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Abstract: We report the fabrication and characterization of the first guiding
chalcogenide As,S; microstructured optical fibers (MOFs) with a suspended
core. At 1.55 pm, the measured losses are approximately 0.7 dB/m or 0.35
dB/m according to the MOF core size. The fibers have been designed to
present a zero dispersion wavelength (ZDW) around 2 pm. By pumping the
fibers at 1.55 pm, strong spectral broadenings are obtained in both 1.8 and
45-m-long fibers by using a picosecond fiber laser.
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1. Introduction

Since the seminal article written by Kaiser, Marcatili, and Miller in 1973 [1], microstructured
optical fibers (MOFs) have attracted much attention to control modal properties including
overall losses. More recently, nonlinear optics is used in many applications, see for example
[2], most of them being based on silica fibers [3,4]. One way to generalize these applications
is to extend upward the useful wavelengths to the middle infrared and to increase material
nonlinearities. It is well known that chalcogenide glasses are promising candidates for such
improvements, and thus they have an important potential for non linear optics [5—7]. During
the last decade, a great attention has been paid to the development of chalcogenide glass
waveguides, including microstructured optical fibres, for different applications such as light
amplification, optical regeneration and supercontinuum generation [§—17]. In this context, the
ability to elaborate efficient highly non linear single-mode chalcogenide optical fibres, with
desired performance parameters, as well as the development of approaches to monitor these
parameters are of great importance. More precisely, the design of microstructured optical
fibers is a way to both increase the nonlinearity of the waveguide and control its losses and
chromatic dispersion [18—20]. The latter parameter is a key tool to obtain an efficient light
conversion and to reach accordable fibered broadband sources in the mid infrared. Much
effort has been recently devoted to obtain MOF from various glasses [21-23]. Nevertheless,
an efficient conversion up to 5 um to cover entirely the 3-5 pm window is still a target to
reach. Our choice is thus to use strongly non linear chalcogenide fibres, which transparency
extends at least up to 5 pm. These glasses are up to now the best compromise between
material infrared transparency and non linear coefficient [6,7], by comparison with other non
oxide glasses, such as heavy oxide or fluoride glasses. However, the elaboration of low losses
chalcogenide MOFs is still a challenging issue [11, 24-26]. Among the numerous
chalcogenide glasses, we have chosen the arsenic trisulphide (As,S;) glass. Indeed, this glass
shows high non linear properties. The non linear refractive index n, is measured between 3
and 5 107"® m*W depending on the wavelength [13, 27]. This composition shows also a high
drawing capability and potential very low losses [28].

In this work, we report the fabrication of the first low loss suspended core chalcogenide
microstructured optical fiber, with chromatic dispersion management, together with the
demonstration of a spectral broadening toward infrared wavelengths. The realization of these
fibers has been reached thanks to a bilateral project Fapesp-CNRS, between ICB-Université
de Bourgogne France and The Institute of Chemistry, Araraquara, Brazil.

The article is organized as follows: first we describe the fiber design we have realized to
optimize the spectral broadband generation. Then, we present the fabrication process of the
As,S; glass and the fiber drawing. Finally, we show the experimental linear and nonlinear
characterizations of our fibers. From comparison with numerical simulations, we are able to
validate the experimental results. The presented work has important consequences for the
application of future As,S; MOF-based devices for wavelength conversion in the mid-
infrared.

#121700 - $15.00 USD Received 18 Dec 2009; revised 5 Feb 2010; accepted 7 Feb 2010; published 19 Feb 2010
(C) 2010 OSA 1 March 2010/ Voal. 18, No. 5/ OPTICS EXPRESS 4549



2. As,S; suspended core fiber design for broadband generation

Our long-term objective is to get an As,S; MOF to generate a supercontinuum covering the
full 3-5 pm range. To reach it, one solution is to shift downward the zero dispersion
wavelength (ZDW) of the MOF to a value below 2.2 pm in order to be able to pump the fiber
in the anomalous dispersion regime using a source around 2.1 um. Such a control of the
chromatic dispersion can be obtained using two kinds of MOF profiles: the conventional one
based on a subset of a triangular lattice of holes and the suspended core one. Nevertheless, the
former design with its required tiny pitches needs too many rings of holes for the current
chalcogenide MOF technology to get guiding losses below material ones [11,20,26].
Consequently, only the suspended core profile can be currently considered to reach our
objective.

We compute the dispersion properties of several suspended core MOFs corresponding to
cross-section profiles already obtained during preliminary drawings. These simulations are
realized, from scanning electron microscope images, using the finite element method [29,30].
Due to the core shape (see section 4.1.2), the chromatic dispersion curves we obtain (Fig. 1)
are slightly different from the results already published for the same glass [18]. As it can be
seen, the waveguide chromatic dispersion D,, is able to compensate for the strongly negative
material chromatic dispersion D,,,, and make the overall dispersion D positive around 2 pm.
Consequently, it is possible to design a suspended core MOF made of As,S; glass with a
realistic cross-section profile which has its anomalous regime starting around 2 um. In our
case for a 2.3 pm core size MOF profile the ZDW is at 2.12 um whereas it is at 2.21 um for a
2.6 um core size configuration. These computed ZDW exhibit a strong shift towards shorter
wavelengths compared to the ZDW of the As,S; bulk approximately equal to 5 um (Fig. 1). It
is worth mentioning that the smaller the core size the steepest the chromatic dispersion D.
Since it is known from previous work [31] that flattened dispersion near ZDW is more
favourable to supercontinuum generation than D high slope configuration, we can deduce that
a trade-off must be chosen between a smaller ZDW and a smaller D slope. Furthermore, as it
can be seen in Fig. 1, the position of the ZDW strongly depends on the core size value. The
next issue is the guiding losses. As already pointed out in reference [1], suspended core MOF
can be either single mode or multimode according to fiber geometrical parameters. It is worth
adding that the material refractive index also plays a crucial role [32]. For the smallest core
size MOF profile, the fundamental mode guiding losses (losses computed without any
material losses) are below 0.1dB/m for A below 5 um and are smaller than 5.0 10~ dB/m for A
below 3 pm. This means that the material losses (of the 1dB/m order of magnitude) will be
the limiting factor, at least below 5 um. Concerning the multimode behavior, the second mode
losses are above 1.0 10" dB/m for A above 5 pm and above 70 dB/m for A above 4 pm. They
are under the 2 dB/m level below 3 pm. As a result, assuming no material losses, the single
mode behavior of this suspended core MOF is limited to the upper part of the 3-5 um
window. For wavelengths smaller than 3 um, the fiber cannot be considered as single mode.
These results related to the fiber single modedness will be discussed in more details in section
4.1.4 when material losses are taken into account.
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Fig. 1. : Computed waveguide chromatic dispersion Dw (thin upper curves), chromatic
dispersion D (thick lower curves) for several suspended core As2S3 MOF. Material chromatic
dispersion Dmat (black line). The configurations with a core size of 2.3 and 2.6 pm correspond
to the two MOFs studied in section 4. The Sellmeier coefficients are the ones given for As2S3
by J. S. Browder & al. in Handbook of Infrared Optical Materials, P. Klocek editor, Marcel
Dekker, ISBN: 0-8247-8468-5, (1991).

3. As,S; glass and suspended core fibers fabrication

Arsenic trisulfide bulk glass (As,S;) is prepared by melting high purity (S5N) elemental arsenic
and sulfur in evacuated and vacuum sealed silica ampoules, placed in a rocking furnace at
700°C for 12 h. Some distillations are previously realized in order to purify starting elements
from their remaining pollutants such as water or carbon. After refining, the silica ampoule
containing the glass melt is quenched at room temperature. The solid glass rod obtained is
then immediately annealed around glass transition temperature (=200°C) for 10h. A typical
batch weight is 60g. The glass rod is typically 7 cm length for 16 mm diameter. There are
several different techniques to elaborate preforms for microstructured fibers depending on the
material (silica, non-silica, polymer etc). For soft materials, such as polymers for example, the
holes can be directly drilled in the preform [33]. In the case of silica, the most convenient way
is a handy preparation of the preform. The most used technique consists in staking capillaries
and rods, thus forming on a macroscopic scale, the desired fiber microscopic geometry [34].
This procedure is usually called ‘stack-and-draw’ and is used when it is possible to obtain
high optical and geometrical quality tubes that can be subsequently drawn to capillaries.
Those are then stacked to form the desired preform, which is finally pulled to fiber. However,
this technique presents many disadvantages concerning the optical qualities of MOFs, in
particular for chalcogenide ones. It is time consuming due to multiples stages of the
elaboration, there are surfaces degradation caused by handy manipulation, and the presence of
interstitial holes. These features implicate higher optical losses. To overcome these problems
and to avoid the multiple steps imposed by the stack and draw procedure, we have chosen an
alternative technique. After annealing, the glass rod undergoes mechanical machining to get
three holes of typically 1 mm diameter and 40 mm length around a solid core. The preforms
prepared this way are then drawn into fibers.
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4. Experimental and numerical results
4.1 Linear optical characterizations
4.1.1 Optical losses of As,S; single index fibers

Initially we have measured the losses of single index fibers obtained by the drawing of As,S;
glass rods, in order to check the level of losses of the initial bulk glass, before any machining
of the preform. The measurements are realized by the cut back technique with the help of a
FTIR spectrophotometer, between 2 and 6 um. Figure 2 presents the typical attenuation curve
of these fibers. The results illustrate the good optical quality of the bulks reached in our glass
elaboration process.

5

N W A

Attenuation [dB/m]

—_
T

Q 3

Fig. 2. Typical attenuation curve of a single index As,S; optical fiber.

4 5 6
Wavelength [um]

The background level of losses is around 0.4 dB/m between 2 and 6 pm. We observe an
extrinsic S-H absorption band at 4 um. This absorption (22 dB/m) corresponds to a residual
SH pollution of the glass. The extinction coefficient associated to the SH vibration being 2.5
dB/m/ppm [35] at 4 um, the residual SH content is of only 9 ppm.

4.1.2 Geometrical profiles of As,S; suspended core fibers

We have observed the sections of the fibers obtained by the drawing of machined preforms by
scanning electron microscopy (SEM). In Fig. 3 are presented the SEM pictures of the two
fibers that are under study in this work. Suspended core fibers presenting three holes around a
solid core in a triangular shape have effectively been obtained, with a very good control of the
geometry. From these images, we have measured the core diameter of the fibers, defined as
the diameter of the circle inscribed in the triangular core. Typically two different core sizes
have been obtained, 2.6 um and 2.3um. These values are really close to the diameter
predicted from numerical simulations in order to reach a zero dispersion wavelength (ZDW)
close to 2.1 um.
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Fig. 3. SEM pictures of two As,S; suspended core fibers with a core size of 2.6um (a) and
2.3um (b).

4.1.3 Optical losses of As,S; suspended core fibers

We have then measured the losses of the suspended core MOFs. Due to the small core of
these fibers, it was not possible to obtain the spectral attenuation curve using our FTIR
spectrophotometer. We have then realized discrete measurements with the help of a fibered
source at 1.55 pm. On 2 meters of the 2.6-um core MOF, the losses are found to be 0.7 dB/m.
On 45 meters of the 2.3-um core MOF, the losses are found to be 0.35 dB/m. These values are
fully consistent with the attenuations obtained on single index fibers (see Fig. 2), and illustrate
the very good quality of our chalcogenide MOFs. What's more, the machining process we
have developed allow to obtain microstructured fibers without any excess of losses due to the
preform elaboration process, as it is generally observed with the stack and draw procedure.
Thus, the losses level we have obtained is ten times lower than the best one reported for
chalcogenide MOF fabricated by the stack and draw technique [24] and corresponds to the
best of our knowledge to the lowest optical losses reported to date on chalcogenide MOFs.

From these loss measurements and the results given in section 2, it can be deduced that,
for the fundamental mode, the limiting factor are the material losses and not the guiding ones.
The preliminary results already given can be completed taking into account the material
losses. The overall losses can be computed adding a global positive imaginary part at the
relative electric permittivity of the matrix. It will be named &, and it depends on the
wavelength. Since the average material loss level is 0.4 dB/m in the range 2-6 um (except
around the SH peak), we get gp,e= 5.54 107 at 1.55 pm (assuming that the material losses at
1.55um are equal to the average loss level), gp,e=1.07 10°%at 3 um, and &;y,,=1.79 10°%at5
pum. For the 2.3 pm core size MOF profile and the three considered wavelengths, the
fundamental mode losses are around 0.4 dB/m whereas the second mode ones are now similar
to the fundamental mode one (around 0.4 dB/m up to 2 um) but around 2 dB/m at 3 um, and
above 70 dB/m for A above 4 um. Consequently, we can confirm that, taking into account the
material losses, the MOF cannot be considered as single mode in the short wavelength
window of the infrared atmospheric transmission band but it remains single mode, as stated in
section 2, in its upper part due to the differential guiding loss between the fundamental and
the second modes. The remaining issue is that the pump wavelength fixed either around 1.55
pum or around 2 um will be in the multimode regime of the suspended core MOF. While these
characteristics may have some negative influence on the supercontinuum generation,
reasonable broadening is still expected, as demonstrated in probably multimode tellurite
suspended core MOF already [21].

4.1.4 Suspended core MOF dispersion properties

We have measured the chromatic dispersion of our suspended core fiber (core diameter 2.3
pm and 2.6 um) around 1.55 um, on 50 cm fiber length (Fig. 4).

The measurement setup is based on the well-known interferometric method, which is
particularly suitable to characterize short segments of optical fiber [36]. The home-made
interferometric setup consists of an all-fiber Mach-Zehnder interferometer, in which the
reference arm was made of an integrated fiber delay-line spliced to two broadband 50:50
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couplers. The chalcogenide MOF under-test was inserted into the test path by means of two
fiber splicers and micro-lens fibers in order to minimize injection losses. The resulting
interference pattern was monitored in the frequency domain thanks to an optical spectrum
analyzer (OSA) and the chromatic dispersion was deduced from the evolution of the central
fringe wavelength with respect to the reference arm delay [36]. Experimental results (circles
and triangles) are plotted in Fig. 4 and compared with numerical simulations for both
chalcogenide MOFs.
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Fig. 4. : Comparison between the experimental chromatic dispersion curves of 2.3-um (circles)
and 2.6-um (triangles) As,S; suspended core fibers and their corresponding numerical results
(blue and red solid lines, respectively).

The experimental chromatic dispersion was found to be D = —240 and —-280 ps/nm.km
around 1550 nm for the 2.3-um and 2.6-um core MOFs respectively, with dispersion slope
about 1 ps/nm*.km. One can notice the good agreement between experimental and theoretical
values. Since the computed ZDW are around 2.1 um and 2.2 ym for the 2.3 pm and the 2.6
pm core MOFs respectively, we can expect that the experimental ZDW of the two fibers are
close to the targeted value of 2.1 pm.

4.2 Non linear optical characterizations
4.2.1 Self-phase modulation and Raman scattering

The nonlinear features of our suspended core chalcogenide fibers were first characterized in a
1.8-m long sample (2.6 pm of core diameter and 0.7 dB/m losses). An amplified PRITEL
mode-locked fiber laser generating 8-ps pulses at a repetition rate of 22 MHz around 1550 nm
was injected into the PCF. The injection test-bed consists of a 2.7-um mode filed diameter
micro-lens fiber aligned with a splicing machine, which allow us to achieve 4-dB insertion
losses. The input average power is controlled by a variable attenuator coupled with an inline
power-meter. Note that a polarization controller is also placed just before injection in order to
maximize the self-phase modulation (SPM) induced spectral broadening within the
chalcogenide fiber. At the output of the fiber, the signal is finally monitored thanks to an
optical spectrum analyzer (OSA).

Figure 5 shows the experimental results (blue lines) obtained for increasing input powers.
We can observe in Fig. 5a that pulses undergo typical self-phase modulation behaviour with
induced spectral broadening and oscillations appearance. On the other hand, as illustrated in
Fig. 5 (b, c) on a wide range of wavelengths, we note the generation of a spontaneous Raman
scattering stokes wave centred on 1635 nm, which confirms the strong Raman gain and the
10.1-THz (85-nm) Raman shift exhibit by MOF chalcogenide fibers [24].

#121700 - $15.00 USD Received 18 Dec 2009; revised 5 Feb 2010; accepted 7 Feb 2010; published 19 Feb 2010
(C) 2010 OSA 1 March 2010/ Voal. 18, No. 5/ OPTICS EXPRESS 4554



Spectrum (dB)
)
=]

404 L J‘
» E i O 2l

= 'y A : :
1520 1530 1540 1550 1560 1570 1520 1550 1580 1610 1640 1520 1560 1600 1640 1680 1720
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 5. : Output spectra (blue solid line) recorded from the 1.8-m long 2.6-um core diameter
suspended core fiber for input peak powers of (a) 18 W (b) 28 W and (c) 54 W. Corresponding
numerical simulations are also reported with black lines and crosses.

In order to determine the nonlinear Kerr coefficient of the 2.6 um core chalcogenide fiber,
we have performed numerical simulations based on the well-known split-step Fourier
resolution of the generalized nonlinear Schrodinger equation [31]. The model takes into
account the experimental chromatic dispersion and losses. It also includes Kerr, nonlinear
(two-photon) absorption, self-steepening and Raman terms based on the previous studies of
AsyS; glass [13, 24, 37, 38]. Numerical predictions (black lines and crosses) are compared to
experimental spectra in Fig. 5 and show a pretty good agreement. Finally, from these
calculations, we have deduced a nonlinear Kerr coefficient of y = 2150 W' km™" which is
1600 times larger than a standard fused silica fiber G652.

4.2.2 Broadband spectrum generation

The pumping of our fibers in the anomalous regime, around 2.1 um, is currently in progress.
However, in order to demonstrate the nonlinear potential of our MOFs, we have injected the
previous 8-ps 22-Mz mode-locked laser around 1.55 pm in the 45-m long sample of the 2.3-
pm core MOF. Due to the 0.35 dB/m linear losses, the effective length of the configuration is
12 m, thus all the nonlinear effects take place in these first ten meters of the fiber. From
numerical modal simulations we have calculated y = 2750 W' km™'. The figure of merit,
defined as the product of the nonlinear coefficient and effective length was found to be 33
W, one of the highest ever reported [39-40]. Figure 6 shows the experimental spectrum
obtained at the output of the 45-m long MOF for the highest input peak power injected (54
W). Note that the input polarization state was adjusted so as to optimize the generation of the
broadest spectrum. As illustrated in Fig. 6, we observe a strong spectral broadening. Its
dynamics is mainly governed and limited by the normal dispersion regime induced wave
breaking and is hopefully helped by Raman scattering [41-42]. Despite the fact that the
observation is limited to 1700 nm due to the OSA wavelength range, we note that the long-
wavelength edge of the spectrum probably reaches 1750 nm, resulting in more than 200-nm
(at =20 dB) spanning continuum.
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Fig. 6. : Spectrum recorded experimentally at the output of the 45-m long segment of our 2.3-
um suspended core fiber for an input peak power of 54 W.

5. Conclusion

We report, to the best of our knowledge, the first guiding chalcogenide suspended core
microstructured optical fibers. The fiber design has been chosen to manage chromatic
dispersion and losses. We note a very good agreement between the chromatic dispersion
simulations and the corresponding measurements for 2.3 and 2.6 um core size fibers. The
fiber losses are measured to be as low as 0.35 dB/m at 1.55um for a 45 meters long 2.3 pm
core size fiber. The related nonlinear Kerr coefficient is estimated as high as 2750 W' km™.
By pumping the 2.3um core size fiber close to 1.55 um with the help of a picosecond fiber
laser, more than 200 nm spanning continuum is obtained in the infrared. These results are
clearly of interest in the applicability of this novel class of highly nonlinear chalcogenide
MOF:s for future efficient light conversion experiments in the mid-infrared.
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