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Abstact: The aim of this paper is to present an overview of the recent
achievements of our group in the fabrication and optical characterizations of
As,S; microstructured optical fibers (MOFs). Firstly, we study the synthesis
of high purity arsenic sulfide glasses. Then we describe the use of a versatile
process using mechanical drilling for the preparation of preforms and then
the drawing of MOFs including suspended core fibers. Low losses MOFs
are obtained by this way, with background level of losses reaching less than
0.5 dB/m. Optical characterizations of these fibers are then reported,
especially dispersion measurements. The feasibility of all-optical
regeneration based on a Mamyshev regenerator is investigated, and the
generation of a broadband spectrum between 1 um and 2.6 um by femto
second pumping around 1.5 pum is presented.
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1. Introduction

Proposed for the first time in early 90°s by J. C. Knight [1], photonic crystal fibers, also called
microstructured or holey fibers, have led to a huge research effort all over the world due to its
innovative properties compared to the traditional standard fibers. The potential applications,
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starting with telecommunications, now extend to spectroscopy, metrology, microscopy,
astronomy, micromachining, biology and sensing [2-4].

The main background materials of the researched MOFs are oxide based glasses, including
silica and heavy oxide glasses. However, since the latter are not transparent at wavelengths
longer than ~6 pm, it appears necessary to consider alternative glasses for particular
applications. It is well know that chalcogenide glasses exhibit high transparency in the mid-IR
region (10-20 pm) together with high refractive index (n = 2.0 - 3.5) and high non linearity
[5]. Consequently, this class of materials gathers good candidates for applications, and
particularly for nonlinear optics, in this spectral range [5,6].

Compared to oxide based glasses, the synthesis of chalcogenide glasses is more
complicated to control, due to their lower chemical stability. Although the first chalcogenide
glass MOF has been already fabricated in 2000 [7], the research works did not allow yet to
meet the applications requirements. In fact only a few research groups have reported
consistent results, in which two main techniques have been used to fabricate chalcogenide
glass MOFs. The first one is the capillary-stacking technique, which is the most commonly
used to manufacture silica MOFs, and which is also widely used for chalcogenide glass MOFs
fabrication [8-10]. The main advantage of this technique is the ability to manufacture
microstructured preforms with highly complex periodic geometry (> 60 holes), but this
necessitates a huge amount of tricky handling. The second one is the extrusion technique,
which seems simpler than the stack and draw one, but which is still quite challenging when
aiming for fabrication of preforms with very complex microstructure pattern, like the
triangular holey structure with more than three rings of holes [11].

In this paper, we demonstrate the fabrication of di-arsenic tri-sulfide (As,Ss) glass MOFs
using a mechanical drilling we have developed. According to this, we can manufacture
preforms with various microstructures from simple ones to more complex ones. This process
appears quite promising in view of a large-scale production of chalcogenide MOFs. These
fibers would be the base for the fabrication of optical amplifiers, chemical sensors, laser
radiation transmission devices, IR fiber radiometers and for the development of new non-
linear fiber optics such as for example new supercontinuum sources exhibiting broadband
generation in the infrared spectral range above 2 pm.

2. Preparation of As,S; glass, preforms and microstructured fibers
2.1 Preparation of As,S; glass

The usual technique used for As,S3 glass preparation is a solidification of the glass batch after
melting of pristine elemental substances. Basically, initial elements arsenic (As) and sulfur (S)
are placed under vacuum into a sealed silica ampoule and then heated up to 700-800 °C for
several tens of hours. Frerichs in 1953 used distillation for the first time in order to improve
the optical quality of vitreous As,S;. He measured a good resulting transparency for As,S;
glass in the infrared and explained it [12]. It is well known that carbon, oxides and
hydrogenous impurities give a high contribution to the absorption of light in the near infrared
range. The main impurities absorption bands in As-S glasses are given in [13-17]. In [18],
influence of metal impurities on the As-S glasses absorption in the so called “weak absorption
tail range” was studied. Thus, the precursors used for synthesis of high purity chalcogenide
glasses must have low content of carbon, oxides and hydrogenous impurities. In the case of
arsenic, oxygen presents in the raw material is chemically combined and forms arsenic oxides.
Carbon is usually presents in As in the form of micro inclusions whose size lies from 0.05 um
up to 0.2 pum, with a concentration in commercial high purity arsenic (5N) reaching
107-10% cm™ [19-21]. Then, sublimation is conventionally used for arsenic purification. But
the efficiency of this technique is low indeed. At standard evaporation rates an accumulation
of carbon particles takes place at the surface of the sublimed arsenic [20]. To improve this
efficiency, we have tried a very low sublimation rate, which must not exceed 10°° cm3/cm?.s.
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However, this low evaporation rate leads to an increasing arsenic/silica ampoule contact time,
provoking further contamination of purified arsenic. Moreover, even for the usual amount of
material needing to be purified in the lab (~0.1 kg/synthesis campaign) such low evaporation
rates are not really acceptable.

These different works show clearly that another approach is necessary for the preparation
of high purity As,S; glass. For that purpose, arsenic mono-sulfide (As,;S,) can be chosen as a
starting material, instead of arsenic. Indeed, arsenic mono-sulfide seems to be a suitable
compound in terms of distillation under vacuum and purification efficiency [20]. In the solid
state, it is a polycrystalline compound that does not form neither glass nor polymer when
heated at temperatures higher than the melting one (Tmering = 320 °C) and then cooled. The
melt of As,;S, is a low viscosity liquid whose viscosity is comparable to this of water. This
property is interesting since it is one of the main conditions to increase the efficiency of
melted liquids purification. After preliminary purification of As,S, by distillation under
vacuum, high purity arsenic sulfide glasses can thus be prepared using the following reaction
[20]:

ASsSs + Sy — ASsSsix

By adding suitable quantities of pure sulfur, various vitreous compositions of As,S,
glasses can be prepared. This technique of pure As-S glass preparation was worked out for the
first time in 1972 [18]. It led to the design of optical fibers whose losses were
23 dB/km at 2.4 um. At the present time, optical losses of As-S fibers have been reduced to 12
dB/km at 3 um [22].

Thus, according to above mentioned process, we have prepared pure As,S; glass using
preliminary purification of the intermediate compound As,S,. Synthesis of As,S, is carried out
in static conditions without mechanical mixing of the melt. Mixing and homogenization of
As,S, melt is effective because of the low viscosity of its melt and the convection in the
liquid. The temperature of As;S; synthesis does not exceed 450 °C. The duration of the
synthesis is from 8 to 10 hours. Sulfur added to batch has been also preliminary purified by
heating under vacuum, using temperature near melting point (~120 °C) during several hours.
After melting of high purity As,S; glass, cylindrical preforms are prepared by ordinary
cooling of the liquid batch. The resulting cylinders are then annealed in a conventional way in
order to remove mechanical strains which could lead to glass breakdown during the MOF
preform mechanical shaping step.

2.2 Preforms and microstructured fibers elaboration

We have developed a mechanical drilling for the preparation of preforms with a variety of
geometrical patterns in view of MOFs drawing. It consists to drill holes in a chalcogenide
glass rod. Some drilling techniques have been previously successfully used to prepare
performs such as for example ultrasonic drilling for glasses [11] or mechanical drilling for
polymer [23]. We have here applied a mechanical drilling to chalcogenide glasses which is to
our knowledge original. The position of the holes must be precisely controlled, as well as the
friction between the glass and the tool to avoid an increasing of the temperature of the glass
and its eventual fusion. The quality of the inner surface of the holes is also critical for the
quality of the subsequently drawn fiber. By optimisation of the drilling parameters, especially
rotation speed and applied force, these requirements can be reached. The drilling of a regular
pattern of holes in a glass rod is thus possible, with quite thin matter bridges between the
holes.
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Fig. 1. Pictures of 16 mm outer diameter preforms elaborated by mechanical drilling. Preform
for core clad fiber (a: 1 hole); Preforms for microstructured fibers (b: 2 rings/18 holes; c: 3

rings/36 holes; d: 4 rings/64 holes; e: 3 rings/34 holes + 2 big holes); Preforms for suspended
core fibers (f: 3 holes, g: 4 holes, h: 6 holes).

We prepared this way versatile patterned preforms such as a simple rods intended to
mono-index fiber drawing, preforms for standard core clad fibers, preforms devoted to
“traditional” microstructured fibers with several rings of holes in a triangular pattern (eighteen
holes, thirty six holes and sixty four holes), preforms for other microstructured fibers profiles
with various numbers of holes and preforms for suspended core fibers with three, four or six
holes around a solid core. For all these preforms the outer diameter is
16 mm, the diameter d of holes is equal to 0.8 mm and their length to about 30 mm. For the
microstructured fibers where this parameter is pertinent, the ratio d/A = 0.4 was respected by
leaving a distance equal to A = 2 mm between two neighboring holes. Figure 1 collects some
pictures of the obtained preforms.

Many parameters are controlled during MOFs drawing, such as preform temperature,
translation speed, fiber drawing speed, pressure in the holes, flow rate of inert gas circulating
along the preform etc... By selecting suitable sets of parameters we can draw various kinds of
holey microstructured and suspended core fibers. Figure 2 shows the pictures of the sections
of several MOFs that have been drawn from the preforms obtained using our mechanical
drilling technique illustrated Fig. 1.

Fig. 2. Geometrical profiles of microstructured optical fibers drawn from performs depicted in
Fig. 1. (bf, cf, df, ef, ff, gf and hf correspond to the preforms b, c, d, e, f, g, h respectively).
Depending on fibers, the external diameter varies from 120 pm up to 160 pm.
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3. As,S; glass and optical characterizations of As,S; MOFs
3.1 As,S; glass characterizations

We choose As,S; as glass composition because it is hardly crystallizing and exhibits high
infrared transparency (up to 10 um on bulk peaces). This glass presents a good compromise
between material infrared transparency and non linear coefficient by comparison with other
non oxide glasses (like fluoride glasses), or oxide glasses (such as silicate glasses or heavy
oxides glasses) [5,6]. The non linear refractive index n, is measured between 3 and 5 107
m?/W depending on the wavelength [24,25]. The glass transition temperature is 210 °C, as
measured by differential scanning calorimetry (DSC) at the heating rate of 10 °C/min. By
comparison with other chalcogenides such as selenides for example (and further more
tellurides), we focus in this work on As,S; glass because of its dispersive properties, which
are more favorable to the management of the MOFs chromatic dispersion. Indeed, the zero
dispersion wavelength (ZDW) of As,S; bulk is at 5 um, since the ZDW of As,Se; for example
is above 6 pm.

We have checked the atomic composition of our glasses. For different samples, deviation
of As,Si00x glass composition is not more than 1-3 atomic % from the steechiometric one, as
measured by energy dispersive spectroscopy (EDS) analysis. The As-S glass composition
spreading is due to peculiarity of the glass purification procedure. We did not observe any
considerable influence of the glass composition deviations on the fiber optical losses,
measured at 1.55 pum using the classical cut-back technique. We have also controlled the
composition homogeneity in the same sample by microprobe measurements of three different
areas, the middle and both extremities of a glass slide (Table 1). The composition variations
remain lower than the resolution of the apparatus and we note that the average composition is
close to staechiometric one, showing a good homogenization during glass synthesis.

Table 1. S and As elemental compositions for three different areas of the same As, S; glass
slide (16 mm diameter and 5 mm thickness).

Elemental Composition (at %) Zone 1 Zone 2 Zone 3 Average
S 60,09 60,60 60,53 60,41
As 39,91 39,41 39,47 39,59

3.2 Optical losses of As,S3 single index fibers

In order to check the optical quality of our glasses, we have first measured the losses level of
single index fibers using the cut-back technique between 2 and 5 um with the help of a FTIR
spectrometer. Depending of the batches, the minimum of losses is measured between 0.1
dB/m and 0.5 dB/m. For the best attenuation curve we have obtained to date (Fig. 3), the
average background level of the losses (~0.1 dB/m) shows that the material losses
contribution induced by our glasses can be pretty low.
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Fig. 3. Attenuation curve of a single index 200 um outer diameter As,S; optical fiber.

We observe an extrinsic absorption band centered at 4 um (=6 dB/m) which corresponds
to a residual SH pollution of the glass. The extinction coefficient associated to the SH
vibration being 2.5 dB/m/ppm [26] at 4 pum, the residual SH content appears to be around 2
ppm. We observe also some residual O-H absorption at 2.9 um (=0.5 dB/m) and some
residual carbon with a CO, absorption band at 4.3 um (~1 dB/m) corresponding to a residual
carbon pollution of 60 ppb [21].

3.3 As,S; MOFs linear characterizations

Depending on the preform geometry and of the drawing conditions, various As,S; MOFs can
be obtained (Fig. 2), and especially suspended core ones with core diameters around 2 pum
(Fig. 2f"). Attenuations at 1.55 pm were measured on 20 to 45 m long MOF of this geometry.
Actually, losses are located between 0.35 dB/m and 0.7 dB/m depending on the glass quality
and microstructure geometry. To our knowledge, these are the lowest attenuations reported to
date on chalcogenide based MOFs [27,29]. It is worthy to remind that to ensure accurate core
propagation losses measurements in MOF (or even simply double index fiber), the clad must
be depleted. In this work, this is systematically done by deposition of an indium/gallium alloy
(liquid at room temperature) onto the fibers, thus leading to absorption of the evanescent wave
related to clad propagation. In order to verify that the light propagates into the core of our
microstructured fibers, we have imaged the output beam intensity distribution using a
microscope objective and a CCD camera (Fig. 4).
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Fig. 4. As,S; MOFs output beam imaging setup.

Several fibers have been tested in that configuration and the beam profiles recorded (Fig.
5.). We know that, due to numerical apertures mismatch and diffraction, the measured profiles
do not reflect the propagating modes intensity distribution. However, core propagation is
confirmed, and the importance of the clad depletion by means of a metallic coating is
illustrated.
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Fig. 5. Mode profiles of some As,S; MOFs using the output beam imaging setup at 1.55um.

Chromatic dispersion of 50 cm long As,S; MOFs has been measured in the 1200-1750 nm
range by the white light interferometry technique [29,30]. The experimental results obtained
for several MOFs are presented in Fig. 6. Due to the small experimental measurements range,
these results are calculated according to a linear function. However, to estimate the zero
dispersion wavelengths (ZDW), numerical simulations have been performed on the basis of
the finite element method [29]. For the suspended core fiber with a core diameter of 2 um
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(resp. 2.6 um) the extrapolated ZDW is at 2 um (resp. 2.2 um) [29]. They appear strongly
shifted towards shorter wavelengths by comparison with the ZDW of the bulk which is
located above 5 pm, showing the influence of the geometry, and particularly the core
diameter, for optical properties tailoring [29,31].
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Fig. 6. Chromatic dispersion of suspended core As,S; MOFs with core diameters between 2 pm
and 10 um, and chromatic dispersion of As,S; MOFs with 34 and 60 holes

3.4 As,S; MOFs non linear characterizations
a/ All optical regeneration

We investigate the feasibility of all-optical regeneration in our suspended core chalcogenide
MOFs for Telecom applications. More precisely, we design the well-known Mamyshev
regenerator based on the self-phase modulation in normal dispersion regime followed by an
offset spectral filtering and we characterize its transfer function [32]. In order to obtain a step-
like power transfer function we combined 2 meters of chalcogenide fiber with a fiber Bragg
grating band pass filter [33,34]. Figure 7 shows the experimental set-up. A mode-locked fiber
laser generating 8-ps pulses at a repetition rate of 22-MHz around 1545.7 nm is amplified at
an average power of 17 dBm by means of an Erbium doped fiber amplifier (EDFA). A
polarization controller (PC) is also used to maximize the self phase modulation effect within
the chalcogenide fiber. The signal power is controlled by a variable attenuator and measured
by a power meter (PwM) before injection into the As,S; fiber. In order to obtain an efficient
coupling between standard fiber and chalcogenide fiber, we inserted a splicing device, which
provides only 3 dB of coupling losses. Note that the input standard silica fiber has a micro-
lens at its extremity with a 2.5 pm waist so as to improve the input coupling.
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[ PwM|
DSA

Fig. 7. Experimental set-up of the Mamyshev-based all-optical regenerator.

The output signal is injected at port #1 of the circulator. The output fiber Bragg grating has
a full width at half maximum (FWHM) bandwidth of 0.64 nm (80 GHz) and is shifted by 3
nm from the center input signal frequency. The resulting output power is then collected at port
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#3 and analyzed by means of a power meter and an optical spectrum analyzer. Figure 8
illustrates the output peak power as a function of the input power. The experimental results
are plotted in crosses and black line, while results of numerical simulations are represented by
means of a gray line.
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Fig. 8. Transfer function of the Mamyshev regenerator (crosses: experimental results; gray line:
simulated results).

The numerical simulations are based on the generalized nonlinear Schrédinger equation
and include fiber losses and higher order effects such as Raman scattering and third-order
chromatic dispersion [2]. Figure 8 shows a good agreement between experimental and
numerical results. We obtained a typical step-like Mamyshev nonlinear transfer function,
which exhibits a plateau zone suitable to achieve an efficient regeneration process, especially
due to its capacity to equalize pulse-to-pulse peak-power fluctuations [35]. The first part of
this nonlinear power transfer function contributes to annihilate the energy contained in the
“zeros” bit slots, while the part above the threshold trends to smooth over peak-power
fluctuations localized on the “ones” level. Consequently, the ideal working point, localized on
the plateau area is then clearly visible around a 10 W peak power. For 40 Gbit/s applications,
the suitable average power is thus close to 1.4 W, unfortunately high above the damage
threshold of the fiber (around 50 mW). This result clearly shows that these microstructured
fibers are not yet ready for all-optical regeneration applications at high bit rates.

b/ Supercontinuum generation

In a previous work [29] by pumping suspended core As,S; MOFs close to 1.55 um with the
help of a picoseconds fiber laser, we have obtained more than 200 nm spanning continuum in
the infrared, between 1.5 and 1.7 um. In this work, we have injected a 400 fs beam at 1557
nm at the repetition rate of 16.75 MHz in 68 cm of an As,S; suspended core fiber with a
diameter core of 2.6 pm surrounded by three holes (fibers f' Fig. 2).
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Fig. 9. Experimental spectra recorded for 1557 nm fs pumping of a suspended core As,S; fiber.

This homemade laser source is described in [36]. By varying the input peak power
between 0.5 kW and 5.6 kW we have obtained a strong continuous broadening of the initial
pulse spanning over more than 1500 nm and extending from about 1 um until around 2.6 um
in the infrared (Fig. 9). Despite the fact that the pumping of the fiber still occurs in the normal
dispersion regime, since the ZDW of this fiber is close to 2.2 pm, these results are of great
interest for the further development of efficient light conversion devices in the mid-infrared
and of new supercontinuum sources working above 2 pm.

4, Conclusion

We have presented here the recent achievements of our group in the fabrication and optical
characterizations of As,S; microstructured optical fibers (MOFs). A mechanical drilling
process is used for preforms fabrication, allowing the design of a wide range of chalcogenide
microstructured optical fibers. This technique appears to be a relevant alternative to other
techniques such as stack and draw or extrusion. We have then drawn MOFs with an efficient
tailoring of their optical properties and we have reached low propagation losses and high
nonlinear efficiency. As an illustration, the fs pumping of a suspended core MOFs around 1.5
pum leads to a supercontinuum of more than 1500 nm between 1 pum and 2.6 um. The
challenging pumping of these fibers in their anomalous dispersion regime would then lead to
new infrared broadband sources.
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