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Broadband mid-infrared (IR) supercontinuum laser sources are essential for spectroscopy in the molecular finger-
print region. Here, we report generation of octave-spanning and coherent mid-IR supercontinua in As2S3-silica
nanospike hybrid waveguides pumped by a custom-built 2.8 μm femtosecond fiber laser. The waveguides are
formed by pressure-assisted melt-filling of molten As2S3 into silica capillaries, allowing the dispersion and non-
linearity to be precisely tailored. Continuous coherent spectra spanning from 1.1 μm to 4.8 μm (30 dB level) are
observed when the waveguide is designed so that 2.8 μm lies in the anomalous dispersion regime. Moreover,
linearly tapered millimeter-scale As2S3-silica waveguides are fabricated and investigated for the first time, to
the best of our knowledge, showing much broader supercontinua than uniform waveguides, with improved spec-
tral coherence. The waveguides are demonstrated to be long-term stable and water-resistant due to the shielding of
the As2S3 by the fused silica sheath. They offer an alternative route to generating broadband mid-IR supercon-
tinua, with applications in frequency metrology and molecular spectroscopy, especially in humid and aqueous
environments. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.415339

1. INTRODUCTION

Mid-infrared (IR) laser sources have received considerable at-
tention over the past few decades due to important applications
in molecular spectroscopy, biomedical science, materials
processing, and remote sensing [1–4]. In particular, ultra-
broadband and high-brightness mid-IR supercontinuum
(SC) sources are of great interest since the fundamental vibra-
tional resonances of many molecules reside in the mid-IR.
Normally efficient generation of a mid-IR SC requires an ultra-
fast laser source coupled into a highly nonlinear waveguide.
Several schemes have been implemented, based on, for exam-
ple, optical parametric oscillators and amplifiers [5–7], Cr:ZnS/
ZnSe mode-locked lasers [8,9], difference frequency generators
[10], and rare-earth-doped fiber lasers [11–16]. Among them,
fiber-based pump sources are preferable, owing to their high
power-handling capabilities and the potential to be fully inte-
grated as all-fiber SC sources [11–16]. The beam quality of
fiber-based SC sources is also generally superior to that achieved
in chip-based platforms [17–23]. Very recently, significant

developments have been reported in femtosecond mid-IR fiber
lasers at 2.8 μm. Such lasers now offer sub-megawatt-
level peak powers and few-cycle pulse durations [24–27] and
have great potential as pump sources for mid-IR SC generation.

Highly nonlinear fibers are normally made from compound
“soft” glasses that are transparent at wavelengths above the
2.2 μm multi-phonon absorption band of fused silica [28].
Chalcogenide glasses are of particular interest, offering both
transparency out to 25 μm [29,30] and ultra-high nonlinear-
ities [31]. Even though many different chalcogenide fibers have
been reported (examples being step-index fibers [5,8,12], pho-
tonic crystal fibers [9,15], and tapered fibers [7,16]), precise
tuning of the waveguide dimensions and thus the dispersion
and nonlinearity still remains challenging owing to difficulties
in the thermal treatment of chalcogenide materials. In addition,
many chalcogenides are mechanically fragile and suffer from
glass degradation induced by humidity in the environment.
Such drawbacks significantly limit the applications and long-
term stability of chalcogenide-based devices.
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A pressure-assisted melt-filling technique allowing chalcoge-
nide glass to be integrated with fused silica capillaries has re-
cently been reported [8,12,32–34]. It involves pumping
molten chalcogenide glass into a silica capillary under high pres-
sure. In the resulting structures, the chalcogenide is shielded
from the environment by the fused silica sheath, greatly extend-
ing the device’s mechanical stability and lifetime. The high in-
dex contrast between chalcogenide and silica glasses tightly
confines mid-IR laser light within the core and ensures low-loss
guidance. The ability to accurately engineer the geometry of the
silica capillaries, using well-developed fiber fabrication and
post-processing techniques, means that the dispersion and
nonlinearity can be precisely controlled over a wide range.
Nanospikes can be introduced at both ends of a subwavelength
core, allowing efficient adiabatic launching of pump light into
the fundamental waveguide mode and boosting the overall
transmission [34].

Here, we report low-noise SC generation in As2S3-silica
nanospike waveguides by extending the pump source to a re-
cently developed 2.8 μm femtosecond fiber laser [27]. The
nonlinear dynamics of SC generation in different specially de-
signed dispersion regimes is investigated. A novel tapered
As2S3-silica waveguide with a varying dispersion profile is fab-
ricated and investigated for the first time, to the best of our
knowledge, with broader SC and improved spectral coherence.
Moreover, the long-term stability and water-resistance of the
As2S3-silica hybrid waveguide are also experimentally demon-
strated, revealing the potential of applications in humid and
aqueous environments.

2. EXPERIMENTAL SETUP

The experimental setup is sketched in Fig. 1(A). The 2.8 μm
wavelength (λ0) fiber laser consists of a dispersion-managed
seed laser and an amplifier [27]. The seed oscillator was a
3.3-m-long Er-doped ZBLAN fiber (gain fiber), backward
pumped by a 975 nm laser diode, using folded Martinez

stretchers for dispersion management. Mode-locking was by
nonlinear polarization rotation. Pulses with duration 82 fs at
a repetition rate of 42.1 MHz and a maximum average power
of 1.2 W were generated after amplification in an Er-doped
ZBLAN fiber. Figure 1(B) shows the measured auto-correlation
trace of the output pulses at 1.2 W, showing a full width at half-
maximum (FWHM) duration of 112 fs. The measured spectral
intensity is plotted in Fig. 1(C), showing an FWHM band-
width of ∼200 nm.

Figure 1(D) is an optical micrograph of a fabricated As2S3-
silica hybrid nanospike waveguide with core diameter
d � 5.4 μm. A 250-μm-long nanospike was employed at the
input end to allow adiabatic coupling of pump light into the
fundamental HE11 core mode. The calculated (via finite
element modeling) group velocity dispersion (GVD, top)
and nonlinearity (bottom) of the HE11 mode are plotted in
Fig. 1(E) for different core diameters. As the core diameter falls,
the dispersion landscape evolves from showing a single zero-
dispersion wavelength (ZDW), corresponding to the material
dispersion of As2S3, to showing two ZDWs. The propagation
loss of the waveguides [Fig. 1(F)] was estimated theoretically by
taking into account the measured wavelength-dependent
material loss of both As2S3 and fused silica, together with the
modal overlap.

The pump light was coupled into the waveguide through an
anti-reflection-coated black-diamond aspheric lens with a
numerical aperture (NA) of ∼0.85. A half-wave plate and a
quarter-wave plate were used to adjust the polarization state
of the input beam. The generated mid-IR SC spectra were col-
lected by a commercial multimode InF3 fiber connected to a
Fourier transform IR spectrometer (FTIR).

3. EXPERIMENTAL RESULTS AND DISCUSSION

A. d � 5.4 μm Waveguide
As2S3-silica waveguides with constant core diameter were first
investigated. Figure 2(A) shows the measured SC spectra

Fig. 1. (A) Experimental setup. DM, dichroic mirror; MS, Martinez stretcher; ISO, isolator; POL, polarizer; ND filter, neutral density filter; NS,
nanospike; FTIR, Fourier transform IR spectrometer. (B) Measured auto-correlation trace and (C) the corresponding optical spectrum of the output
pulses after the amplifier at an average power of 1.2W. (D) Optical image of the As2S3-silica nanospike waveguide. The core diameter increases from
0 to 5.4 μm along the 250-μm-long taper transition region. (E) Simulated GVD (top), nonlinearity (bottom) and (F) propagation loss of the hybrid
waveguides plotted against wavelength for different core diameters.
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generated in an 11-mm-long As2S3-silica waveguide with
d � 5.4 μm for increasing pump pulse energy. In this situa-
tion, the 2.8 μm pump wavelength is located in the anomalous
dispersion regime, close to the ZDW, as seen in the blue curve
in Fig. 1(E) (top).

An octave-spanning SC (1.8 μm to 4.3 μm) was generated at
a launched pulse energy of 320 pJ (the measured in-coupling
efficiency was 4.2%). The dispersive wave (DW) emitted at
∼1.8 μm was observed to blue shift with increasing pulse
energy [35].

The SC spectrum was broadest at a maximum launched en-
ergy of 480 pJ (corresponding to 4.2 kW peak power), extend-
ing from 1.6 μm to 4.5 μm (30 dB level). At this pump energy,
the average output power of the entire SC was more than
20 mW. Note that no damage in the nanospike waveguide
was observed in the experiment after extended operation at
the maximum pump power of 1.2 W.

The system was numerically simulated using the generalized
nonlinear Schrödinger equation [36]:
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where A�z,T � is the complex amplitude of the pulse envelope,
z is the position, and T is the time in a reference frame traveling
at the pulse group velocity. The first term on the right-hand
side of Eq. (1) represents the optical loss determined by the
linear loss coefficient α. βk in the second term is the kth
Taylor coefficient of the propagation constant β�ω�, expanded
about the central frequency ω0 � 2πc∕λ0.

The third term contains the Kerr nonlinearity (γ), stimu-
lated Raman scattering, and the self-steepening effect. The
normalized functional form R�t� � �1 − f R�δ�t� � f RhR�t�
includes both instantaneous electronic and delayed Raman
contributions, where f R denotes the fractional Raman

Fig. 2. (A) Measured SC spectra generated by the As2S3-silica waveguide with d � 5.4 μm under different coupled pump pulse energies. Inset:
measured near-field mode image at the output end at 480 pJ coupled pulse energy. (B) Simulated SC spectrum (black) and its coherence (red) at the
output face of the waveguide under a coupled pulse energy of 480 pJ. (C) Simulated SC spectral evolution along the 11-mm-long waveguide.
(D) Simulated SC coherence evolution along the waveguide. (E) Simulated SC temporal evolution along the waveguide. (F) Long-term stability
test of the waveguide under lab condition. (G) Water-resistant test of the hybrid waveguide. Inset: experimental setup.
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response. The analytical expression for the delayed Raman re-
sponse is given by [33]

hR�t� � �τ−21 � τ−22 �τ1 exp�−t∕τ2� sin�t∕τ1�, (2)

where f R � 0.1, τ1 � 15.5 fs, and τ2 � 230.5 fs for As2S3.
The iτ0∂∕∂T term models the dispersion of the nonlinearity
associated with the self-steepening effect, characterized by a
time scale of τ0 � 1∕ω0.

The simulated spectrum at the output face of the uniform
d � 5.4 μm waveguide is plotted in Fig. 2(B) (black-solid) for
a launched pulse energy of 480 pJ and agrees well with the mea-
sured spectrum. The corresponding spectral and temporal evo-
lution along the 11-mm-long waveguide is depicted in Figs. 2
(C) and 2(E), respectively. The input pulse, with soliton order
N ∼ 10.6 (similar to the value reported in previous work [34]),
initially undergoes symmetric spectral broadening as a result of
self-phase modulation (SPM), followed by soliton fission and
DW emission after a propagation distance of ∼5 mm. A DW is
emitted at ∼1.8 μm in the normal dispersion region, as pre-
dicted by the phase-matching condition [36,37]:

ΔβDW � βDW − β�ωs� −
ωDW − ωs

vg
− �1 − f R�γP � 0, (3)

where ωDW and ωs are the angular frequencies of the DW and
the driving soliton pulse (peak power P and group velocity υg ),
and βDW is the wavevector at the DW frequency.

The coherence of the SC spectrum was estimated numeri-
cally by adding one photon per mode of random quantum
noise (with 1% intensity noise) to the pump pulses within
the pump bandwidth and calculating the modulus of the com-
plex degree of the first-order coherence [8,36]:

jg �1�12 �λ�j �
���� hA�

1�λ�A2�λ�iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hjA1�λ�j2ihjA2�λ�j2i

p
����, (4)

where A1 and A2 are the complex field amplitudes of the gen-
erated SC pairs, and the angular brackets denote an ensemble
average over independently generated SC pairs. In the simula-
tions, 30 SC shots were used. The results are plotted as the solid
red curve in Fig. 2(B), showing close-to-unity coherence over
the entire spectral range. The corresponding coherence evolu-
tion along the waveguide is also shown in Fig. 2(D). It can be
seen that a high spectral coherence is maintained in the initial
SPM induced spectral broadening and the subsequent nonlin-
ear process.

To assess the long-term stability of the hybrid waveguides, a
sample was stored under ambient conditions (atmosphere pres-
sure, 25°C, relative humidity ∼33%) for four months. The SC
spectra generated in fresh and stored samples were almost iden-
tical [Fig. 2(F)]; we attribute the slight difference mainly to in-
coupling variations. The water-resistance of the sample was
tested by immersion in water [inset of Fig. 2(G)]. The gener-
ated SC barely changed over 90 min of immersion.

B. d � 1.3 μm Waveguide
Next, an As2S3-silica waveguide with d � 1.3 μm was tested.
In this case [Fig. 1(E)], the pump wavelength lies between two
ZDWs at 1.5 μm and 3.5 μm in the anomalous dispersion re-
gime. The measured SC spectra with increasing launched
pump energy are shown in Fig. 3(A). At pulse energy of

160 pJ, an octave-spanning SC extending from 2.2 μm to
4.7 μm was generated, with an emerging DW at 4.45 μm.
Upon increasing the pump energy to 220 pJ, the DW band
gets stronger and red shifts to 4.6 μm, and the SC spectrum
broadens to 4.8 μm.

The measured near-field intensity profile of the light at
4.5 μm [inset of Fig. 3(A)] shows that it is in the fundamental
mode. The total output power was measured as ∼10 mW over
the entire SC. Numerical simulations of SC evolution along the
5-mm-long waveguide [Fig. 3(C)] show that the input pulse

Fig. 3. (A) Measured SC spectra generated by the As2S3-silica wave-
guide with d � 1.3 μm at different launched pump pulse energies.
Inset: measured output near-field mode image at 4.5 μm wavelength
and 220 pJ coupled pulse energy. (B) Simulated output SC spectrum
(black) and its coherence (red) for the cleaved 2.5-mm-long wave-
guide. (C) Simulated SC spectral evolution along the waveguide.
(D) Simulated SC coherence evolution along the waveguide.
(E) Simulated SC temporal evolution along the waveguide.
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(soliton order ∼4.4) experiences SPM induced spectral broad-
ening followed by soliton fission and DW emission after propa-
gation over less than 0.2 mm, due to the extremely high
waveguide nonlinearity. The nonlinear dynamics of soliton fis-
sion as well as emission of the DWs can also be observed in the
SC temporal evolution shown in Fig. 3(E).

Fundamental solitons emerge and are red shifted by the
Raman effect, resulting in emission of several DW bands at
shorter wavelengths, as predicted by phase-matching. It is
worth noting that the DWs generated at longer wavelengths
suffer attenuation due to material absorption. Bend loss is neg-

ligible here since the critical bend radius is estimated in the
micrometer scale at the wavelength of 5 μm. As shown in
Fig. 1(F), the propagation loss of the d � 1.3 μm waveguide
is higher than 1 dB/mm at wavelengths above 4.2 μm due to
the strong absorption of silica glass. The sample length was re-
duced to 2.5 mm by cleaving so as to decrease the total loss.
The dark gray dotted curve in Fig. 3(A) plots the SC spectrum
generated in the cleaved waveguide at the launched pulse en-
ergy of 220 pJ. An evident improvement in spectral broadening
is observed, extending from 2.1 μm to 4.9 μm. The simulated
output spectrum [black curve in Fig. 3(B)] at a distance of

Fig. 4. (A) Core diameter of the dispersion-varying As2S3-silica waveguide plotted against distance. (B) Contour plot of the waveguide GVD
versus wavelength and propagation distance for the waveguide in (A). Inset: calculated phase mismatch Δβ versus wavelength for d � 5.4 μm (red
solid) and 3.0 μm (black solid). The dashed line marks the phase-matching condition (Δβ � 0) for DW generation. (C) Contour plot of waveguide
nonlinearity γ over propagation length for the waveguide in (A). (D) Simulated SC temporal evolution along the waveguide. (E) Optical image for
one section of the fabricated tapered waveguide. (F) Measured SC spectra generated in the tapered waveguide shown in (A), compared with those
generated in waveguides with constant core diameters. The launched pump energy was 490 pJ. (G) Simulated SC spectrum (black) and its coherence
(red) for the tapered waveguide. (H) Simulated SC spectral evolution along the tapered waveguide. (I) Simulated SC coherence evolution along the
tapered waveguide.
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2.5 mm agrees well with the experimental results. The coher-
ence evolution of the SC is displayed in Fig. 3(D). Significant
spectral decoherence can be observed after a propagation of
∼2 mm. We attribute this decoherence to the onset of
strong random noise [Fig. 3(E)], due to the relatively high
nonlinearity.

We also prepared a sample with a core diameter large
enough that the pump wavelength lies in the normal dispersion
regime. In this case, however, the nonlinearity is weaker, and
the available pump pulse energy was not high enough to reach
an octave-spanning SC.

C. Tapered Waveguide
Next, we explored SC generation in a tapered As2S3-silica
waveguide. A silica capillary with inner diameter of 5.4 μm
was first thermally tapered to 3.0 μm with a linear profile
[Fig. 4(A)], and then filled with As2S3. The overall length of
the tapered sample was ∼4.5 mm. An optical image of the ta-
pered waveguide is shown in Fig. 4(E), and its GVD and non-
linearity are plotted against wavelength and propagation
distance in Figs. 4(B) and 4(C). The ZDW blue shifts from
2.7 μm to 2.1 μm along the down-tapered region, while the
nonlinearity increases due to the decrease in modal area.

The measured SC spectra in the As2S3-silica waveguide with
the constant core diameters and the tapered waveguide are
shown in Fig. 4(F). The coupled pulse energy was 490 pJ.
For the dispersion varying waveguide, two octave-spanning
SC spectra can be obtained from 1.1 μm to 4.8 μm (30 dB
level), which is broader than that in the fixed dispersion profiled
waveguides. The calculated phase-matching condition for DW
generation [Δβ from Eq. (3)] is plotted in the inset of Fig. 4(B)
for waveguides with diameters of d � 5.4 μm and 3.0 μm.

The results show that the short-wavelength DW band blue
shifts with decreasing core diameter and that the observed DW
wavelength agrees well with theory. In the dispersion varying
waveguide, DWs are continuously generated from 1.8 μm
to shorter wavelengths as the soliton propagates along the taper,
resulting in a broadening of the measured SC spectrum towards
a shorter wavelength. The simulated SC temporal and spectral
evolution along the tapered waveguide for a launched pulse en-
ergy of 490 pJ (soliton order N ∼ 10.5) is plotted in Figs. 4(D)
and 4(H). DW emission coincides with soliton fission at a
propagation distance of ∼1.2 mm. After the initial fission,
the constituent solitons experience continuous shift to longer
wavelengths due to the self-frequency shift. At the ∼2.2 mm
point, the DW dramatically blue shifts to a ∼1.4 μm wave-
length and results in a de-acceleration of the DW.

In addition, simulations indicate that the spectral coherence
from a tapered waveguide is close to unity over the entire spec-
tral range [red curve in Fig. 4(G)]—a significant improvement
over fixed diameter waveguides [red curve in Figs. 2(B) and
3(B)]. Figure 4(I) plots the simulated spectral coherence evo-
lution along the tapered waveguide, also showing an improved
spectral coherence compared to Fig. 3(D). This might be ex-
plained by the suppression of noise-based modulation instabil-
ity (MI) in the pulse in the tapered waveguides [38]. The MI
gain spectrum is primarily determined by the GVD and non-
linearity. The fixed GVD and nonlinearity in constant diameter
waveguides allow MI to build up strongly. In contrast, the

continuously varying GVD and nonlinearity in a tapered wave-
guide strongly suppress the growth of MI. Temporal modula-
tion of the pulse, seeded by random noise through MI, can
therefore be effectively inhibited in a tapered structure, result-
ing in an improvement in spectral coherence. The temporal
simulation in Fig. 4(D) validates the suppression of noises com-
pared to Fig. 3(E).

4. CONCLUSIONS

Millimeter-scale chalcogenide-silica waveguides formed by
pressure-assisted melt-filling provide an attractive alternative
to waveguides formed on chip-scale platforms [17–23].
Further improvements in the filling technique will permit
fabrication of more complex taper profiles optimized for SC
generation [39]. The reported octave-spanning and coherent
spectra could be directly used to realize a robust mid-IR fre-
quency comb, since the output power level is adequate for
f − 2f self-referencing interferometry, assuming stabilization
of the repetition rate of the femtosecond pump laser.
Despite having chalcogenide glass cores, the hybrid waveguides
are uniquely water-resistant and long-term stable, properties
that open up the possibility of applications in, e.g., biological
spectroscopy in humid and aqueous environments. The SC
spectral range could be further broadened into the IR using
capillaries made from soft glasses such as germanates, fluoro-
zirconates, or chalcogenides. The coupling efficiency of the
waveguide may be further improved by polishing the in-cou-
pling end after fabricating the nanospike structure. Profile-tun-
able As2S3-silica hybrid waveguides have great potential for
applications in ultrafast nonlinear photonics, e.g., parametric
processes in the mid-IR band.
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