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Abstract: We demonstrate the fabrication of arsenic- and antimony-free chalcogenide glasses
compatible with glass fiber processing. Optical fibers with distinct index profiles are
presented and characterized, namely single material fibers with or without a suspended core
and standard step-index fibers with varying core diameter. In addition, we evidence their
potential for nonlinear photonic devices in the mid-infrared spectral region by means of
supercontinuum generation experiments in the femtosecond regime. Spectral broadenings are
obtained, extending on several octaves in the mid IR from 2 to 14 pum.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
OCIS codes: (000.0000) General; (000.2700) General science.

1. Introduction

Mid-infrared (mid-IR) supercontinuum (SC) sources covering ~2—16 pum are of great interest
for many applications in defense, medical [1] and particularly for sensing. In this spectral
region, organic compounds such as biomolecules present fundamental vibrational resonances
and an absorption pattern corresponding to their spectroscopic fingerprints [2, 3].
Furthermore, this spectral range covers the strategic atmospheric windows 3-5 um and 8-
12um. This is particularly interesting for practical applications such as greenhouse gases
sensing [4], chemical sensing, medical therapeutics and food safety monitoring [3]. Besides, it
is worth mentioning that many applications of optical technologies related to healthcare,
pharmaceuticals, and environmental monitoring are calling for biocompatible materials
excluding compounds containing arsenic as well as antimony. Arsenic and its compounds are
known to be highly toxic substances. Antimony has a similar chemical behavior in particular
from the biological point of view [5]. According to toxicological data, carcinogen effects are
attributed to antimony oxide. In addition As, Sb and their compounds are known to be major
pollutants for outer environment especially when these substances pollute drinkable water [5,
6]. The European REACH [7] (Registration, Evaluation, Authorization and Restriction of
Chemicals) regulation aims to limit or suppress as far as possible the usage of highly toxic
substances. Presently arsenic is already classified as acutely toxic in REACH database. It is
also considered as one of the tenth substances of major concerns for human health by the
World Health Organization. Because of toxicological data that are judged incomplete or too
old, antimony is currently not classified. However, based on experimental data on
representative samples and on the comparison with the di-antimony trioxide known as
carcinogen, an alternative proposal for the classification and labeling of antimony is provided
by REACH [7]. Moreover, arsenic and antimony surfaces exposed to room atmosphere lead
to formation of the corresponding carcinogen oxides. Thus, security issues may occur during
glass preparation, fiber drawing, and performance testing [8, 9, 10].
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Arsenic and antimony are known to increase glass formation region [11] as well as
refractive and nonlinear indices [12, 13]. Indeed, most of SC spectra reported in chalcogenide
glass (ChG) fibers are obtained with sulfide, selenide or telluride based compositions
containing arsenic and/or antimony such as As;Sz[14], As>Sez[15, 16], GeAsS,GeAsSe [17,
18], GeAsSeTe [19, 20], GeSbhS(Ga), GeSbSe [17]. To the best of our knowledge, only one
study reports SC obtained with a ChG fiber free of arsenic and antimony [2]. Such ChG
glasses (ChGs) compatible with fiber drawing operations and allowing for SC generation are
even less common. We can cite the work of [2] based on an As and Sb-free core glass
containing iodine (but with a Sb-containing clad glass) difficult to process in particular during
the drawing because of iodine degassing and phase separation issues [21].

In the present work, we demonstrate the fabrication of single material optical fibers as
well as step-index ones based on ChGs free of highly toxic elements such as arsenic and
antimony. The studied compositions belong to the Ge-Se-Te ternary system for both core and
cladding glasses. This system has already been studied for optical fibers preparation [22, 23,
24, 25] and thin films [26]. Despite the fact that previous works explored the full ternary
diagram especially for thin films, to the best of our knowledge, no result about low-losses
(<5dB/m) step-index fibers has been yet reported. Until now, step-index fibers losses exceed
10dB/m [27, 24]. Indeed, compared with S- or Se-based glasses, Te-based ChGs are of
interest for mid-IR SC generation since they present higher optical nonlinearities and broadest
transmission windows due to the higher atomic weight of Te [12, 28]. Nevertheless, the
metallic character of Te leads to a greater tendency for crystallization, which prevents the
production of low-losses optical fibers because of high scattering [29]. The substitution of a
small amount of Te by Se increases the resistance to crystallization while retaining a wide
optical transmission window. But to date the attenuation of such fibers is still high (>10
dB/m) and the drawing is difficult to control [23, 24].

From this state of the art, we study in this work two compositions belonging to the pseudo
binary GeSes — GeTes, on the Se rich side. The thermal and optical properties of bulks and
fibers have been investigated as well as the purification process, in order to obtain low-losses
optical fibers. The present work also evidences dispersion engineering in step-index and
suspended-core fibers drawn from these glasses, according to their opto-geometric
characteristics, in particular for optimizing SC generation. As a result, we are able to present
here the first results of SC generation with such fibers. In particular, a very large SC
spectrum, spanning from 2 to 14 um, is obtained with a 10-pum core diameter step-index fiber.

2. Glasses and fibers processing
2.1 Glass composition

GeSeq glass is known to be compatible with fiber technology, from glass purification through
distillation procedures to drawing operations [30]. Addition of GeTes increases several
important parameters, namely the glass transition temperature, the refractive index and the
Kerr coefficient [26]. Some of the main thermal and optical properties of GeSes and GeTes
glasses are gathered in Table 1. However, glass compositions from the Te-rich side of the
pseudo binary GeSes - GeTes being difficult to process, single material fibers are hardly
obtained and exhibit high losses (>10 dB/m), far from requirements for SC generation and
other applications [23, 22, 24]. Consequently, we focused our work on the Se-rich part of the
pseudo-binary (Fig.1). The cladding and core compositions are GexSerTei (87,5% GeSes —
12,5% GeTes) and GexSesoTexn (75% GeSes — 25%GeTes) respectively. In the following,
these two compositions are indifferently called GST glasses.



Table 1. Thermal and optical properties of GeSe, and GeTe, glasses

Glass Ty(°C) Tx(°C) n@3pum Band gap (um)  n2 (108 m2W-?)

GeSe;, 160 [30] - 2.419[31]  0.730°[32] 3.2 @ 1.55 um [32]
0.650° [26]
GeTes 140[33]  217[33] 3.353[34]  1.5°[26] No data

a: hulk, °: thin film
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Fig.1. Ternary Ge-Se-Te diagram reproduced from [23]. Red circles stand for glass forming regions. Core and
cladding compositions are indicated.

2.2 Glass synthesis and purification

The starting elements are 5N bulky Ge and Te from Umicore. Se is 5N pellets from Alfa
Aesar. After weighing of stoichiometric quantities, all three elements were inserted into silica
ampoules which were evacuated to 1 x 105 mbar for several hours. Under such a secondary
vacuum, Te and Se containing ampoules were heated up to 430°C and 230°C, respectively, in
order to remove TeO; and SeO, superficial oxides. Germanium was heated up to 600°C to
remove free water adsorbed on the raw material surface. Then, the precursors are gathered in
the same ampoule in which 50 ppm (wt) of Al and 1000 ppm (wt) of TeCl, are added for
further purification. Al is used as an oxygen getter; during synthesis, it reduces remaining
oxides in the batch, to form alumina (Al,O3). TeCl, is used as a hydrogen getter; it reacts with
remaining hydrogenated entities to form HCI. Because reaction with TeCls can be reversible,
the glass is quenched from a sufficiently high temperature to preserve the purification stage
[35]. In the next step, the glass is annealed and then distilled under dynamic vacuum by
means of two furnaces, a turbo molecular vacuum pump, and a cooled trap, see Fig. 2a. As a
refractory, alumina is not distillated and stays in the starting ampoule, in furnace 1. As a gas,
HCI is evacuated and trapped in the liquid nitrogen cooled trap. At the end of the distillation



stage, the GST glass has moved in the second ampoule, in furnace 2. Then, this ampoule is
sealed and placed in a two-zone furnace, furnace 3 (Fig. 2b), for a static distillation of the
GST glass which leaves the traces of refractory particles (C, Al,O3 or SiO2) responsible for
optical scattering [36, 37] in the left side of the ampoule, when the glass moves to the right
side of the ampoule (Fig. 2b). Finally, after sealing the right side ampoule, the glass batch is
inserted into a rocking furnace for the refining process at 850°C for 10 hours (Fig. 2c), and
then quenched and annealed at T — 5°C for 12h.

a) Furnace 1 Furnace 2
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 ——————

Distilled GTSglass

Fig. 2. Scheme of glass purification steps, a) distillation, under dynamic secondary vacuum, of the glass containing
oxides and hydrogen getters (Al and TeCly), b) distillation under static vacuum of the previous distillate, c) refining
step in order to obtain the final glass.

2.3 Glass optical fibers fabrication

We have already described the drawing steps in previous papers. Step-index fibers were
fabricated by means of the rod-in-tube method [38, 39]. First, a 8-cm-long rod with16 mm
outer diameter is stretched down to 900 um glass cane which is then inserted in a drilled clad
perform, thus providing the suitable preform to draw step-index fiber with 100-350 um outer
diameter (i.e., corresponding to a core diameter varying from 6 to 20 um). During these two
operations, single material fibers made from both the core and cladding glasses are also
drawn in order to measure the material losses by the cut-back technique (see section 3.2.1).
We also fabricated suspended core fibers by means of the mechanical drilling method on
initial rods from core glass, with a 16 mm outer diameter [14]: after annealing, a glass rod
was drilled to obtain three holes of typically 1 mm diameter and 30 mm length, thus leading
to the air-suspended structure with three fine struts supporting the suspended core (see further
Fig. 7a). The resulting perform is then drawn into fiber under a nitrogen gas pressure to
control the hole size.

3. Characterization
3.1 Thermal properties

Differential scanning calorimetry measurements (DSC 2920 TA Instrument) were performed
on core and cladding glasses in order to determine the glass transition temperature T4 DSC
curves were registered in the 20°C—400°Crange using typical 10-20 mg bulk glass samples
heated at a rate of 10°C/min under N, gas flow (50 mL/min). Glass transition temperature and



drawing temperature of these two glasses are given in Table 2. No sign of crystallization was
observed on both compositions.

Table 2. Thermal properties of GST core and clad glasses

Composition T, (°C) Drawing temperature (°C)?
GexSeso Tex (core) 162 430
GexSerTer (clad) 159 430

2: temperature given by the thermocouple placed in the vicinity of the glass during drawing.

3.2 Linear optical characterization
3.2.1 Transmission and attenuation

After polishing 5-mm-thick glass samples using SiC papers and diamond suspension, mid-IR
bulk transmissions were measured with a FTIR Perkin Elmer spectrometer (Spectrum One),
while the near-infrared transmission was measured with a Perkin Elmer Lambda 900
spectrometer. Transmission spectra of purified core and cladding compositions are shown in
Fig. 3. The bandgap wavelength is determined for an absorption of 10 cm™ and is equal to
1.02 and 0.89 um for core and cladding glass respectively. In both cases, multiphonon
absorption stops the transmission around 17 um and one can notice that resonances are
observed at 11 um and above.
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Fig. 3. Transmission of core and cladding glasses obtained from 5-mm-thick bulk samples

The infrared attenuation spectra of the single material fibers were determined by using the
cutback method on several meters-long fiber samples with a Fourier Transform Infrared
(FTIR) spectrometer (NICOLET 6700) working in the 1-4.5 pum range. For technical
purposes, an external halogen lamp emitting from 0.4 to 4.5 um was used as the light source.
For longer wavelength we used a Perkin Elmer (Spectrum One) spectrometer allowing a
measurement between 1.3 and 25 um. Because of the light source low power of the latter
spectrometer (black body Globar) only attenuation of the purified glass fibers can be
measured with this spectrometer. Figure 4 compares measured losses for single material



fibers made from the purified core and clad glasses. Thanks to distillations procedures the
losses are strongly decreased, even below 2 dB/m over a very large spectral range, when
oxides and hydrogenated entities are removed or at least deeply reduced. The remaining Se-H
groups are responsible for the absorption band centered at 4.5 um. According to Se-H
attenuation coefficient, €se.n = 1 dB/m/ppm(at) [43, 36], we estimated the residual quantity of
Se-H groups to 8 ppm(at) corresponding to the same order of magnitude than previously
reported results [36, 37, 30].

Purified core
Purified clad

Attenuation dB/m

O-I N 1 N 1 N 1 L 1 N 1 N 1 L 1 N 1

2 3 4 5 6 7 8 9 10 11
Wavelength (um)

Fig. 4. Infrared attenuation spectra of single material fibers made of purified core and cladding glasses.
3.2.2 Refractive indices

Refractive index values of both glass compositions (ternary systems) were calculated based
on the Clausius Mossoti relation [40] and the use of refractive index measurements reported
in literature on binary systems, namely GeSe4 [31] and GeTes [34] glasses. Indeed, the core
and cladding glasses are expressed as stoichiometric mixtures of GeSes and GeTes. Core glass
GexSesoTez corresponds to 0.75GeSes — 0.25GeTes and cladding glass GezSeznTeo
corresponds to 0.875GeSes — 0.175GeTes (mol). The resulting wavelength dependences of
core and cladding refractive indices are plotted in Fig. 5. These curves can be well fitted by
two-pole Sellmeier equations (see Eq.(1)), and the corresponding Sellmeier coefficients are
listed in Table 3. The refractive index difference is found to be An = 8.9x102at 5 um. Based
on this simple step-index profile, our fibers do not exhibit a strictly single-mode behavior in
the mid-IR spectral range, but high numerical apertures and a rather strong confinement of the
fundamental guided mode.

i=2 12
=145 A (1)
LA



Table 3. Sellmeier coefficients for GeSes, GeTe, and GST glasses

Glass AL Az A (Um) A2 (Um)
composition

GeSeq [31] 4.813 0.126 0.278 19.738
GeTe, [34] 9.943 0.318 0.522 18.298
GexoSesoTexn 5.677 0.215 0.331 21.322
GexoSernTern 5.225 0.202 0.298 21.606
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259 [ ]
258 ]
257 F 3
2,56 | ]
255 ]
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Fig. 5. Calculated refractive index as a function of wavelength for both core and cladding glasses.
3.2.3 Simple dispersion management of step-index fibers

Based on a simple step-index profile, we studied the corresponding dispersive properties of
the fundamental mode propagating in our chalcogenide fibers with different core diameters.
Dispersion curves, shown in Fig. 6, were obtained by solving the dispersion equation (also
called the eigenvalue equation) for cylindrical step-index waveguides. An uncertainty of 102
on the refractive index difference (An) between core and cladding is taken into account to
roughly estimate the impact of potential discrepancies between our numerical predictions and
the genuine refractive indices of the fabricated glasses, hence we plot three dispersion curves
for each core diameter. For a core diameter ranging from 6 to 14 um, we observe that our
fiber can exhibit distinct dispersive properties such as an all-normal dispersion (ANDiI) profile
or even a two-zero dispersion wavelength (ZDW) dispersion profile. By simply tuning the
core diameter during fiber drawing, we are able to manage the group-velocity dispersion
(GVD) of the fundamental guided mode ranging from all-normal dispersion (e.g., ®core = 6
pum) to multi-ZDW GVD profile (e.g., ®core = 10 um). A standard single-ZDW dispersion
profile is then found for larger core diameters (e.g., ®core = 14 pm). Consequently, various
nonlinear propagation regimes can be explored to optimize SC generation [47]. It is worth
noting that for a 10-um core diameter, depending of An value the multi-ZDW profile is
somehow uncertain but nearly flat and low anomalous dispersion is confirmed over a wide
spectral range. For wavelengths below 4 pm, whatever the core diameter, the large normal
dispersion is fixed to the bulk dispersion (core glass). Note that simple single-material fiber
with large diameter exhibits the same dispersion properties than the bulk.
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Fig. 6. (a) Profile of the chalcogenide step-index fiber with 10-um core diameter and captured by means of a
scanning electron microscope (SEM). (b) Calculated wavelength-dependent dispersion D of the fundamental guided
mode in our step-index fibers with varying core diameter ¢ =6, 10, and 14um. The solid black line indicates the
chromatic dispersion from the core glass (GexSesoTe2). Additional dashed curves give an estimate of possible
dispersion variations induced by the uncertainty on refractive index difference for our glass pair.

3.2.4 Dispersion of suspended core fibers

Regarding the linear characteristics of suspended core fibers, we performed numerical
simulations of modal properties based on the fiber geometry derived from the SEM analysis
and by means of commercial software using a fully vectorial finite-element model. Fig. 7
shows the wavelength-dependence of dispersion parameter D for the fundamental guided
mode for distinct values of the core diameter. We clearly observe the benefit of the strong
light confinement offered by the suspended-core geometry, namely the easy blue-shift of the
zero-dispersion wavelength when compared to step-index configuration. However, the strong
decrease of the core size required to shift the ZDW below 3 pum would lead to significant
coupling issues. But, with a 6-um core diameter, there is a possibility to pump in the



anomalous dispersion regime at wavelengths about 3.7 um contrary to the step-index fiber
geometry (see Fig. 6). Such small-core fibers could be suitable for the development of
compact SC sources when considering recent sub-200 fs laser sources operating between 2.8
and 3.6 pum based on fluoride fiber with high peak powers [45, 46]. In the following
experiments, we make use of a suspended core fiber with 12.7 um core diameter. In that case,
the ZDW was already shifted in a significant manner, at wavelengths around 5 um. Note that
the blue-shift of ZDW is 1 um further than for small-core step-index fibers studied in Fig. 6.

“iooun J 1800000736 15.0kV 19.0mm x1.50k BSECOMP 50Pa 7/11/2018 30.0um
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Fig. 7. (a) Picture of the three holes drilled preform and profile of the 12.7-um suspended-core chalcogenide fiber
captured by means of a scanning electron microscope (SEM).(b) Calculated wavelength-dependent dispersion D of
the fundamental guided mode in our suspended core fibers with varying core diameter ¢ =3, 6, 9, and 12.7um. The
solid black line indicates the chromatic dispersion from the core glass (GexSesoT€2)-

4. Supercontinuum generation
4.1. Experimental set up

Fig.8 shows the experimental setup implemented for supercontinuum generation in our
chalcogenide fibers. The high-power femtosecond pulses, with tunable central wavelength
from 3.5 to 11um, are delivered by a non-collinear optical parametric amplifier (NOPA)
followed by a difference frequency generation (DFG) module. The NOPA is pumped by a
chirped pulse amplified (CPA) Ti:sapphire system which delivers pulses centered at 790 nm
with 3.2 mJ energy (100 fs pulse duration) at 1 kHz repetition rate. The maximum energy of
the short-wave infrared pulse delivered by the DFG module is about 15 pJ, and the pulse
duration is estimated to be 65 fs. Pump spectra for several wavelengths are shown in Fig. 9.
The infrared beam is focused with a 6 mm focal length ZnSe objective into 40-mm-long
segments of ChG fibers. The fiber mounted on a translation stage is placed in the position



maximizing the spectral bandwidth of SC generation. At this stage, the output SC is
collimated with a ZnSe objective (f = 12 mm) and then focused with a gold coated parabolic
mirror (f = 88.9 mm) on the input slit of the monochromator. Our Newport Cornerstone™
130 1/8 m motorized monochromator is equipped with two diffraction gratings adapted for
the wavelength range of interest. The first one (300 I/mm) is used in the 1.1-2.5 pm range
with a peak efficiency of 90 % at the 1700 nm blaze wavelength, thus providing a spectral
resolution of almost [l The second one (150 I/mm) is used in the 2.5-@8um range with a
peak efficiency of 75 % at the 5000 nm blaze wavelength, allowing a spectral resolution twice
lower than the first one. SC light at the output slit is imaged by means of a gold coated
parabolic mirror (f = 50.8 mm) on the liquid nitrogen-cooled HgCdTe detector. The detector
signal is then extracted by means of a box car operating at the laser repetition rate. Higher
diffraction orders were filtered out using various germanium-based long-pass filters.
Accordingly, the spectrum is sequentially recorded with Ge-based long-pass filters placed
before the detector and transmitting above 1.5, 2, 3, 5,7 and 9 um, respectively. The full SC
spectrum is then reconstructed by gathering the filtered spectra.

o DFG
CPA amplifier NOPA amplifier module
790 nm, 3 mJ, 100 == 12-2.4um,300}, Mirror

2.5-11
fs, 1 kHz / 70f5, 1 kHz / ey g';
fs, 1kHz
ZnSe objective

(f=6 mm)

5 Glass fiber sample

| 0\ ZnSe objective
—

(f=12 mm)
l
1|

T

y:

Boxcar

Monochromator 4

| Parabolicmirror

Filter
MCT detector Parabolic mirror

Fig.8. Experimental setup used for supercontinuum generation in our chalcogenide fibers free of arsenic
and antimony.
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Fig. 9. Pump spectra for different wavelengths delivered by the fs source.

4.2 Single-material fibers

SC generation was first investigated in our single-material fiber (outer diameter equal to 210
pm) made of the core glass GexSesoTex (See Fig. 10). Experimental SC spectra were
obtained for the maximum average power available at distinct pumping wavelength. As the
power decreases for increasing pump wavelength, one can notice the strong impact of the
power on the resulting SC bandwidth [2]. However, we reveal that, even pumping in the large
normal dispersion regime (far from the ZDW around 7 pum), SC generation (more particularly
self-phase modulation) is efficient enough to cross the ZDW and to cover the spectral region
between 2 and 10 um approximately (see pumping wavelengths fixed at 3.5 and 5.5 um). The
spectral broadening becomes asymmetric relative to the initial pump wavelength, significant
broadening is then observed in the anomalous dispersion regime where solitons can be
formed and undergo Raman self-frequency shift [47]. On the contrary when the power
decreases, whatever the wavelength the spectrum does not change significantly.
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Fig. 10. Experimental SC obtained for different pumping wavelength (3.5, 5.5, 7.7 and 8.6 pm) in a single index
fibers.

4.3 Step-index fibers

The present flexibility in the design of GVD properties for step-index fibers combined with
strong optical confinement and our tunable fs pumping allows us to investigate an overview
of relevant configuration of SC generation. First, we investigated SC generation in the two-
ZDW fiber (i.e., 10 um core diameter) for distinct pumping wavelengths with the same input
power. The average pump power was measured just before the ZnSe coupling objective about
3.5 mW for pumping at 3.5 um and 8.6 um. For technical reason, we were not able to
decrease the input power below 5 mW when pumping at 7.7 um. Note also that for 8.6 um
pumping we cannot increase the power above 3.5 mW. For sake of clarity we present SC
results for only 3 different pump wavelength in Fig. 11. Even with average power higher than
5 mW, the SC spectrum pumped at 5.5 um (not shown here) is not as broad as the one
pumped at 7.7 um. All this is corroborated by numerical predictions of the fiber dispersion
curve shown in Fig. 6b. Indeed the pumping at 7.7 um in the low anomalous dispersion
regime surrounded by two ZDWs provides optimized dispersion features for SC development.
The spectral broadening reaches the maximum bandwidth mainly driven by soliton dynamics
and the formation of dispersive waves (DWs) in both regions of normal dispersion far from
the pump (induced by the presence of the two ZDWs) [47], namely below 6 um and beyond
10-11 pm. When pumping at 3.5 um in the normal dispersion regime, SC generation is
mainly driven by self-phase modulation (SPM), and the spectrum remains nearly narrow and
symmetric until crossing the ZDW and entering in the anomalous regime where solitons are
formed and red shifted. Now when pumping at 8.6 um still in the anomalous dispersion
regime but close to the second ZDW, we observe that spectral broadening remains limited
and even less efficient than 3.5-um pumping with same incoming power. As the core
diameter is 10 pum, we suppose that the coupling is less efficient at a wavelength of 8.6 pm.
Similar pumping configuration in between the ZDWs was also found to optimize SC
generation in step-index tellurite fibers [48]. The largest SC spectrum here spans from 2 up to
nearly 14 um (-30 dB bandwidth). It is worth mentioning that our detection setup is not fully
optimized for wavelengths above 12 pum so that SC may easily extend up to 14 um and
beyond. More precisely, the second grating has a degraded efficiency above 12 um and the

12



sensitivity of the MCT detector drops after 12 um. For future works beyond these proof-of-
principle experiments, a third grating is then necessary as well as a MCT with a larger
wavelength range towards the mid-IR.

Seed 3,5um
Power 3,5mW 4

Seed 7,7um
r Power5mW

Seed 8,6um
r Power3,5mW -

Power spectrum (10 dB/div)

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Wavelength (um)

Fig. 11. Experimental SC spectra obtained with 10-um-core chalcogenide step-index fiber and different pumping
wavelength (3.5, 7.7 and 8.6 um).

Next, we studied different step-index fibers with varying core diameters, namely 6, 10, and 14
pum. As shown by Fig. 12, we achieved the broadest SC spectrum by using the 10-um core
fiber. This confirms again the strong impact of dispersion profiles, which drives the nonlinear
pulse propagation regime and the subsequent SC bandwidth. Indeed, a 10-um core diameter
corresponds to a rather flat dispersion curve associated to multi-ZDW features contrary to the
6-um core fiber that exhibits a typical ANDi profile. For the latter, whatever the pumping
wavelength, narrow spectral broadenings are expected (i.e., SPM only occurs in the normal
dispersion). By using a 14-um core fiber, we almost recover a very large SC spectrum
spanning from 3 to 13 um. In that case, the single ZDW dispersion profile and the pumping
into the anomalous dispersion lead to soliton-driven SC generation associated with DWs
(only on the short wavelength edge). No dispersive wave is generated on the long wavelength
edge since the second ZDW is further shifted in the mid-IR and even does not exist.
Consequently, the SC bandwidth is reduced when increasing the fiber core diameter, in
particular due to the larger anomalous dispersion that restrains soliton dynamics.
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Fig. 12. Experimental SC spectra obtained in chalcogenide step-index fibers with different core diameter (6, 10 and
14 pm) by means of pumping at 7.7 pm.

4.4 Suspended core fibers

Finally, we report SC spectra obtained at the output of our chalcogenide suspended core fiber
(12.7-um core diameter) in Fig.13, in particular for two pump wavelengths 3.5 and 5.5 pm.
The average pump power, measured just before the coupling objective, is respectively 5 and
10 mW. Our results are supported by the predicted dispersion curves shown in Fig. 7
indicating that the ZDW is located at 5 um for this core diameter. The largest SC spectrum
roughly spans from 3 to 12 um, and it is obtained for the pump fixed at 5.5 um corresponding
to the anomalous dispersion of the fiber and close to its ZDW. When pumping at 3.5 pm,
besides the lower incoming power, we are also pumping the fiber in the normal dispersion
regime far from the ZDW. Consequently, soliton dynamics only occurs when SPM allows to
cross the ZDW during propagation, whereas in the previous case, solitons and associated
DWs are generated directly at the beginning. Thus, Raman self-frequency shift of the solitons
allows to reach longer wavelengths in the mid-IR.
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Fig.13. (a) Experimental SC spectra recorded for different pumping wavelength (3.5 and 5.5 pm) in a 12.7-um
suspended core fiber. (b) Results obtained for other pumping wavelength (3.5, 7.7 and 8.6 um).

5. Conclusion

In conclusion, we demonstrated the experimental development of arsenic- and antimony-free
chalcogenide optical fibers with low residual losses. Distinct fiber structures such as step-
index or suspended-core profiles were designed and then drawn to evidence easy-accessible
management of group-velocity dispersion properties. Thus, proof-of-principle SC generation
experiments were carried out, and our results clearly confirm the potential of these new fibers
for nonlinear optics in the mid-IR. More particularly, a SC spectrum spanning from 2 to 14
pUm was obtained by using a 40-mm-long segment of 10-um-core step-index fiber made of the

15



following glass pair GezSesoTezx / GezSergTern. Despite the fact that several optimization
steps are required about the fiber design and their characterization, as well as the mid-IR
detection system, the present results based on this new type of chalcogenide fibers satisfying
the European REACH regulation are fully comparable to the current state-of-the-art using
fibers made from more common chalcogenide glasses compatible with fiber drawing.
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