative index variations. The phase contrast microscopy (PCM) was accompanied
by white light transillumination imaging (WL). The guiding properties were verified upon in-
jection with IR and MIR light. Laser radiation at 0.8 μm, 3.39 μm in combination with FLIR
camera, and a large band black body source spectrally limited by a HgCdTe monopixel detector
at 3-11 μm were used. Radiation was injected via 0.2 NA objectives adapted for respective do-
mains (glass or ZnSe) and imaging off-axis f/1 parabolas.

3. Results and discussion

3.1. Laser photoinscription

3.1.1. As2S3 glass

Laser modification effects in bulk As2S3 present several particularities as a function of en-
ergy. These are depicted in Figs. 1(a) and 1(b) as PCM images of the retardation charts
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Fig. 2. (a) Ultrafast laser (150 fs) photoinscription results in terms of PCM phase retarda-
tion maps in Ge15As15S70 glass as a function of the input energy for two different scan
velocities. Longitudinal scan geometries are used with NA=0.5 aspheric focusing. Domi-
nantly positive index increase is obtained in the laser-modified regions, with an observable
onset of negative changes in the center region at large accumulation doses. The inserts rep-
resent characteristic qualitative index change profiles from inverse Abel transform of the
retardation maps. (b) Cumulative behavior and dose-dependent index increase as a function
of input power and scan velocity, amounting to high index contrast.

(
∫

Δ n(x,y,z)dz) in static and longitudinally scanned conditions, at various energies and scan
velocities/exposure doses. The following behavior can be observed for both static and scanned
traces. At low accumulation doses and low energies (around the critical self-focusing, i.e. in the
nJ domain), ultrafast laser radiation induces a weak (≤10−4) positive index change, denoted
here as type I. This is usually attributed to the formation of homopolar bonds after breaking
heteropolar bonding [36, 45]. Interestingly, in the employed energy domain (2-40 nJ), the ma-
terial response commences with a positive index changes and changes upon accumulation to
negative values, suggesting a strong cumulative effect. Negative index changes can be induced
at low pulse numbers and high energies. The increase of the accumulation dose determines an
apparent heat-driven thermomechanical expansion of the material, leading to a negative index
change (type II). This response appears rather confined in cross-section, suggesting that even
for typical diffusivities of sulfur-based chalcogenide glasses (1÷ 3 × 10−7 m2/s), few times
lower than that of model fused silica, thermal multipulse accumulation may be only incipient
in our conditions, adding on other forms of stress and structural incubation. Index profiles in
the different photoinscription regimes are illustrated by the Abel transform on the retardation
charts of longitudinally scanned traces [inserts Fig. 1(b)]. Raman analysis has not shown strong
spectral variations with respect to the non-modified glass in type I and II cases, except a zone
around 220-235 cm−1 where usually As–As vibration modes are reported.

As the window of positive index processing is relatively low, this glass is particularly attrac-
tive for depressed cladding waveguides [49]. A design method consisting of partially overlap-
ping longitudinal type II traces disposed in cylindrical geometry was used. A WL transillumi-
nation image of the resulting depressed cladding guide with the transmitted mode at 800 nm is
given in Fig. 1(c). The guiding is found to be lossy (amounting to tens of dB/cm), potentially
related to the roughness of the interface and the absence of significant stress accumulation
towards the center of the structure.
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Fig. 3. Transverse slit-shaping photoinscribed traces in Ge15As15S70 glass as a function
of the pulse duration and accumulation dose (scan speed). Incident power of 30 mW at
100 kHz was delivered via a 100 μm slit and focused by NA=0.42 objective. (a) Ultrafast
irradiation: ultrashort pulse irradiation determines extended damage around the core (WL
transillumination image). (b) Irradiation results with elongated linearly chirped pulses. Du-
rations of 20 ps can limit the collateral damage and create symmetric core traces. (c) The
guided mode at 800 nm is given for the latter case, illustrating examples with decreasing
index contrast.

3.1.2. Ge15As15S70 glass

The insertion of Ge as a network modifier, leading to a Ge15As15S70 composition, has a dra-
matic effect on the laser processing window. The parameters domain for obtaining positive in-
dex contrast is significantly increased and this represents now the dominant material response.
The situation is depicted in Fig. 2(a) for a range of input energies and scan velocities. The trans-
formation can be associated with an increasing of the average coordination number of the glass
following the insertion of the network modifier, indicative of a more rigid matrix. Adding a
fourfold coordinating element such as Ge permits therefore to obtain more stable positive index
changes. Moreover, the visible cut-off frequency increases as well, with a spectral displacement
from 580 nm for As2S3 to 520 nm for Ge15As15S70. Consequently, the linear and the nonlin-
ear absorption at 800 nm (the photoinscription wavelength) become weaker in the Ge15As15S70

glass than in the As2S3 glass and permits stronger, less-heat-accompanied photoinscribed mod-
ifications in the material. Ge15As15S70 has a refractive index of 2.21 at 800 nm as compared to
2.52 for the As2S3, allowing reduced Fresnel losses during photowriting.

Refractive index estimations based on the numerical aperture of the 100 kHz ultrafast laser
written longitudinal guides at 800 nm injection suggest a high contrast of up to 10−3. The guide
index contrast can be controlled by the incoming energy and deposition rate, building up on a
structural accumulation effect. Fig. 2(b) shows the dose dependence of the PCM retardation.
The index contrast follows a similar increase with a slightly reduced slope as the dimension
of the guide increases somewhat with the dose. We sidenote that further adding of Ge (e.g.
Ge20As20S60) decreases the processing window for positive index changes, permitting index
changes with stronger sensitivity to the laser parameters.

3.2. MIR waveguiding traces

The requirements of single mode guiding in the MIR domain impose constraints on minimal
traces diameters (with ranges in the tens of μm) and index contrast (approaching or exceeding
10−3). In response to these limitations we have tested two approaches, namely the slit-shaping
method [50] and the evanescently coupled multicore guide bundles [51].
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Fig. 4. Multicore waveguiding results in Ge15As15S70 glass for ultrashort pulse irradia-
tion. (a,b,c) Multicore cross-sectional profiles in PCM with increasing index contrast and
respective guiding behavior at 800 nm. Visible mode confinement appears for higher index
contrast. Experimental conditions: (a) 0.4 mW at 0.4 mm/s, (b) 0.4 mW at 0.3 mm/s and
(c) 0.8 mW at 0.4 mm/s and 100 kHz via NA=0.42. The transverse size is 30 μm. (d,e,f)
Multicore cross-sectional profiles in PCM with increasing intertrace distances and corre-
sponding mode behavior at 800 nm injection. Experimental conditions: 1.8 mW at 1 mm/s
and 100 kHz via NA=0.5 aspherical lens. Transverse dimensions (d) 36 μm, (e) 42 μm,
(f) 48 μm. (g) Mode dimensions as a function of the multicore spacing at 800 nm. (h)
Continuous large section structure obtained by overlapping traces in cross-section and in
a side-view PCM perspective. A higher 800 nm mode LP21 is obtained. (i) Large section
(100 μm) multicore (WL) with individual slit-shaped traces.

3.2.1. Cross-sectional control via slit-shaping and dispersion control of excitation

McMillen et al. [52] have shown recently that slit-shaping techniques can be applied to high
index nonlinear materials such as Ga:La:S chalcogenide glasses. We recall that the technique
consists in truncating the input beam in one dimension, increasing thus its projected focal size
asymmetrically up to the point that it becomes comparable to the confocal distance, realizing
a disk-like form that can be transversely scanned. It was shown that despite the presence of
spherical aberrations and Kerr-nonlinearities, low-loss (0.65 dB/cm) guiding traces can be ob-
tained with pulse durations around 1 ps. Ge15As15S70 has a higher nonlinear susceptibility and
ultrashort pulse propagation at higher energies as required in slit-shaping methods is unstable
against filamentation and self-focusing. This is becoming apparent in Fig. 3(a) which shows
extended damage around the slit-shaped core. Using dispersion engineering we show that lin-
early chirped 20 ps pulses can restrict the collateral damage and confine the radiation around
the slit shaping zone. This is due to a downsize of the Kerr self-focusing and carrier defocusing
along the propagation path allowing to deliver the main energy in the interaction region. The
result is given in Fig. 3(b) with the behavior of mode guiding at 800 nm shown in Fig. 3(c)
for various index contrast. The typical dimensions obtained by this technique are in the range
of 10 μm, dependent on the confocal distance of the input objective, however susceptible of
nonlinear deformations at low NA/large confocal distances.
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Fig. 5. (a) MIR large band guiding in multicore structures in Ge15As15S70 glass (10 mm
length). The guided MIR spectrum is compared to the spectrum of the input radiation
traversing an equivalent path of non-modified glass (marked as non-guiding). (b) Single
mode guiding in a multicore assembly with 5 μm spacing at 3.39 μm injection, detected
via a FLIR camera (right). The corresponding structure (also indicated – left) was written
at 2.4 mW, 100 kHz input laser conditions via a NA 0.5 aspherical lens at 0.5 mm/s. (c)
Finite element analysis for a guided mode at 3.39 μm in a multicore hexagonal structure
with 5 μm-spaced, 4 μm thick individual traces of NA=0.08.

3.2.2. Evanescently-coupled multicore guide bundles

Further flexibility in the normalized frequency requires extending the guide cross-section be-
yond the typical limit of the slit-shaping technique. Evanescently coupled fibers [53] or em-
bedded waveguides [51] were demonstrated to be potential effective solutions for large-mode
area transport. Typical hexagonal arrangements with 37 micron-spaced traces were used. The
individual traces were longitudinally written on 10 mm lengths, with an automatic energy ad-
justment as a function of the processing depth to counterbalance spherical aberrations and pre-
serve intensity and dose homogeneity. For typical single trace NA below 0.05, equivalent to
index contrasts of up to 5×10−4 at 800 nm, the individual modes superpose coherently and
create single mode propagation over the bundle cross-section. Higher NA leads to stronger
mode localization and favorable conditions for multimode guiding. Results of multicore pho-
toinscription profiles and guiding performances at 800 nm injection are given in Fig. 4 (a)– 4(f),
indicating the role of index contrast and structure size. The mode becomes more confined when
increasing the index contrasts [Figs. 4 (a), 4(b), and 4(c)] and can be extended with larger
trace separation [Figs. 4 (d), 4(e), and 4(f)]. Consequently, the single trace NA can be adjusted
for single mode conditions, with losses around 1 dB/cm. The mode size can be increased for a
particular index contrast from 200 to 400 μm2 for 800 nm radiation by trace spacing variations
ranging from 3 to 8 μm [Fig. 4 (g)]. Overlapping traces create uniform structures of circular
symmetry which behaves multimode at 800 nm, with the onset of the LP21 mode [Fig. 4 (h)].
Higher sections (100 μm) with multimode character can be obtained using multicore bundles
with slit-shaped individual traces [Fig. 4 (i)].

3.2.3. MIR guiding with large area modes

The extrapolation to larger wavelengths impose constraints on index contrasts and trace di-
ameters. Tests of MIR guiding of multicore structures with index contrasts up or in excess of
10−3 are given in Fig. 5. We mention that similar results were obtained for the slit-shaping
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Fig. 6. Spectral dependencies of the laser-induced structures in Ge15As15S70 glass at
100 kHz as a function of the index contrast (inserts: representative structures). (a) Power-
dependent spectral behavior in multicore traces. Two input powers at 2 mW and 6 mW are
compared for similar scan velocities of 0.1 mm/s. Higher contrast leads to better guiding in
the large wavelength spectral domain. (b) Dose dependent spectral behavior in multicore
traces. Two scan velocities of 0.1 mm/s and 0.5 mm/s are compared at similar input power
of 6 mW. Higher contrast leads to better guiding in the large wavelength spectral domain.
(c) Dose dependent spectral behavior in slit-shaped traces via two scan velocities (0.1 and
0.2 mm/s) at similar input power of 380 mW. Higher contrast leads to better guide trans-
parency, however overall performances lay below those of the multicore. The observable
spectral gaps are related to atmosphere absorption.

structures. Figure 5(a) shows the large-band spectral behavior in the range of 2-12 μm, limited
by the material transmission window and detector response. The results indicate high trans-
mittance over the whole source range with peaks related to atmospheric absorption. Spatial
mode profiles under coherent light injection were tested at 3.39 μm HeNe laser radiations and
show symmetric SM guiding with mode areas up to 1000 μm2, as indicated in Fig. 5(b), match-
ing the size of the multicore structure. The result is confirmed by 2D finite element analysis
(COMSOL Multiphysics) of a long ensemble of multicore traces embedded in a cladding of
n=2.155. The simulation, which assumes perfect electric conductor boundary conditions on ex-
ternal boundaries, shows guiding for individual trace NAs above 0.07 (equivalent to a minimal
index contrast of 10−3), slightly dependent on trace sections. An example of a calculated mode
is given in Fig. 5(c) for a hexagonal structure with 5 μm-spaced, 4 μm traces of NA=0.08; the
mode diameter is 37 μm, similar to the measured one. For a range of diameters and intertrace
spacings comparable to experiment, NA≤0.07 would lead to leaky modes.

The guiding performances were experimentally analyzed via the cut-back method on mul-
ticore guides of several lengths and trace separation of 5 μm. The tests indicate propagation
losses in the 1 dB/cm range at 3.39 μm injection. The large band response indicated before
shows also expectable chromatic effects with apparent slightly higher attenuation at large wave-
lengths (above 8 μm) depending on the degree of mode confinement (Fig. 6). However, the
chromaticity of the structures is controllable via index contrast, i.e. via the local accumulated
radiation dose. This is qualitatively visible in Figs. 6(a) and 6(b) indicating a certain flexi-
bility in chromaticity via the spectrally-dependent evanescently coupling mechanisms, notably
a higher large wavelength transparency for higher index contrast. Chromatic effects are less
apparent in slit-shaped traces [Fig. 6(c)], with main index contrast effects in the overall guide
transparency.

4. Conclusion

In conclusion we have demonstrated highly transparent large-mode-area guiding in Sulfur-
based chalcogenide materials, with a particularly high efficiency of photoinduced index
change in Ge15As15S70. Various irradiation parameters were analyzed exposing composition-
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dependent processing windows, indicating cumulative behaviors and possible pulse-envelope
control of nonlinearities. Slit-shaped and multicore design are viable solutions for light trans-
port in embedded waveguides.
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