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Abstract. In this study, we propose a promising 5-mm-long air-clad suspended
core channel waveguide made of As2Se3 chalcogenide glass for ultrabroadband
supercontinuum generation in the mid-infrared. The linear analysis of the
proposed waveguide is carried out numerically by considering the potential
application of pump source at three different wavelength regions such as 1.55
µm, 2.8 µm, and 3.5 µm. Among several waveguide geometries analyzed,
numerical simulation for supercontinuum generation at the output of an optimized
structure shows that a flat supercontinuum coverage from 1.5 µm to 15 µm can
be predicted using a pump at 3.5 µm with a moderate peak power of 2000
W. To the best of the authors’ knowledge, this would be the broadest spectra
in the mid-infrared by the suspended planar waveguide design. In addition,
waveguide structural imperfection has also been discussed as it is difficult to
control the waveguide dimensions during fabrication process precisely. The effect
of possible deviations along the transverse dimensions are rigorously analyzed
and an imperfection among the several deviations is found which could lead
to a substantial supercontinuum bandwidth reduction at the waveguide output.
Finally, the degree of coherence of the obtained supercontinuum coverage is
also tested and it has been achieved nearly coherent spectral outcome from the
proposed suspended waveguide design.

Keywords: Nonlinear optics, Ultrafast optics, Integrated photonics devices,
Suspended channel waveguide (SCW), Group-velocity dispersion (GVD), Nonlinearity,
Supercontinuum generation (SCG), Chalcogenide glass materials.
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1. Introduction

Supercontinuum generation (SCG) has become an
interesting field of research in recent years be-
cause of having its huge and diverse amount of ap-
plications in telecommunication, biomedical-imaging,
spectroscopic-measurement, sensing-application, and
astronomical observation. At present, researchers are
investigating to find a way to generate mid-infrared
(MIR) SCG for covering the spectral region 2–20 µm
as all atomic molecules in this region offer strong vi-
brational absorption that is highly promising for spec-
troscopic applications [1, 2]. Extensive investigations
have performed using microstructured fibers for span-
ning the SCG spectra far into the MIR [3, 4, 5, 6, 7, 8].
Due to technological development in recent years,
the on-chip complementary metal-oxide-semiconductor
(CMOS) compatible integrated photonic devices have
drawn attraction to the researchers for the genera-
tion of efficient broadband SCG in the MIR [9]. Ul-
trabroadband spectral coverage far into the MIR can
be obtained by designing planar waveguide employing
chalcogenide (ChG) glass systems with the aid of their
high Kerr nonlinear properties [10, 11, 12, 13, 14].

Microstructured based fiber design has been
used extensively in the last decades for generating
SCG in the MIR through controlling the light mode
confinement and dispersion variations by varying
the various structural parameters of the design [15].
However, in this approach, increasing propagation loss
in the case of designing long length micro-structured
fibers is standing as a problem [16]. To reduce the
propagation loss, the short length, scalable, and low-
cost integrated photonic device fabrication is preferred
by the researchers nowadays. To address this issue
in designing the SCG sources, the planar waveguide
is a promising candidate in line with microstructured
based fiber design [17, 18, 19, 20]. The prime concern
during planar waveguide design is the absorption loss
of a bottom layer of the waveguide core in the deep
MIR. Suspended type planar waveguide nowadays has
emerged as a new kind of integrated photonic device
based design that can be utilized for manufacturing
optomechanical, nonlinear, and electro-optical devices.
The design of this type of waveguide is based on
eliminating a bottom layer of a waveguide core by
a micro-machining technique which reduces the light
absorption in the long-wavelength substantially [21].

In the last decade, the design of broadband
SCG sources using the optical planar structure
and microstructured based optical fiber have been
investigated both the theoretically and experimentally
by the several research groups [17, 20, 22, 23, 24, 25,
26, 27, 28, 29, 30, 31, 32, 33, 34, 35]. Table 1 presents
a brief summary of MIR SCG coverages obtained by
using different types of fibers and waveguides in the

Figure 1. Proposed SCW Geometry

recent years. Among the various fiber based work
mentioned in this table, Ou et al. [24], Petersen
et al. [25], and Zhao et al. [26] experimentally
reported MIR spectral coverages of 1.8–14 µm, 2–
15.1 µm, and 2–16 µm through step-index fiber made of
Ge12As24Se64, Ge15Sb25Se60, and As2Se3 chalcogenide
materials, respectively, by applying input power in the
MW range. The MIR spectral coverages were also
achieved beyond 10 µm using planar rib-waveguides
made of Ge11.5As24Se64.5 chalcogenide glass system
by Yu et al. [11, 17]. As planar waveguide suffers
substantial absorption loss from the bottom layer of
a waveguide core, researchers are nowadays started
to design chip-scale suspension type waveguide for
the MIR applications [21]. A few research groups
until today have investigated the theoretical and
the experimental SCG evolution in the MIR using
suspended type planar waveguides [36, 37, 38]. Kou
et al. [36] reports an SCG spanning from 2 to 5
µm in a 12 mm long silicon suspended rib waveguide
by pumping with a pulse width of 300-fs at a 4
µm wavelength with an average power of 10 mW.
Jing et al. [37] numerically investigates broadband
SCG using a suspended type As2Se3 ridge waveguide
by which spectral coverage from 1 to 5.6 µm can
be obtained after a 3.1 mm long propagation when
pumping wavelength used at a 2.65 µm with a peak
power 450 W. Li et al. [38] demonstrates numerically
the SCG expansion from 1.76 to 14.42 µm in a 0.87 mm
long suspended As2Se3 ridge waveguide by pumping at
3.3 µm with 100-fs pulse duration and an input power
of 900 W.

In this numerical work, we have proposed a novel
5 mm long suspended core channel waveguide (SCW)
for generating broadband SCG up to the MIR. To
see spectral broadening, initially, few SCW geometries
are tailored based on width (W ), height (H), and
suspension thickness (S) variations at 1.55 µm and
2.8 µm wavelengths, respectively. Later one more
geometry is optimized by shifting pump wavelength
at 3.5 µm considering S = 300 nm. Simulation
results at the output of the various SCWs that
tailored for pumping at the three different wavelengths
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Table 1. Recent results on SCG using various types of fibers and waveguides

Structure Core Length λp Pp Tp SC BW Study Year
type material [mm] [µm] [kW] [fs] [µm] type
SIF As2Se3 85 6.3 7.15×103 100 1.4–13.3 Exp. 2014 [1]
SIF Ge12As24Se64 110 4 3 330 1.8–10 Exp. 2015 [28]
SIF Ge15Sb25Se60 200 6 750 150 1.8–14 Exp. 2016 [24]
SIF As2Se3 30 9.8 2.89×103 170 2–15.1 Exp. 2016 [23]
SIF (Ge10Te43)90-AgI10 140 7 76.7×103 150 2–16 Exp. 2017 [26]
PCF As2Se3 50 4.6 10 50 2.6–6.46 Num. 2015 [31]
PCF As2Se3 5 4.1 3.5 50 2–15 Num. 2015 [29]
PCF Ge10As22Se68 40 4 37 250 1–11.5 Exp. 2017 [25]
SCF As2Se3 200 2.5 4.86 200 0.6–4.1 Exp. 2014 [33]
SCF As38Se62 180 4.4 5.2 320 1.7–7.5 Exp. 2015 [34]
SCF ZBLAN 400 1.56 2.3×10−3 88 0.35–2.4 Num. 2019 [39]
SCF CCl4 50 1.55 5 200 0.35–2.3 Num. 2020 [35]
NW Ge11.5As24Se64.5 18 1.55 25 50 1.2–2.5 Num. 2014 [10]
RW Ge11.5As24Se64.5 5 5.3 20×103 150 2.5–10 Exp. 2013 [11]
RW Ge11.5As24Se64.5 50 4.184 4.5 330 2–10 Exp. 2016 [17]
RW As2Se3 2.5 2.8 2.5 200 1.2–7.2 Num. 2018 [22]
CW Ga8Sb32S60 5 2.8 6.5 497 1–9.7 Num. 2017 [18]
CW Ge22As20Se58 8 2.8 24 130 2.5–6.5 Exp. 2018 [19]
SRW Silicon 12 4 223 300 2–5 Exp. 2018 [36]

SRdW As2Se3 3.1 2.65 0.45 200 1–5.6 Num. 2018 [37]
SRdW As2Se3 0.87 3.3 0.9 100 1.76–14.42 Num. 2019 [38]

Where SIF = step index fiber, PCF = photonic crystal fiber, SCF = suspended core fiber, NW = nanowire,
RW = rib waveguide, CW = channel waveguide, SRW = suspended rib waveguide, SRdW = suspended ridge
wavegude, Exp. = experimental, Num.= numerical, λp = pump wavelength, Pp = pump peak power, Tp =

pulse duration, and BW = bandwidth.

show that the SCG can be obtained beyond 15
µm by employing the pump at 3.5 µm wavelength
with a peak power of 2000 W. This would be the
broadest SCG coverage in the MIR by the planar
waveguide design so far. We have also analyzed
the effects of unexpected occurrence of imperfections
along the transverse dimensions of a waveguide during
fabrication. Rigorous analysis considering various
possibilities of geometric deviation shows that the
occurrence of an even one degree downward angular
displacement (horizontal imperfection) could incur
substantial SCG bandwidth reduction, which could
be more than 20% of the total coverage predicted
at the waveguide output. Later in the degree of
coherence study, it has been observed nearly coherent
SCG output by our proposed design.

2. Modeling and Method

Figure 1 demonstrates the proposed air-clad SCW
geometry in which the As2Se3 ChG glass system is
employed as core and slab/suspension both. Another
ChG glass system Ge11.5As24S64.5 is used as the
substrate during simulation. The required refractive

indices of the proposed glass materials used in
the simulation are calculated using the Sellmeier
equation from [40] over the interesting wavelength
range. To characterize an optical waveguide for
a certain distribution of the refractive index, the
finite-element analysis (FEA) is frequently used as
well known computational tool. The FEA based
COMSOL Multiphysics is employed to obtain the
effective refractive index of a fundamental quasi-
transverse electric (FQTE) mode for the proposed
SCW geometry. Figure 2 shows the spatial FQTE field
(H11

y ) profiles, which imply excellent field confinement
in the central core region of the proposed SCW
structures, at the two different pump wavelengths.
This certainly increases the nonlinear interaction which
eventually broadens the spectral coverage at the SCW
output. The calculated neff values are utilized to obtain
group velocity dispersion (GVD) [41] which is a vital
parameter to characterize an optical waveguide for
an ultrabroadband SCG generation in the MIR. The
waveguide imperfections in the transverse directions
are calculated using the following equations:

Wi = W ± 2∆W, (1)

Hi = H ±∆H, (2)
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(a)

(b)

Figure 2. The field profiles of FQTE mode for proposed
geometries (uniform cases) (a) at a wavelength of 1.55 µm with
structural parameters W = 900 nm, H = 550 nm, S = 50 nm
(b) at a wavelength of 3.5 µm with structural parameters W =
6000 nm, H = 900 nm, S = 300 nm.

where Wi and Hi are expressed as the possible deviated
waveguide dimensions after the fabrication process and
W and H indicate the waveguide ideal dimensions.
Here, ∆W = H tan θW and ∆H = W tan θH,
respectively, are the possible amount of deviations
along the horizontal and vertical directions where θW

and θH are the deviation angles along those directions.
In Eqs. 1 and 2, +ve deviations indicate outside or
upward and -ve deviations imply inside or downward
deviations of the proposed waveguide.

To investigate the SCG coverage between the
near-IR and the MIR in the waveguide tailored

Table 2. The Raman parameters of As2Se3 materials
[42] and the assumptions to solve the GNLSE equation

[43] using split-step Fourier method

Parameters Value considered
fR 0.148
τ1 23 fs
τ2 164.5 fs

Fourier grid points 217

Time step 2.76 fs
Numbers of steps 105

Step size 100 nm

with anomalous GVD characteristics, the light pulse
propagation along with its all nonlinear dynamics
inside the optimized SCW can be analyzed by
numerically solving the well established generalized
nonlinear Schrödinger equation (GNLSE) given in
Eq. 3. [15].

∂

∂z
A(z, T ) = −α

2
A+

12∑
k≥2

ik+1

k!
βk
∂kA

∂T k
+iγ

(
1 +

i

ω0

∂

∂T

)

×
(
A(z, T )

∫ ∞
−∞

R(T ) | A(z, T − T ′) |2 dT ′
)
,

(3)

In the Eq. 3, A(z, T ) describes the electric field
envelop moving with the group velocity vg = 1/β1

(T = t−β1z) where higher order dispersion and angular
pump frequency are demonstrated correspondingly
by βk (k ≥ 2) and ω0. The parameter α and
γ represent the material propagation loss and the
nonlinear co-efficient respectively. The response
function R(T ) is modeled by considering Raman
contribution mentioned in Eq. 4 and Eq. 5 [41].

R(t) = (1− fR)δ(t) + fRhR(t), (4)

hR(t) =
τ2
1 + τ2

2

τ1τ2
2

exp

(
− t

τ2

)
sin

(
t

τ1

)
. (5)

The SCG coverages at the output of all the
optimized SCWs at different pump wavelengths
are investigated by solving the GNLSE [41] using
an in-house developed MATLAB software adopting
symmetrized split-step Fourier method [42]. The
numerical values of Raman responses and assumptions
for solving the GNLSE equation are depicted in
Table. 2.

3. Numerical Analysis and Result

To obtain a broadband SCG coverage from the near-IR
to the far-IR using the optical waveguide proposed, it is
not enough to confine the light mode in the core region
rather the tailoring of GVD by tuning the waveguide
structural parameters. To generate a broadened and
efficient SCG spectrum, an optical waveguide must be
pumped with a low GVD value, near to the first zero-
dispersion wavelength in the anomalous GVD regime
[15]. With a low GVD value at the pump wavelength,
flat dispersion also plays a key role in the expansion
of SCG. On the other hand, another important issue
related to the SCG expansion from the near-IR to the
far-IR is that the waveguide must be modeled in such a
manner that it can be pumped in the longer wavelength
region with a commercially available pump source.
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Figure 3. The GVD curves are tailored based on H and W of the proposed SCW for the potential application of pump at 1.55
µm considering (a) S = 50 nm; (b) S = 100 nm. The SCW is further optimized by varying its dimensions for pumping at 2.8 µm
keeping (c) S = 100 nm; (d) S = 200 nm.

To fulfill this requirement and to see such an ultra-
broadband SCG expansion, our proposed waveguide
structures are tailored for pumping at three different
positions from low to higher wavelengths such as 1.55
µm, 2.8 µm, and 3.5 µm, respectively. Initially, to
observe the spectral broadening at the output of the
proposed SCWs that are tailored for pumping at 1.55
µm wavelength, a TE polarized 50-fs full-width at half-
maximum (FWHM) sech pulse with an input peak
power of 100 W is applied. On the other hand, to
observe the spectral coverage further into the MIR, a
few more SCW structures are tuned for pumping at
2.8 µm and 3.5 µm with a sech pulse of 100-fs duration
[44] and an input peak power 1000 W and 2000 W,
respectively.

As the support of a core/channel of a suspended
type waveguide depends on slab thickness, S, a number
of SCW geometries are tailored for the broadband SCG
analysis by assuming different suspension thickness,
S as well as by assuming different pump wavelength
proposed. Considering pump wavelength at 1.55 µm
and fixing S at 50 nm, following the GVD tuning
criteria described above, initially, two waveguides are

optimized by taking W : 850-900 nm and keeping H
constant at 550 nm. Enhancing S to 100 nm, two
more structures are tuned by considering W : 750-
800 nm keeping H at 600 nm at the same pump
wavelength. The GVD values, mode effective areas
and nonlinear parameters for the above two sets of
SCWs are calculated as D: 126–6 ps/nm/km, 108–33
ps/nm/km, Aeff : 0.42–0.44 µm2, 0.42–0.44 µm2 and γ:
106–102 /W/m, 106–102 /W/m, respectively. Figures
3(a) and 3(b) depict the tailored GVD curves for
the four different SCW structural variations proposed
above. The corresponding numerical simulations for
the SCG coverage are illustrated in Figs. 4(a) and
4(b), respectively. Maximum SCG coverage obtained
from the SCWs that tailored for pumping at 1.55 µm
in the range 1.2–2.3 µm with an input peak power
of 100 W. To see the further spectral broadening,
next four structural variations are tailored to pump
them at 2.8 µm considering two different S at 100
nm or 200 nm whose GVD curves are depicted in
Figs. 3(c) and 3(d), respectively. The GVD values,
mode effective areas and nonlinear parameters for
those variations are computed as D: 63–29 ps/nm/km,
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Figure 4. The SCG coverages predicted from the output of the optimized SCW at two different wavelengths (1.55 µm and 2.8 µm,
respectively) after simulations corresponding to the four GVD sets depicted in Fig. 2. The input peak power are used as 100 W and
1000 W for top and bottom rows, respectively.
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Figure 5. The SCW geometry (W = 6 µm, H = 0.9 µm, S = 300 nm) optimized to see further SCG expansion into the MIR
after the pump shifted at 3.5 µm: (a) GVD curve and material loss; and (b) Wavelength dependent mode effective areas and their
corresponding nonlinear co-efficients up to the desired wavelengths.

37–22 ps/nm/km, Aeff : 1.93–2.2 µm2, 2.79–3.08 µm2

and γ: 13–11 /W/m, 9–8 /W/m, respectively. After
the SCG simulations, their corresponding results are
plotted in Figs. 4(c) and 4(d), respectively. The
highest spectral coverage up to 10 µm can be achieved
with a peak power of 1000 W by these designs. Finally,

one more SCW geometry is tailored to see deep MIR
coverage by shifting the pump at 3.5 µm considering S
at 300 nm. The GVD curve for this design is shown in
Fig. 5(a). Interestingly it can be seen from Fig. 5(a)
that flat dispersion with low GVD values up to the
long-wavelength has been observed which is highly
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Figure 6. The MIR SCG expansion for the optimized SCW geometry (W = 6 µm, H = 0.9 µm, S = 300 nm) by shifting pump at
3.5 µm: (a) Spectral coverage; (c) Spectral density plot; (c) Spectrogram; and (d) Temporal density plot. The input peak power is
used 2000 W for this design.

(a) (b)

Figure 7. Possible unexpected angular deviations during the SCW fabrication in the (a) vertical directions; and (b) horizontal
directions.

suitable for an ultra-broadband SCG expansion from
the near-IR to the far-IR regime. The wavelength-
dependent material propagation loss is considered as
loss edge given in Fig. 5(a) [45] at the input of
each SCW during the numerical simulation. Figure
5(b) shows the wavelength dependent Aeff plot and its
corresponding γ plot up to the desired wavelength. The
value of D, Aeff and γ at the pump wavelength are

computed as 49 ps/nm/km, 5.03 µm2 and 3.93 /W/m,
respectively. Simulation results for this design from
Figs. 6(a) to 6(c) show that the spectral coverage in
the range 1.5–15 µm can be predicted with a moderate
peak power of 2000 W. Thus, owing to a low and flat
GVD curve, it is possible to obtain flat SCG expansion
up to 15 µm from our proposed design. The final
waveguide structure proposed in this work is optimized
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Figure 8. Imperfections/perturbations (Wi, Hi) calculated along the waveguide transverse directions: (a) through the variation of
θW; (b) and the effect of ∆W on neff and Aeff; (c) through the variation of θH; and (d) the effect of ∆H on neff and Aeff considering
the ideal structure of W = 6 µm, H = 0.9 µm, S = 300 nm and a pump wavelength of 3.5 µm.

for obtaining the highest spectral flatness from the
several waveguide geometries analyzed. In case of our
proposed design, the spectral flatness of the final SCG
coverage is predicted through observation of Fig. 6(a)
and the flatness is assumed here considering ±10 dB
spectral components fluctuation from its mean value
over the entire SCG bandwidth predicted.

As seen from temporal density plot of Fig. 6(d),
soliton fission occurs around 1 mm for the soliton
order of 9. After fission, multiple fundamental
solitons are induced due to the inclusion of higher-
order dispersion terms, and here up to 12th number
of higher-order terms are added while conducting
the numerical simulations. The spectra, produced
by the fundamental solitons induced after fission,
shifts towards the longer wavelength (red-shifted) due
to the intrapulse Raman scattering which produces
numerous peaks in the spectrum. At the same time,
the phase-matched dispersive wave (blue shifted) is
generated, which lies in the short wavelength side of
the spectrum. While shifting to the long-wavelength
pumping during simulation, the waveguide input peak
power was increased from 100 W to 1000 W, and

eventually, it became 2000 W at a pump wavelength
of 3.5 µm. The input power of the proposed waveguide
is increased while the pump source shifting to a
longer wavelength as the nonlinear value decreases
with the pump wavelength shifting. If we look into
the nonlinear values of the waveguide optimized for
pumping at three different wavelengths proposed, we
can see the value of a nonlinear parameter fall down
approximately 10 times at 2.8 (≈ 8∼12 /W/m) than
1.55 µm (≈ 102∼106 /W/m) and later it becomes
less than half at 3.5 µm (≈ 4 /W/m) compared to
the 2.8 µm wavelength. Corresponds to the reduction
of the nonlinear parameter with a pump wavelength,
the pump powers are enhanced accordingly during the
numerical simulations. In this work, however, Aeff

dependent γ is used up to the wavelength range of
interest during all the numerical simulations of SGC
generation. During the values of γ calculation, the
Kerr nonlinear refractive index, n2 is considered as 1.1
× 1017 m2/W [23].

During the fabrication of an optical waveguide,
unexpected structural imperfection/deviation can hap-
pen either in the horizontal direction or in the vertical
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(a) (b)

(c) (d)

Figure 9. The field profiles of FQTE modes (H11
y ) for (a) θW = 10 degree inside (from both directions); (b) θW = 10 degree outside

(from both directions); (c) θH = 1 degree down; (d) θH = 1 degree up for the perturbed waveguide geometry, W = 6 µm, H = 0.9
µm, S = 300 nm at a wavelength of 3.5 µm.
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Figure 10. Spectral outcome comparisons between ideal case and perturbed waveguide for possible angular displacements/deviations
(a) in vertical directions; (b) in horizontal directions.

direction. Vertical imperfection can occur on either
side or in both sides inward or outward directions si-
multaneously with a displacement angle, θW as shown
in Fig. 7(a). Horizontal imperfection can happen ei-
ther upward or downward direction with an angle, θH

as shown in Fig. 7(b). Depending on the occurrence
of the direction of angular displacement, waveguide’s
Wi or Hi changes according to the Eq. 1 or Eq. 2, re-
spectively. Figure 8(a) shows Wi changes with the θW

variations either of inside or outside deviations. For
vertically perturbed waveguide with a maximum of 10
degree angular displacement in both the inward or the
outward directions as shown in Fig. 8(a), the Wi of

waveguide changes to Win = 5.677 µm or Wout = 6.317
µm, respectively. The GVD value obtained for the in-
ward or the outward deviation is 50.75 ps/nm/km or
47.37 ps/nm/km, respectively, which is approximately
the same as the D value of a ideal waveguide. From
Fig. 8(b), the Aeff is obtained for both the cases nearly
the same value as 5.12 µm2 which is approximately
equal to the Aeff obtained by the ideal waveguide. This
yields approximately equal γ value which is 3.9 /W/m
for the SCW either of ideal or imperfection. On the
other hand, in the case of horizontal imperfection, for
θH = 1 degree upward or downward angular displace-
ment as can be seen from Fig. 8(c), the waveguide Hi
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changes either to Hup = 1.005 µm or Hdown = 0.795
µm which results waveguide GVD value either D =
53 ps/nm/km or 45 ps/nm/km, respectively. Unlike
the vertical deviation, the GVD value changes in this
case up to 4 ps/nm/km even in a 1-degree horizontal
imperfection. The Aeff obtained for either case of the
deviated waveguide as illustrated in Fig. 8(d) is 4.87
µm2 or 4.49 µm2 which yields the γ value to either
4.1 /W/m or 4.4 /W/m, respectively. In case of hor-
izontal deviations, an interesting phenomenon, unlike
vertical deviation, is observed for the upward angular
displacement (+θH) or the resulting positive deviation
(+∆H) of the waveguide. It is clearly seen from the
red-dotted curve of Fig. 8(d) that the Aeff of the devi-
ated waveguide decreases after ideal H = 0.9 µm with
increasing Hi which is observed in reverse manner in
the case of vertically perturbed waveguide where Aeff

variations are shown by the red-dotted line in Fig. 8(b).
The mode profiles, FQTEs of all possible imperfections
assumed for the proposed SCW are shown in Fig. 9.

The simulation result of SCG for either case of
vertically deviated waveguide along with the spectral
coverage of a ideal waveguide is shown in Fig. 10(a).
This result is obtained by the same power and
pulse width used as before. No significant variation
is observed in the case of the vertically perturbed
waveguide for the maximum angular deviation of 10
degrees either of both the inward or both the outward
imperfections. On the other hand, the spectral
coverage of horizontal deviations with the same power
and the pulse width are depicted in Fig. 10(b). In the
case of a 1-degree horizontal downward deviation, it
is apparent from Fig. 10(b) that the SCG expansion
gets narrowing at 12 µm which is nearly 3 µm
less (approximately 20% reduction) than that of the
spectra obtained by the ideal waveguide. Thus, among
many possible variation of imperfections found, the
horizontally downward angular deviation shows highly
sensitive to the desired SCG coverage achievement at
the waveguide output. Even less than a 1 degree
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Figure 11. Degree of coherence, |g(1)12 | for the output spectral
coverage of the SCW structure, W = 6 µm, H= 0.9 µm, and S
=300 nm.

horizontally downward perturbation could lead to a
20% bandwidth reduction at the SCW output.

Finally, the degree of coherence of the spectral
outcome from our proposed waveguide is tested.
During coherence study, the first degree of coherence,

|g(1)
12 | [46] is used to characterize the SCG output

shown in Fig. 6(a). To calculate |g(1)
12 |, the ensemble

average of thirty number of different independent
SCG spectrum pairs with different quantum noise

seeds are generated. The calculated values of |g(1)
12 |

are then plotted concerning the desired wavelengths,
which shown in Fig 11. From the coherence study,
it is found that the spectral coverage obtained from

our proposed waveguide is nearly coherent (|g(1)
12 | ≈

1) which only becomes possible owing to low input
power with fs pulse and can be a potential candidate
for the applications such as spectroscopy and optical
coherence tomography.

4. Conclusion

In this study, a promising ultrabroadband 5 mm
long suspended channel waveguide SCG source has
been proposed, which is designed using As2Se3 glass
system as a core and air as upper and lower claddings.
To see the spectral coverage from near-IR to far-IR,
three categories of waveguide geometry are tailored
for pumping them in either of the three different
wavelengths proposed. Simulation result at the output
of the last category waveguide model, which is tailored
for pumping at 3.5 µm, shows that the flat SCG
coverage can be predicted in the range 1.5-15 µm
with a moderate peak power of 2000 W, which would,
as per as the authors’ knowledge, be the widest
spectral range obtained by any planar waveguide
design in the MIR. Moreover, the vital factor such
as the effects of possible waveguide imperfection
on spectral coverage, considering various angular
deviations along the waveguide transverse dimensions,
are discussed. Among various imperfections analyzed
after fabrication process, the horizontal imperfection
is found to be more sensitive, which caused significant
spectral coverage reduction at the output of our
proposed SCW design. Another vital concern is
coupling loss between the proposed waveguide and the
pump source, which needs to be taken into account
while conducting experimental work. Various losses
including loss due to mode-area mismatch between
pump and waveguide, Fresnel reflection loss at the
coupling point or from index matching liquid from
interfaces might result in coupling efficiency below 20%
[36] at the waveguide input. Therefore, to achieve
similar SCG coverage experimentally by our proposed
design, more input power will be required than the
pump power assumed in this work. We finally tested
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the first degree of coherence of the SCG outcome and
achieved a nearly coherent spectral outcome from our
proposed design. The main advantage of the suspended
type waveguide design is that by using this design
lower cladding absorption loss may substantially be
reduced in the longer wavelength region which may
not possible for a traditional planar waveguide design.
This numerical work may encourage the researchers
to lead to a fresh experimental activity in the design
of a suspended planar waveguide for the MIR SCG
generation and it could be used in a variety of the
MIR region applications such as sensing, spectroscopic
application, biological imaging and many more.

Data Availability Statement

The data that support the findings of this study
are available from the corresponding author upon
reasonable request.
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