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Abstract—Broadband supercontinuum sources are of interest
for various applications. The near-infrared region (1–3 µm) is
specifically useful for biomedical diagnostics. One of the promis-
ing medium for supercontinuum generation in the infrared region
is the strongly guiding nonlinear waveguide with an arsenic trisul-
fide core (As2S3) and a fused silica cladding. The geometrical and
chemical properties of such a waveguide allow to finely tune the
dispersion landscape and nonlinearity through the core diameter
variations. Here we report the generation of octave-spanning
supercontinuum in As2S3-silica hybrid nanospike waveguides
pumped by a thulium-doped all-fiber femtosecond laser and
amplifier system at 1.9 µm wavelength. The widest supercon-
tinuum was obtained in the wavelength range from 1.1 to 2.5 µm
(full width at -10 dB) in the waveguide with core diameter of
1.7 µm. Generation of significant dispersive waves as well as
third harmonics component are observed. Numerical simulation
shows that the generated supercontinua are coherent in the entire
spectral range and can be exploited to create a self-referenced
laser comb.

Index Terms—Chalcogenide, thulium-doped fiber lasers,
nanospike, supercontinuum generation.

I. INTRODUCTION

I nfrared supercontinuum (SC) sources [1], [2] have a
wide range of applications such as high precision spec-

troscopy [3], molecule detection [4], optical clocks [5], [6] etc.
SC generation has been obtained in various media pumped by
different laser sources [7], [8], [9]. For instance, SC spectrum
covering 2 to 10 µm was obtained pumping a planar waveguide
by a bulk optical parametric oscillator at a wavelength of
4.2 µm [10].

At the same time, all-fiber versions of such sources are
compact, stable, reliable, and easy to align, making them
more promising for applications. One of the approaches that
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I, Rennes, France, 35042.

V. Voropaev and S. Xie contributed equally to this work.
Manuscript received ; revised .

can be implemented in the all-fiber system is the use of
SC generation in dispersion-shifted chalcogenide waveguides
with an arsenic trisulfide (As2S3) core and a fused silica
cladding [11], [12]. The main advantages of such waveguides
are the high nonlinear coefficient as well as a simpler manu-
facturing technology [13] compared to planar waveguides [14].
As2S3 has a nonlinear refractive index two orders of magnitude
higher than that of fused silica [15] and wide transmission
band in the wavelength range from 0.62 to 13 µm [16]. Despite
the fact that the zero-dispersion wavelength (ZDW) of bulk
As2S3 material locates at ∼ 4.9 µm [17], silica cladding can
shift ZDW of the hybrid waveguide to the operating range of
the most common ultrafast silica-based fiber lasers (from 1 to
2.1 µm) by the contribution of waveguide dispersion.

SC in As2S3-silica waveguides was obtained in the range
from 1.2 to 3.5 µm when pumped by a Cr:ZnS bulk laser
at a wavelength of 2.35 µm [18]. Among studies with fiber
laser pump, SC (from 1 to 2 µm) in As2S3-silica waveguide
was obtained with erbium-doped fiber laser at a wavelength
of 1.55 µm [13]. A detailed study was carried out in As2S3-
silica samples with different core diameters when pumped with
an ultrafast erbium-doped ZBLAN fiber laser at a wavelength
of 2.8 µm, the resulting SC covered the range from 1.1 to
4.8 µm [19]. Moreover, SC studies were carried out in such
structure with a core diameter of 1 µm using an ultrafast
thulium-doped fiber laser [12], [20]. These works featured a
predominantly generated dispersion wave in the spectral range
from 3 to 4 µm was. However, there have been no studies on
the generation of SC pumped by thulium-doped fiber lasers
in an As2S3-silica waveguides with core diameters more than
1 µm, which leads to a different balance of nonlinear and
dispersion effects during the formation of SC. Such a balance
can provide SC spectra covering the entire 1–3 µm regime
which are important for biomedical applications [21].

Thus, in this work we report the generation of octave-
spanning SC spectrum in As2S3-silica hybrid waveguides
with core diameters of 1.2 µm and 1.7 µm pumped by a
78 fs ultrafast thulium-doped all-fiber master-oscillator power
amplifier at 1.9 µm central wavelength. The refractive indices
of As2S3 [17] and fused silica [22] at 1.9 µm wavelength
are 2.428 and 1.440 respectively, indicating a high waveguide
numerical aperture (1.96) and thus inefficient couplings at
the input and output endface. The nanospike (NS) structures
are therefore integrated at the waveguide endface to increase
the coupling efficiency [12], [13]. The experiment revealed
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the generation of the third harmonic of the pump radiation,
which influenced the formation of the SC. Compared with the
previous work [23], the results reported here show a dynamic
of SC spectrum at different power level along with a detailed
description of theoretical modelling and the impact of the third
harmonic generation process.

II. EXPERIMENTAL CONFIGURATION

A. Experimental setup

Fig. 1 shows the schematic of the experimental setup. A
home-made all-fiber ultrafast master oscillator power amplifier
was used as the pump source (detailed description in [24]).
The pump source consists of a thulium-doped fiber laser
with hybrid mode-locking [25], a pulse stretcher, an amplifier
based on a germanosilicate thulium-doped fiber with normal
group velocity dispersion (GVD), and a large mode area fiber
compressor. The emitted pulses have a central wavelength
of 1.9 µm, a repetition rate of 23.84 MHz and an average
output power of 600 mW. Mechanical polarization controllers
both in the laser and in the amplifier were used to adjust the
pulse generation regime. Thus, with different settings of the
polarization controllers, pulses at the amplifier output may be
tuned from 65 fs to 1 ps, which is related to the dependence
of the nonlinear refractive index on the polarization state of
the radiation [26] and, as a consequence, to the different
balance of dispersion and nonlinear effects in the amplifier and
compressor (see in more detail in [24]). In the experiment, a
pulse duration of 78 fs was used along with a maximum pulse
energy of 25 nJ and a peak power of 200 kW.
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Fig. 1. Schematic of experimental setup. PD, photodetector; PC, polarization
controller; AC, autocorrelator.

The pump beam was firstly collimated using a 90 degree
off-axis parabolic mirror along with a side path (switchable
via a flipping mirror) directed to a an autocorrelator, and then
was coupled into the As2S3-silica hybrid waveguide using a 4-
mm-focus lens (C036TME-D, Thorlabs, T ≈ 96% at 1.9 µm).
The output mode profile of the waveguide was monitored using
a thermal CCD camera in order to optimize the in-coupling
such that the near-field mode profile appears as single mode
(top right inset of the Fig. 1). The generated SC was collected
by a multimode fluoride fiber with 200 µm core diameter

which is transparent in the measured spectral range, and was
finally directed to the spectrometer. A monochromator along
with a PbSe photodetector was used to collect data from 1
to 3 µm wavelength range. It has a diffraction grating with
300 lines per millimeter with reciprocal linear dispersion of
17.2 nm/mm. The spectral resolution of the monochromator
was set as 3.44 nm. A spectrometer with diffraction grating
and CCD matrix was used for measurements in the wavelength
range from 200 nm to 1000 nm.

B. Waveguides parameters
The structure of the fabricated As2S3-silica hybrid waveg-

uide is shown in Fig. 2. The length of the waveguide L is
about 3 mm. The length of the input and output nanospikes
were around 300 µm. The in-coupling efficiency of the hybrid
waveguides is estimated as 10 %. The transmission of silica
drops significantly in the wavelength range above 3 µm [27],
[28]. Nevertheless, the losses of the fundamental mode in
the developed waveguides do not exceed 1 dB/mm in the
range from 620 nm to 4 µm [12], [19]. The manufacturing
process of the hybrid waveguides has been described in detail
previously [13].

dNS1 NS2

L

Silica

As S2 3

Pump
SC

Fig. 2. The structure of the As2S3-silica hybrid waveguide. Two nanospikes
are integrated at both waveguide ends.

Due to the large difference in the refractive indices of
the core and cladding, the fundamental radiation mode has
a sufficiently strong electric field component along z -axis
(directed along the optical axis of the waveguide). In this case,
scalar Schrödinger equation was used to model the propagation
of the linearly polarized fundamental waveguide mode (see
Appendix A). The vector field distribution of the mode was
considered when calculating the mode nonlinear coefficient.
The dispersion of fundamental waveguide mode (β(ω), where
β is the propagation constant) was determined by analytically
solving the eigenvalue equation of step-index waveguides [29],
taking into account the wavelength dependencies of the refrac-
tive indices for As2S3 [17] and fused silica [22]. Analyzing
the parametric calculation of SC generation at different core
diameters (see Appendix B), waveguides with core diameters
of 1.2 µm and 1.7 µm are chosen for the experimental study.
The calculated GVD for the hybrid waveguides with d =
1.2 µm and 1.7 µm are plotted as the solid lines in Fig. 3a
(left axis). At the pump wavelength (1.9 µm), the GVD value
is -0.6 ps2/m and -0.25 ps2/m for d = 1.2 µm and 1.7 µm
respectively. The effective mode area of fundamental mode
was calculated as [1]:

Aeff =
|
∫
(eν × h∗

ν).ẑdA|2∫
|(eν × h∗

ν).ẑ|2dA
, (1)

where eν and hν are the electric and magnetic fields, ẑ is the
unit vector along fiber axis. The calculated dependencies of
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Aeff on wavelength are also shown in Fig. 3a (dashed lines,
right axis).

Fig. 3b (black-solid line) shows the theoretical wavelength
dependence of nonlinear refractive index n2 of As2S3 [30].
The n2 value of As2S3 increases with increasing wavelength
and changes the sign in the wavelength range from 600 nm
to 1000 nm. Since SC is predominantly generated in the
wavelength range of 1 µm to 3 µm in this work, consideration
of the complex dependence is not required [31]. The nonlinear
coefficient γ as a function of wavelength was calculated by
the equation [1]:

γ =
2π

λAeff

(
ϵ0
µ0

) ∫
n2(x, y)n2(x, y)[2|eν |4 + |e2ν |2]dA

3
∫
|(eν × h∗

ν).ẑ|2dA
,

(2)
where ϵ0 is vacuum permittivity, µ0 is vacuum permeability,
λ is wavelength. The resulting γ versus wavelength for both
waveguides are also shown in Fig. 3b (right axis).
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Fig. 3. (a) Calculated wavelength dependencies of GVD (solid, left axis) and
effective areas (dashed, right axis) of the fundamental modes. (b) Dependence
of the nonlinear refractive index n2 of As2S3 on wavelength (black-solid, right
axis). Nonlinear coefficient γ for both waveguides versus wavelength (left
axis).

C. Pulse characterization

The measured autocorrelation trace for pump pulses before
coupling into the sample is shown in Fig. 4a (black). The SC
simulation uses the power and phase temporal distributions of
the pulse measured by the FROG method at other settings
of the laser and amplifier polarization controllers (detailed
description of these measurements is given in [24]) and
stretched in the time domain to the duration of the measured
autocorrelation. The red curve (Fig. 4a) corresponds to the
pulse autocorrelation obtained from the time distributions in
Fig. 4b. The FWHM pulse duration is about 78 fs.
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Fig. 4. (a) The measured and modeled autocorrelation trace of the pump
pulse. (b) Power and phase distributions in time of the pump pulse in the SC
model.

Using a near-real field distribution and pulse phase allowed
us to analyze the effect of low-amplitude satellite pulses on

the properties of the SC (spectral range and coherence). The
differences when using a bandwidth-limited pulse with the
same peak power and duration without satellite pulses are
insignificant. Satellite pulses make almost no contribution to
the spectral broadening and only add spectral intensity at the
pump wavelength at the output of the waveguide.

III. EXPERIMENTAL AND SIMULATION RESULTS

A. Waveguide with d = 1.2 µm

Fig. 5 shows the measured SC spectra (solid curves) at
the output of waveguide for d = 1.2 µm hybrid waveg-
uide. The grey curve is the measured spectrum of the pump
source without coupling into the waveguide. At an average
power of 30 mW (red-solid, corresponding to a peak power
of 11 kW before coupling), the observed spectrum spans
from 1.52 µm to 2.5 µm above noise level, corresponding
to a level of about -22 dB relative to the maximum value.
When the average pump power is increased to 60 mW, the
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Fig. 5. Measured SC spectra at the output of waveguide with core diameter of
1.2 µm at different average pump powers before the coupling lens. The dashed
lines plot the numerical simulation results obtained by solving the nonlinear
Schrödinger equation. The inset shows the measured spectrum around the
dispersive wave (DW) under pump power of 60 mW.

spectrum slightly broadens along with an enhanced emission
at around 2.5 µm wavelength. Those spectral component is
confirmed to be originated from the 4th diffraction order of
the third harmonic of pump wave (see Appendix C). This
indicates the increase in the radiation intensity of the third
harmonic component (at 0.633 µm wavelength), generated
by the phase matching between the fundamental mode at
pump wavelength and the higher-order core mode at the third
harmonic wavelength enabled by the large core-cladding index
contrast [32]. The observed power saturation from 1.835 µm
to 1.960 µm wavelength is associated with the pump beam
coupling into the cladding mode. The dashed lines plot the
numerically simulated SC spectrum at 60 mW pump power
level by solving the scalar nonlinear Schrödinger equation
(see Appendix A). A spectral component at wavelength of
0.963 µm was also observed on the spectrometer (blue curve,
inset of Fig. 5), which is roughly in agreement with the
estimated emission wavelength of dispersive wave. The dis-
crepancy may be attributed by the variation of waveguide
dispersion due to thermal effect since the As2S3 core may be
strongly heated by the absoption of third harmonic component.
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The effect becomes even stronger at an average power of
80 mW. In this case the peak of the third harmonic increases
and the SC spectrum narrows down [33]. The waveguide was
damaged when the pump power was further increased due to
the absorption induced heat. The critical pump power value for
narrowing the supercontinuum spectrum can then be specified
as 60 mW for this waveguide.

B. Waveguide with d = 1.7 µm

Fig. 6 shows the measured SC spectra (solid curves) at the
output of hybrid waveguide with core diameter of 1.7 µm.
At an average power of 30 mW, the spectrum is broadened
spanning from 1.53 µm to 2.17 µm above the receiver noise
level. At a power level of 60 mW, the spectrum spans from
1.09 µm to 2.5 µm at the receiver noise level, corresponding
to a level of about -25 dB relative to the maximum value.
At a power of 80 mW, the spectrum is similar with that
of 60 mW case. The inset plots show the measured third
harmonic emission in the wavelength range from 0.63 µm to
0.64 µm recorded by the CCD spectrometer. The total power
over this range can be estimated by integrating the spectrum
and considering the collection efficiency (≈ 0.5 mW). Similar
to the case of pumping of a waveguide with a core diameter
of 1.2 µm, a strong spectral component is observed in the
wavelength range from 2.5 µm to 2.6 µm at all pump powers,
corresponding to the 4th order diffraction of the third harmonic
of the pump radiation. Note that a larger core diameter (thus a
smaller nonlinear coefficient) also induces a higher threshold
for the spectrum narrowing effect for the d = 1.7 µm
waveguide comparing with the one with d = 1.2 µm.
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Fig. 6. Measured SC spectra at the output of waveguide with d = 1.7 µm at
different average pump powers before the coupling lens. The dashed lines plot
the numerical simulation results obtained by solving the nonlinear Schrödinger
equation. The inset shows the measured spectrum around the third harmonic
wavelength (THG) under pump power of 80 mW.

C. Degree of coherence

Fig. 7 shows the simulation results at a peak power of
341 W (corresponds to an average power of ≈ 10 mW in front
of the coupling lens) for a sample with d = 1.2 µm (a and c)
and 380 W (corresponds to an average power of ≈ 11 mW in
front of the coupling lens) for a sample with d = 1.7 µm (b and
d). The discrepancy between the experimental value of average

power and the one used in the simulation may be attributed
by the fact that third harmonic generation process has not
been taken into account in the model. The Fig. 7a,b show
the emission spectra at the waveguides output together with
the spectral dependences of the coherence degrees (defined by
Eq. 6 in Appendix A). The Fig. 7c,d show the evolution of the
spectrum along the length of the waveguides. It can be seen
that the SC spectra at the output end of both waveguides are
coherent in the entire spanning range. For both waveguides, the
output radiation covers a range of more than one octave, mak-
ing it possible to create an f-2f interferometer for stabilizing
the carrier-to-envelope offset frequency of the radiation [34],
[35].
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IV. DISCUSSION

When average power was increased to above 600 mW
(peak power of 200 kW), both waveguides with d = 1.2 µm
and d = 1.7 µm were presumably damaged due to heating
associated with a strong absorption of the third harmonic
component by As2S3. An experiment was carried out on the
same samples by pumping at multi-soliton regime through
tuning the polarization controller in the laser. In this situation,
at the same average power level, the peak power is reduced
by 500 times due to the multi-pulse nature [36], thus no third
harmonic can be generated. It is found that none of the samples
were damaged when the average pump power was increased to
700 mW [37]. This indicates that the damage of the waveguide
is mainly induced by the peak power rather than the average
power under the action of strong third harmonic generation.

Critical pump peak power at which the SC stops broadening
for waveguides with core diameters greater than 1.7 µm can be
estimated inversely proportional to the nonlinear coefficient.
Thus, when modeling the generation of SC in waveguides
with core diameters greater than 1.7 µm at the critical pump
peak power there is no significant increase in the spectral
range. However, this estimation of the critical power must be
confirmed experimentally. It is also necessary to develop a
mathematical model that takes into account the generation of
the third harmonic generation and complex refractive index of
As2S3.
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V. CONCLUSION

We demonstrate experimentally and theoretically that
octave-spanning SC spectrum can be generated by pumping
As2S3-silica hybrid waveguide with suitable core diameters by
an all-fiber thulium-doped laser system. Numerical simulation
shows that the generated SC spectrum is coherent and can be
used to create an all-fiber coherent supercontinuum generator
in infrared region. The all-fiber laser source may be spliced
with the As2S3-silica hybrid waveguide to form a fully fiber
based mid-infrared SC source. The further broadening of the
spectrum is currently limited by the third harmonic generation
of pump light introducing strong absorption and thus damage
of the As2S3 core.

APPENDIX A
THEORETICAL MODEL

The generalized nonlinear Schrödinger equation in the
frequency domain is used to describe the supercontinuum
generation process in samples in the following form [1]:

∂Ã′

∂z
= iγ(ω)exp(−L̂(ω)z)

F

A(z, t)

∞∫
−∞

R(T ′)|A(z, T − T ′)|2dT ′

 ,
(3)

where Ã′ = Ã(z, ω)exp(−L̂(ω)z), L̂(ω) is the linear operator,
given by:

L̂(ω) = i(β(ω)− β(ω0)− β1(ω0)[ω − ω0])−
α(ω)

2
, (4)

wherer α(ω) is the frequency dependent losses, β(ω) is the
propagation constant, β1(ω0) is the first derivative of the
propagation constant, ω0 is the central angular frequency,
Ã(z, ω) is the Fourier transform of the normalized amplitude
A(z, T ) that |A(z, T )|2 gives the instantaneous power in Watt,
γ(ω) is the frequency dependent nonlinear coefficient defined
by Eq.(2), c is the speed of light in vacuum, ω is the angular
frequency, R(t) is the Raman response function, z is the
distance in the waveguide, T = t − β1z is the time in a
co-moving frame at the envelope group velocity β−1

1 . Raman
response function are defined as [38], [1]:

R(t) = (1− fR)δ(t) + fRhR(t) =

(1− fR)δ(t) + fR
τ21 + τ22
τ1τ22

exp(−t/τ2)sin(t/τ1)Θ(t),
(5)

where fR represents the fractional contribution of the delayed
Raman response to nonlinear polarization, Θ(t) is the Heav-
iside step function, δ(t) is the Dirac delta function, τ1 is the
period of vibrations, τ2 is the dumping time of vibrations. We
use τ1 = 15.5fs, τ2 = 230.5fs, fR = 0.1 [12], [39]. Eq. (3)
is solved by the fourth order Runge-Kutta method [1]. It was
also revealed that the nonlinear refractive index of As2S3
strongly depends on the intensity of the incident light [15].
However, this dependence was not taken into account in this
work, since the pulse intensities studied in our work are about

10 GW/cm2, which is higher than the saturation intensity of
the nonlinear refractive index (∼ 1 GW/cm2) [15].

The sensitivity of the SC to noise is estimated by calculating
100 SC spectra at different noises introduced into the pump
radiation. Noise is defined as single photons at each considered
emission frequency with a random phase (one photon per
mode). Quantitative analysis of coherence is obtained by
calculating the wavelength dependence of the modulus of
the complex degree of first order coherence, defined at each
wavelength in the SC by [40]:

|g(1)12 (λ, t1 − t2)| =

∣∣∣∣∣∣ ⟨Ã∗
1(λ, t1)Ã2(λ, t2)⟩√

⟨|Ã1(λ, t1)|2⟩⟨|Ã2(λ, t2)|2⟩

∣∣∣∣∣∣ , (6)

where angle brackets denote an ensemble average over in-
dependently generated pairs of SC spectra [Ã1(λ, t)Ã2(λ, t)]
obtained from a large number of simulations, and t is the
time measured at the scale of the temporal resolution of
the spectrometer used to resolve those spectra. Eq. 6 was
calculated at t1− t2 = 0 corresponding to the fringe visibility
at zero path difference in a Young’s experiment performed
between independent SC spectra [41].

APPENDIX B
OPTIMIZATION OF THE WAVEGUIDE CORE DIAMETER

A parametric scanning has been performed to determine
the optimal core diameter for the generation of coherent SC
in the wavelength range from 1 to 3 µm. The core diameter
of the waveguide was varied from 1 to 3 µm with steps of
0.1 µm. The length of the waveguides in the calculation was
set as 3 mm, because at this length the emission spectrum
is significantly broadened for each diameter of the core. The
simulation used the nonlinear refractive index dependence
shown in the Fig. 3b, which can be used in the region from 1
to 3 µm. The pump pulses in the model are in the form of a
soliton and have a duration of 65 fs (the shortest duration
achievable in a pump source [24]). The maximum power
for each waveguide in the simulation was estimated using
the effective area of the waveguide mode and the measured
damage threshold of As2S3 [42] and is shown by the red curve
in Fig. 8c. In each waveguide, when reaching a certain peak
power a strong spectral component in the region of 750 nm
begins to generate, corresponding to a change in the sign
of the nonlinear refractive index (Fig. 3b). In this case, the
calculation cannot be accurately performed and it is necessary
to use another model [31]. Thus, for each waveguide, the
maximum peak pump pulse power, at which the mathematical
model is suitable and the calculation can be performed, is
determined. Fig. 8 shows the results of the calculation for the
values of peak power 25 % (Fig. 8a) and 90 % (Fig. 8b) of the
maximum value at which the model works. The values of the
peak power used in the simulation are shown in the Fig. 8c.
At 90 % maximum power, the spectrum covering the entire
range from 1 to 3 µm is achieved in a waveguide with a core
diameter of approximately 1.7 µm, so this core diameter was
chosen for the experimental study. At core diameters from 1.7
to 3 µm the spectrum begins to broaden in the spectral range
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Fig. 8. Calculated spectra at the output of waveguides with different core
diameters for a coupled 1.9 µm pump pulse of 65 fs duration and peak power
equal to 25 % (a) and 90 % (b) of the maximum power at which no solution
could be found in the model. (c) The peak powers used in the calculation and
the estimated threshold of waveguide destruction.

from 3 to 4 µm. The waveguide with a diameter of 1.2 µm are
chosen to experimental study the dynamics of changes in the
width of the spectrum. All powers used in the simulation can
be achieved using the developed pumping system [24].

APPENDIX C
MEASUREMENT OF THE THIRD HARMONIC COMPONENT

The origination of the observed emission around 2.5 µm
wavelength in Fig. 9 was validated by launching a emission
at 635 nm wavelength (from a semiconductor laser) with
an average power of 1 mW to the monochromator. The 2nd

diffraction order at wavelength of 1.27 µm was not observed
in the measurement while the 3rd and 4th orders were present,
and the 3rd order was 2.5 times stronger than the 4th one in
intensity. The ratio of the detector sensitivity at a wavelength
of 1900 nm to the sensitivity at a wavelength of 635 nm
is 10.9, according to our measurements. Since the 3rd order
diffraction wavelength overlaps with the wavelength of the
pump radiation, in which region the receiver was saturated by
the residual pump beam in the cladding, only the 4th order
diffraction order was observed in the experiment.
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