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Abstract: We demonstrate the supercontinuum (SC) generation in a
suspended-core As,S; chalcogenide microstructured optical fiber (MOF).
The variation of SC is investigated by changing the fiber length, pump peak
power and pump wavelength. In the case of long fibers (20 and 40 cm), the
SC ranges are discontinuous and stop at the wavelengths shorter than 3500
nm, due to the absorption of fiber. In the case of short fibers (1.3 and 2.4
cm), the SC ranges are continuous and can extend to the wavelengths longer
than 4 um. The SC broadening is observed when the pump peak power
increases from 0.24 to 1.32 kW at 2500 nm. The SC range increases with
the pump wavelength changing from 2200 to 2600 nm, corresponding to the
dispersion of As,S; MOF from the normal to anomalous region. The SC
generation is simulated by the generalized nonlinear Schrédinger equation.
The simulation includes the SC difference between 1.3 and 2.4 cm long
fiber by 2500 nm pumping, the variation of SC with pump peak power in
2.4 cm long fiber, and the variation of SC with pump wavelength in 1.3 cm
long fiber. The simulation agrees well with the experiment.
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1. Introduction

In the past decades, supercontinuum (SC) generation in optical fibers has attracted extensive
attention owing to its applications in fiber sensing [1], frequency metrology [2], optical
coherence tomography [3, 4] and spectroscopy [5]. Supercontinua have the excellent
properties such as wide spectral bandwidth, high coherence, high brightness and potential
compactness [6—8]. Microstructured optical fibers (MOFs) or holey fibers have been
successfully used for SC generation since they were first proposed by Knight et al. in early
90’s [9]. MOFs have innovative properties such as high effective nonlinearity and tailorable
dispersion profile [6, 7], as compared to traditional standard fibers.

Supercontinua generated in silica fibers have been demonstrated [8, 10—12]. However, the
SC range stopped at the wavelengths shorter than 3 um, due to the limit of the intrinsic
transmission window of fused silica. Recent trend of SC research is to extend the spectral
range to the mid-infrared (MIR) region (3-20 um) for pushing the application further in
military, medical, biologic and sensing systems [13]. Alternative materials to fused silica are
necessary for generating the SCs at longer wavelengths in the MIR region. The alternative
materials should possess the properties of large transmission window and high nonlinearity,
simultaneously. Supercontinua generated in the fibers based on lead silicate [14], bismuth
oxide [15], fluoride [16], tellurite [17—19] and chalcogenide glass [20-22] have been
demonstrated. Qin et al. obtained the extremely wide SC from ultraviolet to 6.28 um in a
fluoride fiber by 50 MW pump peak power [16]. Domachuk et al. demonstrated over 4000
nm bandwidth of MIR SC generation in an 8 mm long tellurite photonic crystal fiber (PCF)
[19].

Chalcogenide glass has great advantages due to their wider transmission window and
higher nonlinearity in MIR region [23-27], as compared to the other materials mentioned
above. Depending on the compositions, the chalcogenide glass can be transparent from the
visible up to the infrared region of 12 or 15 um; the nonlinear refractive index can be one- or
several-order higher than silica, fluoride or tellurite glass. Many works about the SC
generation in As-Se or As-S fibers have been demonstrated [28—38]. Yeom et al. [28] and
Dekker et al. [29] demonstrated the SCs pumped by very low peak powers in As,Se; and
As,S; tapered nanowires, respectively. Shabahang et al. [35] obtained octave-spanning SC in
robust chalcogenide nanotapers using picosecond pulses. Savelii et al. [36] reported the SC
generation from 1 to 3.2 um in As,S; chalcogenide fibers. Hu et al. computationally studied
the SC generation in As,Se; [39] and As,S; PCF [40] to extend the range up to wavelengths
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longer than 4 pum. It was possible to generate spectral range of SC longer than 4 um by
carefully selecting the waveguide parameters of the MOF as well as the peak power and
duration of the pump pulse, according to the results by Hu et al. [39, 40]. Marandi et al.
experimentally demonstrated the SC in the MIR region from 2.2 to 5 um in a tapered As,S;
fiber [37], which was pumped by the pulses shorter than 100 fs centered around 3.1 pm from
the subharmonic of a mode-locked Er-doped fiber laser. Gattass et al. [38] obtained the SC
covering the wavelength range from 1.9 to 4.8 um based on a combination of silica
commercial components and an As,S; step index optical fiber.

In this paper, we present the SC generation in a suspended-core As,S; chalcogenide MOF.
The variation of SC was investigated by changing the fiber length, pump peak power and
pump wavelength. In the case of long fibers (20 and 40 cm), the SC ranges were
discontinuous and stopped at the wavelengths shorter than 3500 nm, due to the absorption
induced by the OH, SH and CO, contamination in the glass. In the case of short fibers (1.3
and 2.4 cm), the SC ranges were continuous and could extend to the wavelengths longer than
4 um. The shift of soliton peak to longer wavelengths with the peak power increasing was
observed. The SC range changed from narrow to wider when the pump wavelength was
changed from 2200 to 2600 nm, corresponding to the dispersion of the As,S; MOF from the
normal to anomalous region. The SC generation was simulated by the generalized nonlinear
Schrodinger equation. The simulation demonstrated that the SC evolution in theory was
similar to that in experiment.

2. As,S; chalcogenide MOF and experimental setup

The As,S; chalcogenide MOF used in the experiment had a suspended-core structure with
three holes, as shown in Fig. 1(a), measured by an optical microscope. The core diameter was
~3.2 um, which was defined as the diameter of the circle inscribed in the triangular core. The
sizes of holes were ~30-50 um; the diameter of outer cladding was ~160 um. The simulated
fundamental mode-field profile at 2500 nm is shown in the inset of Fig. 1(b); the effective
mode area was ~8.43 um’. The nonlinear coefficient at 2500 nm was calculated to be ~894.2
W 'km™ according to the mode-field profile in the inset of Fig. 1(b) and the n, of 3 x 107**
m*W™" in [33]. The attenuation was ~1 dB/m at 2000 nm measured by the cut-back technique.
Figure 1(b) shows the chromatic dispersion profile simulated by commercial software
(Lumerical Mode Solutions). The zero-dispersion wavelength (ZDW) was ~2.52 um.

Figure 2 shows the experimental setup for the SC generation in the As,S; MOF. The
pump pulses used in the experiment were generated by an optical parametric oscillator (OPO)
pumped by a Ti: sapphire laser with the wavelength of 800 nm. The wavelength of the OPO
could be tuned from 1.7 to 3.2 um; the repetition rate was 76 MHz; the full width at half
maximum (FWHM) was ~200 fs. The output of the OPO was coupled into the As,S; MOF by
a Zinc Selenide (ZnSe) focusing lens with the focus length of 6 mm and numerical aperture
(NA) of 0.25 at 3.75 um. The ZnSe lens could transmit the wavelengths from 2 to 5 um with
the efficiency higher than 70%. The lengths of the As,S; MOF used for measurement were
from 1.3 to 40 cm. For each length, both fiber ends were cleaved well by a diamond stylus to
ensure good cross sections. The As,S; MOF was fixed on a precision stage with five
dimensional adjustments. The coupling efficiency between the ZnSe lens and the As,S; MOF
was measured to be ~10%. The output end of the As,S; MOF was butt connected to a 0.5 m
large-mode-area (LMA) ZBLAN fiber with the core diameter of 105 um and the transmission
window from 0.4 to 5 um. The output end of the ZBLAN fiber was connected directly to an
optical spectrum analyzer (OSA) by a FC/PC connector, or was collimated to a FT-IR
(Fourier-transform infrared) spectroscopy by a calcium fluoride (CaF,) lens with the
transmission window from 0.2 to 8 um. The spectra in the range from 1200 to 2400 nm were
measured by the OSA; the spectra longer than 2400 nm were measured by the FT-IR
spectroscopy. Then the two spectral segments were spliced together.
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Fig. 1. (a) Cross section of the As,S; chalcogenide MOF measured by an optical microscope.
(b) Simulated chromatic dispersion of the As,S; MOF. Inset: simulated fundamental mode-
field profile at 2500 nm.
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Fig. 2. Experimental setup for SC generation in the As,S; MOF.

3. Experimental SC generation in the As,S; MOF
3.1 SC generation in the fiber with different lengths

The repetition rate and FWHM of the pulse were maintained at 76 MHz and around 200 fs,
respectively, when the wavelength of OPO was tuned from 1.7 to 3.2 um. First, we used the
pump pulse at 2500 nm close to the ZDW. The average power measured after the ZnSe lens
was 201 mW. The peak power launched into the fiber was calculated to be 1.32 kW,
considering the coupling efficiency. Figures 3(a)-3(e) show the SC generated in the As,S;
MOF with different lengths from 1.3 to 40 cm under the same pump condition. The SC range
was considered according to the noise level.

In the case of long fibers [Figs. 3(a) and 3(b)], the SC ranges were discontinuous due to
the absorption induced by the OH and SH contamination in the glass. When the fiber length
was 40 cm [Fig. 3(a)], the SC range was from 1520 to 3360 nm with an absent region from
2610 to 3080 nm; the spectrum from 3080 to 3360 nm was weak. Decreasing the fiber length
to 20 cm [Fig. 3(b)], the SC range was from 1540 to 3460 nm; the absent region was from
2720 to 2990 nm; the spectrum from 2990 to 3460 nm was strengthened. Decreasing the fiber
length further to 10 cm [Fig. 3(c)], the SC range was from 1549 to 3795 nm; the absent region
was from 2792 to 2890 nm; the absent range was decreased and the SC range was increased.

According to the results in Figs. 3(a)-3(c), the SC range was improved when the fiber
absorption was reduced by shortening the length. Then we made the fiber shorter. In the case
of short fibers [Figs. 3(d) and 3(e)], the absent regions in Figs. 3(a)-3(c) did not appear; the
SC range of 2940 nm (from 1500 to 4440 nm) and 3020 nm (from 1510 to 4530 nm) were
obtained in 1.3 and 2.4 c¢m fiber, respectively. The —20 dB bandwidth of SC in 1.3 and 2.4 cm
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long fiber were 1258 nm (from 1752 to 3010 nm) and 1601 nm (from 1585 to 3186 nm),
respectively. The difference of the absorption between 1.3 and 2.4 cm long fiber was not
great, while the 2.4 cm long fiber provided higher nonlinear effects than 1.3 cm long fiber,
such as the self-phase modulation (SPM) and soliton self-frequency shift (SSFS). The shift of
soliton peak to longer wavelengths from Fig. 3(e) (dashed arrow) to Fig. 3(d) (dashed arrow)
was observed when the fiber length was increased from 1.3 to 2.4 cm. This demonstrated that
the effective nonlinear effects in 2.4 cm long fiber were stronger than those in 1.3 cm long
fiber. Therefore, the SC generated in 2.4 cm long fiber had wider —20 dB bandwidth than that
in 1.3 cm long fiber, while the whole SC range was similar. The spectra nearby 4 um in Figs.
3(d) and 3(e) were weak due to the absorption induced by the SH and CO, contamination in
the glass.

The material of the As,S; MOF used in this work was the same as the single mode
chalcogenide fiber used in [41]. According to Fig. 2 in [41], there was an obvious absorption
due to OH contamination at around 2900 nm; the attenuation began to increase sharply at
around 4 um. The MID absorption at around 2900 nm corresponds to the absent region in
Figs. 3(a)-3(c). The absent region shrank from Fig. 3(a) to Fig. 3(c) when the fiber length was
decreased. The increase of attenuation at 4 um of Fig. 2 in [41] corresponds to the reduced
spectral intensity around 4 um in Figs. 3(d) and 3(e).

—40cm 7

Intensity (10 dB/div)
Intensity (10 dB/div)

1500 2000 2500 3000 3500 1500 2000 2500 3000 3500 4000 4500
Wavelength (nm) Wavelength (nm)

Fig. 3. Measured SCs in the As,S; MOF with the fiber length of (a) 40, (b) 20, (c) 10, (d) 2.4,
and (e) 1.3 cm at the pump wavelength of 2500 nm and pump peak power of 1.32 kW.

3.2 SC generation by different pump peak powers

The SC evolution with the pump peak power increasing from 0.24 to 1.32 kW at 2500 nm is
shown in Figs. 4(a)-4(d), where the fiber length was 2.4 cm. With the peak power increasing
from 0.24 to 1.32 kW, the nonlinear length Ly, = 1/9#P, decreased from 0.47 to 0.08 cm,
where yis the nonlinear coefficient and P, is the peak power. The dispersion length is Lp =
ToY/||=3.1 m, where Ty=Tpwiw/1.763 is the pulse width for hyperbolic-secant shape and
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B~4.18 ps’/km is the GVD parameter at 2500 nm calculated according to Fig. 1(b). The
nonlinear effects were dominant in the 2.4 cm long fiber even with the low peak power as
0.24 kW because Lp was much larger than Ly .

The SC generation was initiated by the SPM effect at the pump peak power of 0.24 kW,
as shown in Fig. 4(a). The Raman solitons were formed, when the pump peak power was
increased from 0.24 to 0.55 kW. The spectrum was broadened by the combined action of
SPM, soliton, Raman and four-wave mixing (FWM) effect. When the peak power was
increased further to 0.88 kW, the SC was broadened and the range of 2840 nm (from 1510 to
4350 nm) was obtained, as shown in Fig. 4(c). The SC range of 3020 nm (from 1510 to 4530
nm) was obtained at the maximum peak power of 1.32 kW, as shown in Fig. 4(d). The shift of
soliton peak to longer wavelengths in Figs. 4(b)-4(d) (dashed arrows) was observed when the
peak power was increased from 0.55 to 1.32 kW. In Fig. 4(d), the soliton number and soliton
fission length were estimated to be about 62 and 5 cm [6], respectively. The estimation might
be not accurate because the pulse width and peak power at the pump wavelength were used,
which were a little different from those at soliton position.

—0.24kW 4

Intensity (10 dB/div)

1500 2000 2500 3000 3500 4000 4500
Wavelength (nm)

Fig. 4. Measured SCs in 2.4 cm long As,S; MOF with the pump peak power increasing from
0.24 to 1.32 kW at the pump wavelength of 2500 nm.

3.3 SC generation by different pump wavelengths

The variation of SC was investigated when the wavelength of the OPO was adjusted from
2200 to 2600 nm, corresponding to the dispersion from the normal to anomalous region in
Fig. 1(b). Figures 5(a)-5(h) show the SCs in 1.3 and 2.4 cm long As,S; MOF at the pump
wavelength of 2200, 2400, 2500 and 2600 nm, respectively. Due to the gain dispersion of the
OPO, the average power measured after the focusing lens decreased from 265 to 192 mW for
the wavelength from 2200 to 2600 nm, and the peak power launched into the fiber decreased
from 1.74 to 1.26 kW as labeled in Figs. 5(a)-5(h).
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Figure 5(a) shows the SC pumped by the wavelength of 2200 nm in the normal dispersion
region far from the ZDW. The SC range was as narrow as 920 nm (from 1850 to 2770 nm),
although the peak power of 1.74 kW was higher than other cases. The SC generation was
dominated by the SPM effect in Fig. 5(a). The SC range increased to 1720 nm (from 1730 to
3450 nm) when the pump wavelength was changed to 2400 nm, as shown in Fig. 5(b). The
SC in Fig. 5(b) was wider than that in Fig. 5(a) even the lower peak power of 1.34 kW was
used. Figure 5(c) show the SC generated by the wavelength of 2500 nm near the ZDW; the
range of 2940 nm (from 1500 to 4440 nm) was wider than that in Fig. 5(b) with the peak
power of 1.32 kW. The wide SC of 3090 nm (from 1520 to 4610 nm) was obtained with the
peak power of 1.26 kW, as shown in Fig. 5(d), when the pump wavelength was shifted further
to 2600 nm in the anomalous dispersion region. The shift of soliton peak to longer
wavelengths in Figs. 5(b)-5(d) (dashed arrows) was observed when the pump wavelength was
changed from 2400 to 2600 nm. Figures 5(e)-5(h) show the variation of SC with the pump
wavelengths corresponding to Figs. 5(a)-5(d). With the pump wavelength shifting from 2200
to 2600 nm, the variation of SC was similar to that in the 1.3 cm long fiber.
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Fig. 5. Measured SCs in As,S; MOF at different pump wavelengths from 2200 to 2600 nm.
(a)-(d): 1.3 cm long fiber; (e)-(f): 2.4 cm long fiber.

4. Simulation for SC generation in the As,S; MOF

The SC generation in the As,S; MOF is modeled by the generalized nonlinear Schrodinger
equation (GNLSE), expressed as [6, 42]

04 a,
_+_

0D o o
2 BT" =l7(l+goa—T)(A(z,T)£R(T Az T =T dr), (1)

where A(z,T) is the electric field envelope of the pump light in a retarded time frame 7 = ¢-8,z
moving at the group velocity 1/, B (k=2) is the second and high-order dispersion terms, ¢ is
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the linear loss and ay is the carrier frequency. The response function R(¢) includes both the
instantaneous electronic, &¢), and the delayed Raman contribution /A(¢), expressed as

R(@&)= (=1 )6)+f y 1y (), 2

2 + 2
hy (1) =2 exp(—t /7,)sin(t / 7). 3)
172
The f represents the fractional contribution of the delayed Raman response. The S, (k>2)
can be calculated according to Fig. 1(b). The fiber length, pump peak power and pump
wavelength are changed during the simulation. The other parameters used for the simulation
are listed as in Table 1.

Table 1 Parameters Used for Simulation of the SC Generation in As,S; MOF

Linear Nonlinear Pulse width

Parameters loss o coefficient ¥ Trwam Jal43] @ [44] 2 [44]
Unit dB/m W 'km™ fs Null fs fs
Value 0 894.2@2500nm 200 0.031 15.2 230.5
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Fig. 6. Simulated SCs in the As,S; MOF with the fiber lengths of 1.3 and 2.4 cm at the pump
wavelength of 2500 nm and pump peak power of 1.32 kW.

Figures 6(a) and 6(b) show the simulated SCs in 2.4 and 1.3 cm long As,S; MOF,
respectively, where the pump peak power is 1.32 kW and the pump wavelength is 2500 nm.
The SC ranges in Figs. 6(a) and 6(b) are 1450 to 4950 nm and 1490 to 4500 nm, respectively.
The ranges are a little wider than those in Figs. 3(d) and 3(e). The spectral intensities in the
range from 3000 to 4500 nm in Figs. 6(a) and 6(b) are stronger as compared to those in Figs.
3(d) and 3(e).

Figure 7(a) shows the simulated SCs in 2.4 cm long As,S; MOF with the pump peak
power increasing from 0.24 to 1.32 kW at the pump wavelength of 2500 nm. The SC is
broadened with the peak power increasing. The soliton peak (dashed arrows) shifts to longer
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wavelengths with the peak power increasing from 0.55 to 1.32 kW. The SC evolution in Fig.
7(a) is similar to that in Fig. 4. The soliton peaks of 0.55 and 0.88 kW pumping in Fig. 7(a)
shift to longer wavelengths a little than those in Figs. 4(b) and 4(c). The simulated SC by 1.32
kW pumping in Fig. 7(a) shows more soliton peaks around 3000 nm than in Fig. 4(d).

Figure 7(b) shows the simulated SCs in 1.3 cm long As,S; MOF with the pump
wavelength changing from 2200 to 2600 nm. The nonlinear coefficient changed a little with
the pump wavelength, which is calculated to be 1042.2, 939.5 and 852.4 W 'km™ at 2200,
2400 and 2600 nm, respectively. The pump peak powers used in simulation are the same as
those in Fig. 5. The SC is narrow when pumped at 2200 nm far from the ZDW. The SC is
broadened by shifting the pump wavelength to 2400 nm. The spectral range extends to the
region longer than 4 um when pumped by the wavelengths of 2500 and 2600 nm. The soliton
peaks shift to longer wavelengths (dashed arrows) for the pump wavelength from 2400 to
2600 nm. The SC evolution in Fig. 7(b) is similar to that in Figs. 5(a)-5(d), except that the
positions of soliton peaks are a little longer shifting as compared to the experimental results.

(a)

2200nm
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Fig. 7. (a) Simulated SCs in 2.4 cm long As,S; MOF with different pump peak powers from
0.24 to 1.32 kW at the pump wavelength of 2500 nm. (b) Simulated SCs in 1.3 cm long As,S;
MOF at different pump wavelengths.

The results in Fig. 6 and Fig. 7 demonstrated that the SC evolution in the As,S; MOF with
the variation of fiber length, pump peak power and pump wavelength was similar between the
simulation and experiment. The simulation could agree well with the experiment. There were
still some differences between the simulation and experiment due to several reasons: (1) the
absorption of the OH, SH and CO, contamination in the glass was not included in the
theoretical model; (2) the deviation of the simulated dispersion profile in Fig. 1(b) would
affect the shape and range of the simulated SC; (3) the transversal field profile of pump light
was not considered; (4) the deviation of the measured coupling efficiency between the ZnSe
lens and the As,S; MOF would cause the difference of peak powers between the simulation
and experiment. The simulation of the SC generation in the As,S; MOF could agree with the
experiment better, assuming that all the factors mentioned above would be considered in our
future work.

The generated SC range in chalcogenide fiber is affected by several factors, such as
dispersion profile, pump wavelength, pump peak power and fiber absorption et al. Compared
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to other materials, chalcogenide fiber has higher nonlinearity and wider mid-infrared
transmission range. In theory, it can generate the SC extending to the mid-infrared region, but
no SC up to 8 um in chalcogenide fiber has been reported so far. To achieve this goal, several
possible ways should be considered. First, the higher peak power is necessary. In [16], Qin et
al. obtained the SC to 6.28 um using an extreme high peak power in fluoride fiber. Second,
the longer pump wavelength up to 4 pm or longer region is suitable. In the simulation of [21],
by shifting the pump wavelength from 3.26 to 3.68 um, the SC was extended from 7 pm to
longer wavelengths than 10 um. Third, the absorptions caused by the OH, SH and CO,
contamination in chalcogenide glass should be removed to guarantee that wide SC can
transmit through the fiber.

5. Conclusion

We have demonstrated the SC generation in a suspended-core As,S; chalcogenide MOF. The
variation of SC was investigated by changing the experimental factors as fiber length, pump
peak power and pump wavelength. The SCs extended to longer than 4 um were obtained
when the short fibers of 1.3 and 2.4 cm were used. The SC broadening was observed with the
pump peak power increasing from 0.24 to 1.32 kW at 2500 nm. The SC range was relatively
narrow when pumped by the wavelength in the normal dispersion far from the ZDW. With
the pump wavelengths close to the ZDW, the SCs were wider and the soliton effect was
observed. The SCs were simulated by the generalized nonlinear Schrodinger equation. The
simulation demonstrated that the SC evolution in theory had the same ways as in experiment.
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