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Introduction

Many chemical species, as organic compounds and biomolecules, present fundamental vibrational resonances between 2 and 20 µm. The mid-infrared (mid-IR) spectral region is thus considered as a fingerprint region of huge interest for sensing applications [1], [2]. Particularly, greenhouse pollutants gases, such as CH 4 , CO 2 , NH 3 , and NO x , present absorption bands in this spectral region [1], [2]. Current issues related with air quality and climatic modifications drive [3] the interest for developing new sensing devices. Coherent tuneable large band sources emitting in this spectral region are promising for such applications.

Over the past decade chalcogenide-glass based optical fibers have revolutionized the field of mid-IR broadband light sources [4] [5] [6]. Chalcogenide glasses exhibit the suitable wide transparency window and high optical nonlinearity [7], making them the best candidates for midinfrared supercontinuum (SC) generation. Numerous achievements have been accomplished through the development of different kinds of fiber structures, such as step-index, microstructured and tapered fibers, in order to control light guidance according to the pumping conditions. In particular, the advanced methods of microstructured or suspended-core fibers and fiber tapering have been widely used to decrease zero dispersion wavelengths (ZDWs) while enabling enhanced effective nonlinearities. As a result, efficient mid-IR SC generation can be investigated by using relatively shorter pump wavelengths with lower pump powers, thus fitting the current needs of developing compact devices based on fiber laser pumps below 5 µm [8]. However, it is worth mentioning that the broadest SC spectra have been obtained in step-index fibers with larger transmission window (i.e., more robust and less sensitive to aging issues [9]) and by using longer pumping wavelengths delivered by high-energy optical parametric amplifiers [20] operating in the femtosecond regime. Table 1 presents a survey of mid-IR SC spectra obtained in chalcogenide fibers made of distinct glass compositions and index profiles since the ultrabroadband mid-IR SC generated in a step-index fiber by Petersen et al. in 2014 [10]. From Table 1, it clearly appears that, to the best of our knowledge, the broadest SC obtained with As-S or As-Se suspended-core fibers ends up to 9.5µm. A way to allow further mid-IR spectral broadening is to modify the glass system and its transmission window. Another solution is the control of the fiber geometry to manage the group-velocity dispersion. By combining these two features, a suspended-core fiber consisting of dual chalcogenide glasses (Ge-As-Se-Te / Ge-Sb-Se) has been developed, leading to the largest SC obtained in a chalcogenide suspended-core fiber, covering the 1.7-11.3µm spectral region with a pumping wavelength around 5 µm [19]. However, one can note again that step-index fibers based on a similar glass system allow to obtain a larger SC span [23].

Most of glass systems listed in Table 1 contain arsenic as well as antimony which are toxic elements. Especially, they lead to carcinogen oxides when they are exposed to atmosphere [25]. The European REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) [26] regulation aims to limit as far as possible the use of highly toxic substances, and this drives the interest to search for As and Sb-free chalcogenide glasses. From that point of view, the GST (Ge-Se-Te) glass system is an alternative for nonlinear applications in the mid-IR region. GST glass system is known from 1966 [27], but it has been less studied for SC applications though its transmission window is similar to the As-Se glass [20] [21], mainly because the glass formation and fibre drawing is more tricky. Maurugeon et al. successfully drew a Te-rich GST fiber and then performed sensing application between 13 and 16 µm where CO 2 absorbs with the Fiber Evanescent Waves Spectroscopy method [28]. The composition used contains only of a few percent of Se to minimize absorption between 16-18 µm and presents a minimum of losses of 10 dB/m at 10.5 µm. The dependence of the refractive index with respect to distinct compositions of GST glasses was investigated in Ref. [29]. The control of Te and Se contents (i.e., from Se-rich to Terich) in the glass system allow to change the resulting refractive index over the range 2.5-3.4 in the mid-IR. In 2015, Jiang et al. proposed a purification process to obtain a low-loss Se-rich Ge-Se-Te chalcogenide fiber (Ge 20 Se 70 Te 10 ) [30]. The optical loss was found to be 1.4 dB/m at 4.2µm and less than 3dB/m between 1.5 and 6.3 µm. Recently, Sun et al. has synthesized Ge-Se-Te glasses and also studied the evolution of the nonlinear index n 2 as a function of the Te content [31]. It appears that n 2 increases with Te content. Based on this potential of Se-rich GST glass system, we have recently demonstrated the fabrication of optical fibers with distinct index profiles, namely, single-material fibers with or without a suspended core and standard step-index fibers with varying core diameter [20]. In addition, we have evidenced their potential for nonlinear mid-IR devices by means of SC generation spanning from 2 to 14 μm in a step-index profile [20]. In the same work, a preliminary study of suspendedcore fibers is also presented with a SC generation experiment spanning from 2 to 11.5 µm. This result then compete with the state-of-the-art of SC in suspended-core fibers shown in Table 1.

In the present work, our purpose is to present in more detail the development of As-Sb-free chalcogenide suspended core fibers based on the ternary glass system Ge-Se-Te. In particular, the glass composition Ge 20 Se 70 Te 10 is here successfully synthesized, partially purified and drawn to a suspended core fiber. The core optical transmission is measured whereas group-velocity dispersion and light confinement properties are computed and discussed. Finally, to the best of our knowledge, we report on the largest mid-IR extension of SC generation in a suspended-core optical fiber. More specifically, we demonstrate a SC spanning from 3.25 to 13 µm into a 12-µm suspended-core fiber pumped by sub-100-fs pulses at 8.6 µm. Experimental SC results are supported by numerical simulations of the nonlinear pulse propagation.

Glass synthesis, fiber fabrication and characterization

A Ge 20 Se 70 Te 10 glass preform is synthesized by the standard melt quenching method [32]. High purity elements of 5N bulky Ge and Te from Umicore and 5N Se pellets from Alfa Aesar are used. Stoichiometric quantities are weighted and then inserted into a silica ampoule. In this case we performed a slight purification: this ampoule is evacuated at 1.10 -5 mbar for several hours. Then we proceed to a single static distillation (see Fig. 1). This allows removing of refractory elements, such as Carbon or SiO 2 responsible for optical scattering [33] [34]. Finally, the ampoule is sealed and inserted in a rocking furnace for glass synthesis (see Fig. 1). The batch is heated up to 850°C for 10 hours to allow reaction between the starting products, then the melt is quenched in water at ambient temperature and finally annealed at T g -5°C for 12 hours.

The GST glass transmission is measured on a 4.7 mmthick bulk sample, previously polished with SiC papers and diamond suspensions. Mid-IR transmission is measured with a Fourier Transform InfraRed (FTIR) Perkin Elmer spectrometer (Spectrum One). Transmission in the near-IR region is measured with a Perkin Elmer Lambda 900 spectrometer. The transmission T of the glass is presented in The bandgap is measured at around 1 µm which corresponds to an absorption coefficient of 10 cm -1 . We can express the absorption coefficient with the following equation:

with ( 1 
)
where I (resp. I 0 ) is the output (resp. input) intensity of the light and L the thickness of the bulk. Assuming Se-H extinction coefficient ε SeH = 1 dB/m/ppm(at) [33][36], we estimate the residual Se-H quantity at 10 ppm(at) which is of the same order of magnitude as previous studies [20][33][34] [37]. In the case of OH related absorption band, OH extinction coefficient is measured in silica as ε OH = 10 dB/m/ppm(wt) [38] and by considering such a value, there is 6 ppm(wt) of OH in our fiber. This value, above that of previous works [20][34] [37], is related to the fact that we only performed a static distillation for the synthesis of our glass, and not a whole purification procedure with various dynamic and static distillation steps [19] [32]. These considerations stands also for Ge-O and H 2 O absorptions [20][35] [37].

Next, a suspended-core fiber is fabricated from the mechanical drilling of a 16 mm outer diameter initial rod [39]. Three holes are drilled with 1 mm in diameter and 30 mm in length. During the drawing process, these holes allow the formation of the air-suspended structure with three fine bridges supporting the core. The drilled preform is indeed drawn to a fiber under a nitrogen gas pressure (1-4 mbar) to control the hole's size as described in the work of Savelii et al. [40]. The drawing process is occurring at a temperature, inside the furnace, of around 380 °C. Several meters of fiber with a suspended-core diameter Φ = 12 µm are obtained from a 6 cm-long preform (see Fig. 3). The refractive index of the glass was calculated using Clausius-Mossoti relation and the refractive index measurements of binary systems GeSe 4 and GeTe 4 found in the literature [41] [START_REF] Mittal | Proc. SPIE[END_REF]. The refractive indices based on bulk reflection measurement curves [29] are not accurate enough for numerical simulations. Here we consider our ternary Ge 20 Se 70 Te 10 glass as a glass obtained from the addition of 0.875 GeSe 4 and 0.175 GeTe 4 [20]. The wavelength dependence of refractive index is plotted in Fig. 4. It is well fitted with a two-pole Sellmeier equation (Eq. 2) and the corresponding Sellmeier coefficients are listed in Table 3.

(2) Group-velocity dispersion and effective mode area of the fundamental mode of the suspended-core fiber are then investigated through numerical simulations based on the fiber geometry derived from the scanning electron microscopy image and by means of a commercial software using a vectorial beam propagation method (RSoft product). Figure 4a shows the wavelength dependence of the dispersion for the fundamental guided mode, for distinct core diameters, as well as the dispersion of the bulk glass. The strong light confinement allowed by the suspended core geometry allows to tune the zero dispersion wavelength (ZDW) well below the intrinsic ZDW of the bulk material located at 6.6 µm. In the present study we focus on a 12 µmdiameter suspended-core fiber; this large core fiber exhibits a single ZDW at 4.6 µm, it also avoids significant light coupling issues in the mid-IR region. One can note that in the case of the simple step-index fiber profile studied in Ref. [20], the effect of the core dimension on the dispersion profile is quite different and the ZDW, when it exists, remains located beyond 5.5 µm whatever the core diameter. The calculated evolution of the effective mode area of our suspended-core fiber is shown in Fig. 4b. In particular, we denote a rather constant confinement of the fundamental guided mode over the large mid-IR wavelength region under study. In the following, we consider the nonlinear coefficient n 2 = 8 × 10 -18 m 2 W -1 corresponding to an average of values reported in Refs. [31][43]; thus the effective nonlinear parameter of our suspended core fiber at 8 µm is found to be γ ~ 0.07 W -1 m -1 .

Experimental configuration for supercontinuum generation

The experimental set-up is shown in Fig. 5. Our suspendedcore fiber is pumped with a high power laser source. The tunable central wavelength (from 3.5 to 11 µm) is delivered by a non-collinear optical parametric amplifier (NOPA) followed by a difference frequency generation (DFG) module. The NOPA is a TOPAS-Prime model, pumped by a chirped pulse amplified (CPA) Ti:sapphire system which delivers pulses centred at 790 nm with 3.2 mJ energy (100fs pulse duration) at 1 kHz repetition rate. The DFG module delivers 65 fs pulses with a maximum average power of 3.5 mW at 8.6 µm (54 MW peak power). The infrared beam is focused in our 40 mm-long chalcogenide fiber with a ZnSe objective (f = 6 mm) to excite the fundamental mode. At the fiber output, the SC light is then collimated with a ZnSe objective (f = 12 mm). The collimated beam is then focused into the slit of a monochromator with a gold coated parabolic mirror (f = 88.9 mm). Our Newport Cornerstone TM130 1/8 m motorized monochromator includes a 150 l/mm diffraction grating used for the 3-13 µm range with a peak efficiency of 85% at the 5 µm blaze wavelength. The output light is then focused onto a liquid nitrogen cooled HgCdTe detector (Hamamatsu P3412-02) with a gold coated mirror (f = 50.8mm). We also made use of several long-pass filters (1.5, 2, 3, 5, 7 and 9 µm) inserted before the detector to avoid higher diffraction orders. Finally the full SC is reconstructed by gathering the filtered spectra.

Results and discussion

In a preliminary study [20], we studied SC generation in a similar suspended-core fiber (with a slightly different composition) with pumping wavelengths (3.5 and 5.5 µm) located in the normal dispersion regime (D < 0) or close to the fiber ZDW. Such wavelengths were first chosen to benefit from the high power delivered by the pump laser. However, we were not able to extend the SC bandwidth as far as in the step-index fiber configuration [20]. Here we present new experimental results, namely using pumping wavelengths centred at 7.5 and 8.6 µm. The corresponding SC spectra obtained in a 4-cm-long segment of 12 µmsuspended-core Ge 20 Se 70 Te 10 fiber are shown in Figs. 6a and6c. We confirm that pumping the fiber further in the mid-IR allows now to push the mid-IR SC edge towards ~13 µm. To date, this corresponds to the largest mid-IR extension of SC generation in a suspended-core optical fiber. We still not reach the fondamental long-wavelength transmission edge at 16 µm (see Fig. 2) since we are limited by the strong absorption band centred at 12.7 µm induced by a combination of different bonds involving oxygen. Moreover, our detection setup is not optimized for wavelengths above 12-13 μm (degraded efficiency of the grating and sensitivity of the MCT detector). In our experiments, the available average powers before the coupling objective are 5 and 3.5 mW at 7.5 and 8.6 µm wavelength, respectively. The low average power and relatively degraded laser beam quality at such pumping wavelengths imply a weak coupling efficiency into our fiber, thus preventing the measurement of output average powers.

To further investigate SC generation (peak power involved, SC bandwidth limitations, etc.) we performed numerical simulations of the nonlinear pulse propagation in our fiber segment. Our modelling is based on the generalized nonlinear Schrödinger equation that includes the full dispersion curve (as shown in Fig. 4), both instantaneous Kerr and delayed Raman nonlinear responses, and the dispersion of nonlinearity [44]. The red areas denote the upper detection limit of our experimental setup, while gray areas are related with the location of the main absorption peak measured in Fig. 2.

The nonlinear fiber parameter was calculated above by means of the simulated effective mode area. For the Raman response function, we used an intermediate-broadening model using convolutions of Lorentzians and Gaussians adapted from spontaneous Raman scattering spectra given in Refs. [31][45]. Our simulations also include the losses of our GST glass measured in Fig. 2. We also considered 80-fs pump pulses, for both pumping wavelengths, which were deduced from the initial pump spectra shown in Figs. 6a and6c. Numerical SC spectra obtained are depicted in Figs. 6b and6d for both pumping configurations. We carrefully took into account the same power ratio between the two pumping wavelengths as in experiments, in particular we used 270 kW peak power at 7.5 µm and 190 kW peak power at 8.6 µm. We observe that our simulations reproduce qualitatively the main SC bandwidth in both cases. We also confirm the twooctave spanning mid-IR light source (from 3.25 to 13 µm) with ~15 nJ femtosecond pulses at 8.6 µm. This main part of the SC is only related to the anomalous dispersion of our fiber, it then results from self-phase modulation and soliton dynamics. The main limitation of SC extension on the long wavelength edge remains the strong absorption band measured at 12.7 µm, however, we reveal that spectral broadening can go through this absorption and reach the multiphonon absorption in the mid-IR near 16 µm. This extra-broadening was not observed experimentally due to the limited bandwidth of our detection system. In additon, one can note that simulated SC spectra are also broader on the short-wavelength edge (up to 2 µm) in contrast to our measurements. As the SC light collection was optimized to highlight the main SC part and the long-wavelength edge, and as possible higher OH absorption occurs around 2.9 µm, all this could explain a lower efficiency to analyze the dispersive waves generated in the normal dispersion regime (i.e., the spectral band on the short wavelength edge). Such issues were also discussed in Ref. [18]. Finally, both recorded SC spectra strongly drop at ~4.5 µm, thus evidencing the position of the ZDW in agreement with numerical predictions.

Conclusion

In conclusion, we demonstrated the fabrication and the application of a short segment of Ge-Se-Te glass-based suspended core fiber for mid-infrared supercontinuum generation that extends from 3.25 to 13 µm. Again this work clearly confirms the potential of these arsenic-and antimonyfree chalcogenide optical fibers for nonlinear optics in the mid-IR. To date, we have reported the largest mid-IR extension of SC generation in a suspended-core optical fiber. Moreover, our numerical simulations highlight the potential of such fibers to reach the multiphonon absorption edge of Se-rich GST glasses.This still requires optimization of our mid-IR detection system and an improved purification process as the one we used in [19]. In comparison to similar step-index GST fibers [20], the development of fibers with a smaller suspended core (higher nonlinearity and blue-shifted ZDW) could be suitable for compact SC sources when considering new femtosecond fiber lasers operating around 3-3.5 µm [46].

Figure 2 .

 2 Figure 2. Multi-phonon absorption is measured around 17 µm.
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 1 Figure 1. Illustration of (a) distillation under static vacuum and (b) refining step in the rocking furnace.

Figure 2 .

 2 Figure 2. Absorption coefficient of GST glass. The bottom graph is a zoom on the vertical axis for a better observation of absorption bands. Our slight purification process allows to decrease extrinsic absorption bands but not to entirely remove them: especially OH, H 2 O, Se-H, Ge-O, Te-O and Se-O bonds vibration bands are still visible [30][31][35]. However, absorption coefficient due to impurities between 2 and 10 µm are smaller than 0.3 cm -1 which is low enough for nonlinear experiments on short fiber length, see part 4. The absorption due to Se-O, Ge-O and Te-O bonds related with the band centred at 12.7 µm corresponds to an absorption coefficient of 7.5 cm -1 . This value is lower than recent work considering a non-purified glass [30].Table 2 lists the distinct absorption bands measured in our glass.
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 3 Figure 3. Pictures of the drilled preform (upper left) and the transverse profile (upper right) of the fiber preform. Lower part,

Figure 4 .

 4 Figure 4. (a) Calculated wavelength-dependent dispersion D of the fundamental guided mode in suspended-core fibers with distinct core diameters ϕ = 4, 8, and 12 μm. The solid black line indicates the bulk dispersion of the glass (Ge 20 Se 70 Te 10 ). (b) Calculated wavelength-dependent effective mode area of the fundamental guided mode in the 12 µm-suspended-core fiber.
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 4 Figure 4. Experimental setup used for supercontinuum generation

Figure 6 .

 6 Figure 6. Experimental (left column) and numerical (right column) SC generation results (solid lines). Initial pump pulse spectra are indicated with dashed lines. The corresponding pumping wavelength is 7.5 µm in subplots (a) and (b), and 8.6 µm in subplots (c) and (d). The red areas denote the upper detection limit of our experimental setup, while gray areas are related with the location of the main absorption peak measured in Fig. 2.

Table 1 .

 1 Recent survey on mid-IR SC generation in various configurations of chalcogenide fibers

	Fiber Composition (core/clad)	Spectral Coverage (µm)	Pump Wavelength (µm)	Year
	As-S suspended-core or tapered fibers	
	As 2 S 3 /As 2 Se 3	1.4-7.2	3.25	2017 [11]
	As 2 S 3	1.0-4.8	3.0	2018 [12]
	As 2 S 3 /Ge 20 As 20 Se 15 Te 45	2.1-7.0	4.5	2018 [13]
	As 2 S 3 /Ge 15 Sb 10 Se 75	1.5-9.5	3.0	2018 [14]
	As 2 S 3 /As 38 S 62	1.5-8.3	3.75	2018 [15]
		As-Se suspended-core fibers		
	AsSe 2 /As 2 S 5	1.3-5.4	3.39	2014 [16]
	As 38 Se 62	1.7-7.5	4.4	2015 [17]
	As 2 Se 3	2.8-7.1	ZBLAN Cascade	2016 [18]
	Other glass-system suspended-core fibers	
	Ge 20 As 20 Se 15 Te 45 /Ge 20 Sb 5 Se 75	1.7-11.3	5	2018 [19]
	Ge 20 Se 60 Te 20	2.0-11.5	5.5	2019 [20]
		As-Se step-index fibers		
	As 40 Se 60 /Ge 10 As 23.4 Se 66.6	1.4-13.3	6.3	2014 [10]
	As 2 Se 3 /AsSe 2	2.0-15.1	9.8	2016 [21]
	As 2 Se 3 /As 2 S 3	2.0-12.0	3	2017 [22]
		Other glass-		

system step-index fibers

  Ge 20 As 20 Se 15 Te 45 /Ge 20 As 20 Se 17 Te 43 Ge 20 As 20 Se 15 Te 45 /Ge 19 As 16 Se 25 Te 40 /Ge 20 As

		1.5-14.0	4.5	2016 [23]
	(Ge 10 Te 43 ) 90 -AgI 10 /(Ge 10 Te 40 ) 90 -AgI 10 /Ge 10 Sb 10 Se 80	2.0-16.0	7	2017 [1]

20 

Se 17

Te 43 

Table 2

 2 

lists the distinct absorption bands measured in our glass.

Table 2 .

 2 Intensity and position of absorption bands compared to the literature

	Chemical	 (µm)	 (cm -1 )	 (dB/m)	 (dB/m/ppm)	Content (ppm)	Comparison with
	species						literature
	Se-H	4.25	0.025	10.7	1 [33][36]	10.65 ppm(at)	[20][33][34][37]
	OH	2.9	0.141	60.7	10 [38]	6.11 ppm(wt)	[20][32][34][37]
	Ge-O	7.9	0.232	100.7	-	-	[20][35]
	Te-O	15	0.525	228.0	-	-	[20]
	H 2 O	6.3	0.065	28.2	-	-	[20][37]

Table 3 .

 3 Sellmeier coefficients for GeSe 4 , GeTe 4 and Ge 20 Se 70 Te 10

	Glass	A 1	A 2	λ 1 (µm)	λ 2 (µm)
	composition				
	GeSe 4	4.813	0.126	0.278	19.738
	GeTe 4	9.943	0.318	0.522	18.298
	Ge 20 Se 70 Te 10	5.225	0.202	0.298	21.606
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