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Abstract We numerically investigate a promising mid-infrared supercontinuum
(SC) source through the design of an on-chip complementary metal oxide semi-
conductor compatible 3-mm-long inverse tapered waveguide made using stoichio-
metric silicon nitride (SigN4) as the core and silica (SiO2) glass as both the upper
and lower claddings. The proposed waveguide is designed for pumping only in
the anomalous dispersion regime. To explore SC generation in terms of spectral
flatness and mid-infrared expansion, three different types of inverse tapered ge-
ometry are analyzed. These are inverse linear tapering, hyperbolic tapering, and
parabolic tapering approaches. The proposed structures are optimized by varying
their width based on the tapering variation coefficient along the pulse propaga-
tion direction. Keeping the waveguide thickness (height) constant at 2 pm, each
geometry is engineered by varying widths between 1.2 pm and 0.75 pm in the
mode of inverse tapering approach. Using a pump at 1.55 ym with a peak power
of 8 kW, SC generation is explored in all tapering geometries with an ultrashort
pulse of 50 fs. The largest SC spectra covering a region from 0.76 um to beyond
6.67 um have been realized with a good spectral flatness by the parabolic-type
taper among the three tapering geometries considered here. To the best of the au-
thors’ knowledge, this is the first time report of broadband SC coverage through
numerical study in the region of mid-infrared by SizN4 planar design through a
tapering approach. After spectral broadening up to 3.5 ym with a conventional
uniform design, a dip has been observed at the mid of the spectra which gradually
becomes large with further dimensional variations of a typical uniform waveguide.
However, such spectral dip problems can largely be eliminated through selective
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spectral enhancement by applying an inverse tapering approach. The coherence
calculation of the predicted SC coverage also shows a highly coherent at the pro-
posed parabolic taper output. The proposed inverse tapered planar designs show
a significant improvement not only in mid-infrared spectral expansion but also in
spectral flatness compared to the axially unvarying waveguide design.

Keywords Silicon nitride - Dispersion - Tapered waveguide - Integrated
photonics - Supercontinuum generation

1 Introduction

In nonlinear optics, a superior optical phenomenon of generating supercontinuum
(SC) spectra has lately engrossed the nonlinear optics research area due to the
vivid formation of hugely broad, continuous spectra via the application of an in-
tense, ultrashort and narrowband optical pulse into the optical waveguide [I3].
The potential use of this ultra-broadband SC source in optical coherence tomog-
raphy, optical frequency metrology, biomedical imaging, spectroscopy, and various
industrial sensing applications [22,42[T5] has made this kind of SC generation very
popular in ultrafast optics. Moreover, the researchers are inspired to find new ideas
and create novel techniques for an efficient prediction of SC through innovating
compact, robust, and scalable SC light sources [37].

Over the last 10 years, low-cost, scalable integrated linear and nonlinear silicon
photonics components, made-up of silicon-on-insulator (SOI) platforms, have ex-
tensively utilized complementary metal oxide semiconductor (CMOS) compatible
platform by researchers [5l[44L[T6[6126]. In recent years, on-chip silica (SiO2) based
CMOS compatible integrated photonic devices have appeared as practical candi-
dates for SC generation between the ultraviolet (UV) and the mid-infrared (MIR)
regions [36l[12]. Expressly, in the last few years, the development of microstruc-
tured photonic crystal fiber (PCF) has led to the generation of high-brightness and
broadband SC over more than three octaves [208]. In the optical fiber structure, on
the other hand, simple configurations such as stepwise dispersion decreasing optical
fibers [1] or tapered single-mode fibers [34] are used for SC generation. Typically,
SC sources (made of optical fibers) having long interaction lengths are designed
which may decrease the shot-to-shot first-degree coherence of such sources [10]. To
improve the coherence with short waveguide length, SC generation in chalcogenide
[29], silicon [31], amorphous silicon [32], silicon nitride [2I] or in ITI-V materials-
made waveguides [I1] have also been considered. Those compact millimeter waveg-
uides have a nonlinear parameter several orders of magnitude larger than PCF,
making them perfectly suitable for low-powered integrated photonic applications.
In particular, SOI waveguides are promising as octave-spanning SC sources while
pumped near the low two-photon absorption (TPA) window in order to avoid non-
linear loss [3I]. Dispersion, pump wavelength, and peak power significantly play
a vital role to determine the SC generation in the waveguide. Conveniently in a
planar waveguide, SC can be predicted easily by tuning its dimensional parame-
ters to get desired dispersion and nonlinearity at a certain wavelength but these
will remain fixed across the propagation length for an uniform waveguide. Vary-
ing dispersion and nonlinearity through tapering the width of a planar waveguide
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Table 1 Recent reports on SC generation using SizN4 waveguide

L Ap P, Pulse duration ~ SC bandwidth ~ Study Year
[mm] [nm] (W] [fs] [nm] [type] [Reference]
10 795 874 100 488 - 978 Exp 2015 [45]
20 1920 2000 600 1250 - 2600 Exp 2015 [0
8 1030 4750 92 673 - 1944 Exp 2015 [21]
5.5 1064 5100 115 470 - 2130 Exp 2015 [14]
10 1555 1330 105 820 - 2250 Exp 2016 [33]
6 1556 11700 120 526 - 2600 Exp 2017 [38]
10 1550 5000 50 800 - 6500 Num 2019 3]
2 1550 50 50 800 - 4600 Num 2020 [23]
3 1200 3800 130 400 - 1700 Exp 2020 [28]

Ap = pump wavelength, P, = pump peak power, Exp = Experimental, Num = Numerical

along the pulse propagation direction in lieu of keeping the waveguide uniform
creates an opportunity to expand the SC bandwidth further into the mid-infrared.
Selective enhancement of spectral flatness across the spectral coverage can also be
observed by applying the tapering approach [241[4614119]. In [T7[18], the authors
investigated glass on silica taper waveguides, in which the dispersion profiles are
modified through-thickness variation along the pulse propagation direction, how-
ever, there is fabrication complexity where the waveguide can crack with increasing
height. Despite demonstrations in the optical fibers, only recently numerical stud-
ies have been reported on SC enhancement through axially varying waveguides,
where the input pulse experiences varying dispersion along the propagation direc-
tion [9,18].

Stoichiometric SizN4 has shown potential as a competitive material owing to
higher Kerr nonlinearity than silica [2I] for producing SC spectrum in the MIR. It
also shows zero two-photon absorption at 1.55 pm (unlike silicon) due to a higher
energy band gap (approximately 5 eV) even at high input power level in most
telecommunication wavelengths and very low linear loss which can give a huge
nonlinear phase shift with moderate pump power. It is transparent from ultravio-
let to wavelengths beyond 6 pm in comparison with silicon [27]. On a separate note,
silica goes through high material absorption in the waveguide which reduces the
bandwidth of SC generation in MIR to below 3 pm [19]. Additionally, stoichiomet-
ric SigNy is highly coherent due to low Raman response, which spread throughout
the SC spectrum [43]. Moreover, the material’s optical properties can further be
exploited for a strong nonlinear interaction by the tight light confinement through
designing an on-chip integrated optical device [45[40]. Overall, to obtain spectral
evolution with full spatial and temporal coherence, stoichiometric Si3zN4 could be
the more promising material for on-chip CMOS-compatible integrated photonic
device fabrication for different usages in the MIR [33/[38].

Recently, numerous research groups have demonstrated SC evolution between
UV and MIR using SizN4 uniform (axially unvarying) waveguides which are sum-
marized in Table 1. Also, the tapered waveguide concept has recently attracted
more attention. Waveguide tapering, in particular with increasing width, is shown
to have a flatter and more coherent SC than a fixed dispersion waveguide when
longer input pulses are used. Nevertheless, the SisN4 material has not been used
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Fig. 1 Inverse tapered schematics: (a) Linear taper; b) Hyperbolic-type taper; and c)
Parabolic-type tapered waveguide.

for tapering waveguides to be specific for varied tapering approaches for MIR SC
generation although silica has been used for tapering approach to get a flatter and
coherent SC source at the waveguide output. Furthermore, due to the strong bire-
fringence of SigN4 waveguides, broadband SC signal can be achieved by pumping
either with the quasi-transverse electric (TE) or quasi-transverse magnetic (TM)
mode in the anomalous dispersion regime. Such waveguides offer several advan-
tages over optical fiber as the variation in dispersion can be controlled with greater
flexibility in an integrated optics platform. The main problem with the tabulated
papers’ outcome is that they have got a flat SC spectrum due to the absence of
solitonic propagation in the all-normal dispersion regions, which results in reduced
bandwidth at the design output. Additionally, wider SC bandwidths can be pre-
dicted through anomalous dispersion pumping at the expense of an increased dip
in the spectrum middle. The authors of the tabulated papers have suggested that
the variation of waveguide width could help minimize the dip, which eventually
reduces the SC bandwidth. On the other hand, larger SC bandwidth with more
dips in the spectrum could be obtained through the variation of waveguide thick-
ness.

In this work, a 3-mm-long planar inverse tapered design made of SigNy is pro-
posed for SC generation in the MIR. Waveguides are tuned only for TM polariza-
tion. Three types of width-varying tapering approaches, which are optimized based
on the equation developed considering different tapering variation coefficients, are
rigorously discussed. Flat and highly coherent SC coverage up to 6.67 um could
be predicted by the parabolic type taper among the different tapering approaches
proposed. The SC bandwidth obtained by the proposed design so far could be
the largest and flatter than the bandwidth obtained by any conventional axially
unvarying design.
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Fig. 2 Inverse tapering variations along the pulse propagation direction are based on the
various values of the tapering coefficient (a).

2 Design principle

The proposed 2D schematics of SigN4 are given in Fig. 1. The linear material
refractive indices of the proposed design are estimated from the Sellmeier equation
given in [35[7]. We consider, in our study, an inverse tapered 3-mm-long structure
with a thickness of 2 ym. The equation developed for modeling the three different
types of tapering structures is

W(z)=Wi — (Wi — Wz)(%)a (1)

where W1 indicates the initial width and Wa is the final width. L is the taper
length and a is the tapering variation coefficient. a can accept any values from 0
to oo. For the proposed design, the values of a are chosen 1, 0.5, and 2 for Eq. 1
which produces linear, hyperbolic, and parabolic structures shown in Fig. 1(a),
1(b), and 1(c), respectively. W(z) indicates the width profile at position z. Vari-
ation of a induces different nonlinear pulse dynamics inside the tapering design.
Figure 2 shows the W(z) profile for the inverse tapering approach with the three
structural formations such as linear, hyperbolic, and exponential tapering for the
various values of a mentioned above.

Previous demonstrations of SC generation in silicon waveguides have shown
that most of the SC dynamics yield from the self-phase modulation, the temporal
compression, and the soliton fission which induce within a few millimeters of the
propagation. If one close looks at the GVD profile (which will be described in the
next section), the dispersion variation can be seen between the anomalous region
and all normal regions owing to the adiabatic decreasing of taper width. As all
the structures have been varied by varying widths of taper in a continuous fash-
ion, there is not at all any brief excursion from the beginning of the propagation
until the waveguide end. As the GVD of the proposed waveguide relies strongly
on the width, the positions of the two zero dispersion wavelengths (ZDWs), which
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Table 2 Various parameter values calculated for the linear waveguide

ZDW At Ap

L[mm] W [pm] 1% [pm] 2" [um] D [ps/nm/km] Aeg [pm®] v [/W/km]
0 1.2 1.093 3.075 157.324 1.796 565.97
0.5 1.125 1.094 2.933 152.976 1.713 591.73
1 1.05 1.096 2.782 146.017 1.635 619.68
1.5 1.027 1.098 2.734 143.210 1.612 628.71
2 0.9 1.103 2.441 119.719 1.484 682.81
2.5 0.825 1.105 2.230 96.846 1411 718.21
3 0.75 1.128 1.985 63.817 1.340 756.07

[N
n

8
Dispersion [ps/nm/km

g
¥ [Wikm]

N~ —F o P
. ¥ LS o5 N 25 D
& &
) i €
A A
/" GVDVaried duing’ GVD Varied duing/
X N Invefse Tapering’ Z"Q(,éf V 4 Inverse Tapering’ /< 5
) '/ / p b/ / ~ 7 n e B
/ K &
/ < “ <
20 20

30 35 1.0 15 30 35

20 25
Wavelength ( um)

(a) (b)

Fig. 3 (a) GVD; and (b) nonlinear coefficient variations along the pulse propagation direction
for the inverse linear tapering waveguide.

20 25
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are crucial for the emission of DWs, are shifted towards longer wavelengths for
larger-width waveguides.

COMSOL Multiphysics, the full-vectorial mode solver, is used to calculate the
fundamental mode propagation constant, S(w) up to the desired wavelength range
[39]. The fundamental mode effective index, neg for the proposed design can then
be evaluated from B(w). The spatial quasi-TM mode field profiles of the funda-
mental mode at various wavelengths are tested and are found good confinement
in the central core region which helps to produce high nonlinear interaction inside
the taper. The GVD, on the other hand, another vital parameter that plays an
important role in SC evolution, can be calculated from neg by using the following
equation [2]:

A d® Re(nes)
C

GVD(\) = P (2)

where ¢ indicates the speed of light.

To investigate spectral evolution in our proposed design, simulations have
been performed by using an intense short-duration pulse in the waveguide anoma-
lous GVD region by considering the generalized nonlinear Schrédinger equation
(GNLSE) [25]. Due to the low Raman effect of SisN4 material, the GNLSE can
be solved without the Raman term and the modified form is [4]:
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Fig. 4 Variations of (a) ZDWs; (b) GVD; and (c¢) Aeg and v of the proposed inverse tapered
waveguide for the different values of tapering coefficient along the pulse propagation direction.
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where A(z,T) expresses the slowly varying pulse envelop moving at the group
velocity, vy = 1/F(w) in a retarded time frame, T =t - 1, the higher-order disper-
sion terms, Brxcan be estimated through Taylor series from the mode propagation
constant S(w), the center angular frequency is expressed as wo and « is the atten-
uation constant. The nonlinear coefficient, v can be calculated from nawo/(cAes),
where n2 is the nonlinear refractive index at wo and can be taken as 2.5 x 1079
m?W ™! for stoichiometric Si3N4 material. The wavelength, as well as z-dependent

fundamental mode effective areas, are expressed by A .

In some applications, highly coherent SC generation with large spectral band-
width is required. The coherence of the generated SC at the output of the proposed
inverse taper has thus been investigated by calculating the first-order coherence

[30] and is given as

955 (V)]

(BIOEBN)
VB (B0 P)
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Fig. 5 SC generation at the linear tapered output: (a) Spectral coverage; (b) Density plot;
and (¢) Temporal plot.

where the angle brackets indicate ensemble averages over independent realizations
of spectra pairs E12 (\) obtained from 100 separate simulations with different
realizations of input noise [13].

3 Simulation results and analysis

To investigate the SC generation in the mid-infrared, the proposed stoichiometric
SisN4 waveguides are optimized using Eq. 1 with three variations viz. linear, hy-
perbolic, and parabolic tapering, separately. For all cases, only the width tapering
mechanism is employed as the thickness tapering approach is not attractive owing
to the fabrication difficulty. SC generation was also investigated for the waveg-
uide designed using the uniform approach for comparison. All waveguides are TM
polarized and are tuned for anomalous dispersion pumping at 1.55 pm wavelength.

3.1 SC generation using a linear tapering approach

SC generation is initially explored through a tapered waveguide optimized with
a linearly inverse tapering approach considering the tapering variation coefficient,
a = 1 in Eq. 1. In this approach, the waveguide is linearly tapered as shown in
Fig. 1(a) by varying width between 1.2 pm to 0.75 pm. Waveguide thickness during
finite-element simulations is kept constant at 2 um. The evolution of z-dependent
GVD curves (at the various width points) of the 3-mm-long tapered waveguide are
illustrated in Fig. 3(a) and their corresponding evolution of nonlinear coefficient
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Table 3 Various parameter values calculated for the hyperbolic waveguide

ZDW At Ap
L[mm] W [um] 1% [um] 2" [um] D [ps/nm/km] Aeg [pm?] 5 [/W/kn]
0.5 1.016 1.094 2.709 141.737 1.601 633.11
1 0.94 1.095 2.538 128.834 1.524 664.98
1.5 0.921 1.103 2.483 124.734 1.505 673.36
2 0.833 1.106 2.247 99.533 1.418 714.55
2.5 0.789 1.114 2.115 82.488 1.378 736.09

a=12 a=1/2
160 ; 1250
H =
120 ?‘1 1000 €
\ ‘e w0 =
p 5 =
/ 2 -
4’* \ 4
2
A b
N 8 -
\ \ Yo a0
/ / o § Ao £
I~ N ¢ s
o baaa L &
/ GVD Varied duing’/ y £ GVD Varied duing’ /. @
X X Inyefse Tapering /” € &F 7 < Invefse Tapering /"
NS / R A

20 20

20 25 30 35
Wavelength ( um)

(a) (b)

Fig. 6 (a) GVD; and (b) nonlinear coefficient variations along the pulse propagation direction
for the inverse tapering waveguide with the hyperbolic profile.

20 25
Wavelength ( um)

curves are shown in Fig. 3(b). Owing to their 3D pattern, the GVD curves are
shown with anomalous dispersion region only. The variations of the GVD curve
with the progression of tapering in the pulse propagation direction can be observed
in Fig. 3(a). The large anomalous region with the sloppy nature of a GVD curve is
observed at the starting point of a waveguide and subsequently, a reduced anoma-
lous dispersion region is noticed as tapering progresses towards the ending point
of the waveguide length. Two zero dispersion wavelengths (ZDWs) are seen on the
GVD curve. The 1st ZDW is located nearly at 1.1 um irrespective of waveguide
length and the location of the 2nd ZDW is gradually shifted left from 3.1 pum
to 2 pm with the axial reduction of waveguide width, which can clearly be seen
from the black solid-line of Fig. 4(a). Simultaneously it is observed from Fig. 4(b)
[black solid-line] that a gradual reduction of the sloppy nature of the dispersion
profile as tapering progresses along the waveguide length. The z-dependent waveg-
uide nonlinear coefficient, on the other hand, is gradually increased as the mode
area reduces as shown by the black solid line in Fig. 4(c). The values of 1st and
2nd ZDWs and the values of D, A, and v at the pump wavelength (\p) for
the various waveguide width (W) calculated at different tapering points (L) of
the waveguide are mentioned in Table 2. Apart from tapering-induced D and ~
variations, the wavelength-dependent GVD and ~ are also observed in Figs. 3(a)
and 3(b), respectively.

To study SC generation, numerical simulation is carried out by launching a TM
polarized sech pulse of 50-fs duration (Full-Width at Half-Maximum - FWHM) into
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Fig. 7 SC generation at the hyperbolic tapered output: (a) Spectral coverage; (b) Density
plot; and (¢) Temporal plot.

the optimized waveguide with a peak power of 8 kW. The GNLSE Eq. 3 is employed
for all numerical simulations. It is implemented through MATLAB software using
the split-step Fourier method. 217 Fourier points are used during the simulation.
Linear propagation loss () is taken at 0.7 dB/cm during all simulations. To avoid
erroneous SC generation at the waveguide output, higher-order dispersion terms
up to 12th order are used. Figure 5(a) shows the SC coverage at the output of the
proposed tapered waveguide and the corresponding spectral and temporal density
plots are illustrated in Figs. 5(b) and 5(c), respectively. The spectral coverage can
be estimated from 782 nm to 5854 nm with an approximate bandwidth (BW) of
5 pm, estimated at -40 dB from the peak. Due to a tapering mechanism applied,
a significant improvement in spectral flatness is achieved over the entire output
spectrum which may not be possible to obtain through designing a conventional
(uniform) waveguide. For comparison, SC generation through a uniform waveguide
will be analyzed and discussed in a separate section later.

3.2 SC generation by hyperbolic tapering approach

To see the impact of axial variation, SC generation is next investigated by putting
the tapering variation coefficient, a = 1/2 in Eq. 1. In this approach, the waveguide
forms a hyperbolic tapering pattern as shown in Fig. 1(b). Similar to the linear
tapering approach, hyperbolic tapering is also performed by varying waveguide W
between 1.2 um and 0.75 um keeping the waveguide H constant at 2 pm. However,
the formation of the intermediate portion of this optimized waveguide is different
than the linear tapering pattern owing to choosing a different value of tapering
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variation coefficient, a. The GVD curves obtained for the various values of W along
the waveguide length are shown in Fig. 6(a) and their corresponding nonlinear co-
efficient curves are depicted in Fig. 6(b). It is apparent from Fig. 6 that the D and
~ vary not only with wavelength but also in pulse propagation direction as well.
However, as their z-dependence shown in Fig. 4 [dash-dotted blue-lines] is different
than the linear tapering waveguide proposed earlier, the values of two ZDWs, D,
Acgr, and ~ for the various intermediate width points are summarized in Table 3
(values at z = 0 and 3-mm are omitted as being same in Table 2). If we have a
close look at Table 2 for the various parameter values obtained in the intermedi-
ate portion, we can see that these parameter values are different than the values
obtained for the same parameters after tuning the linear tapering waveguide. The
locations of both the ZDWs of GVD curves shown at various points in the pulse
propagation direction followed a similar pattern to the earlier design. However,
with the progression of tapering along the length the 2nd ZDW of the GVD curve,
which is located in the intermediate portion of the waveguide, is shifted left with
different values as can be seen from Table 3.

To explore the SC generation in the hyperbolic waveguide, simulation for SC
generation is performed through GNLSE Eq. 3 by giving a similar TM polarized
sech pulse as input keeping the same pulse parameters applied as before. Other
simulation parameters are kept the same as applied during linear tapering waveg-
uide simulation. The expected SC generation for the proposed hyperbolic tapering
waveguide is shown in Fig. 7. The MIR spectral coverage as illustrated in Fig. 7(a)
can be estimated between 760 nm and 5190 nm at a level of -40 dB from the peak.
The density plots including spectral and temporal are given in Figs. 7(b) and
7(c), respectively. In this design, somewhat BW reduction is observed compared
to the BW obtained from the linear tapering waveguide proposed earlier. If we
compare Fig. 5(c) and Fig. 7(c), we can observe different soliton fission lengths
and it may have an impact on spectral expansion at the waveguide output. In
hyperbolic tapering design, soliton fission occurs after 1 mm of pulse propagation
whereas soliton fission occurs before 1 mm in linear tapering design. Thus, long
soliton fission length, which depends on the mode of tapering approach (i.e. for
various values of a), results in rather a reduced BW at the proposed hyperbolic
tapering waveguide output compared to a linear taper design.

3.3 SC generation by parabolic tapering approach

In the last two sections, SC generation is studied by considering tapering varia-
tion coeflicients 1 and 1/2. After reducing the variation coefficient a from 1 to 1/2,
spectral BW reduction is observed in the subsequent section. Instead of reducing
a further, SC generation can next be explored by considering a > 1 in Eq. 1. For
convenience, if we put a = 2 in Eq. 1, the waveguide will form a parabolic pattern
as shown in Fig. 1(c). If we further increase the value of a, the waveguide will
gradually become a uniform pattern where the waveguide W and H will remain
the same along the length. A number of waveguides are tuned for obtaining the
best results by considering the various values of a > 1 during parabolic tapering
waveguide design. From several tuned waveguides, the best result can be obtained
by the waveguide optimized with a = 2. The 3D pattern of GVD curves and their
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Table 4 Various parameter values calculated for the parabolic structure

ZDW At Ap
L[mm] W[um] 1% [um] 2" [um] D [ps/nm/km] Aeg [pm?] 5 [/W/kn]
0.5 1.187 1.094 3.043 156.722 1.7770 570.29
1 1.15 1.097 2.983 154.674 1.7385 582.91
1.5 1.134 1.099 2.951 153.619 1.7219 588.53
2 1 1.102 2.679 139.433 1.5844 639.61
2.5 0.887 1.103 2.401 116.337 1.4714 688.76
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Fig. 8 a) GVD; and (b) nonlinear coefficient variations along the pulse propagation direction
for the inverse tapering waveguide with the parabolic profile.
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corresponding nonlinear coefficient curves for the optimized parabolic tapering de-
sign are shown in Figs. 8(a) and 8(b), respectively. In this design, W varies likewise
the earlier two designs while keeping H constant. Like earlier designs, two ZDWs
are also found where 1st ZDW is nearly located at 1.1 pm wavelength and the 2nd
ZDW is shifted left between 3 pm and 2 pum, as shown in Fig. 4(a) [dotted red-line]
with the progression of parabolic tapering along the waveguide length. Certainly,
the various values of ZDWs, D, A.g, and « at different points along the length in
the intermediate portion of the waveguide will be different than the earlier designs
due to the parabolic pattern of the waveguide and the z-dependence of these values
are illustrated in Fig. 4 [dotted red-lines|. Various z-dependent parameters, shown
in Table 4, are estimated at different waveguide lengths.

To see the SC generation of the parabolic waveguide, a simulation is carried out
with a similar TM polarized pulse applied as before. Figure 9 shows the spectral
evolution for a parabolic structure where SC coverage is estimated in the range
760 - 6675 nm with a BW of more than 5.9 ym. Two dispersive waves (DWs)
owing to two ZDWs of a GVD curve are generated while the pulse propagates
inside the waveguide, which clearly can be seen from the spectral density plot
of Fig. 9(b). The anti stokeside DWs are induced at the same wavelength point
whereas stokeside DWs are evolved at different wavelength points and are shifted
gradually to the left as the pulse moves along the propagation direction. This
phenomenon can clearly be observed in Fig. 9(b). Very early soliton fission occurs
for this design compared to other tapering designs proposed earlier. According to
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Fig. 9 SC generation at the parabolic tapered output: (a) Spectral coverage; (b) Density plot;
and (¢) Temporal plot.
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Fig. 10 SC generation: (a) Spectral coverage; (b) Density plot; and (c¢) Temporal plot at the
uniform waveguide output maintaining waveguide W = 1.2 pm throughout the length.
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the phenomenon explained in the previous section, the earlier fission phenomenon
of parabolic taper results in a larger SC BW in comparison to the two tapering
approaches discussed earlier.

3.4 SC generation using a uniform waveguide approach

To test the SC profile, spectral evolution is further investigated by varying a
structure keeping its H and W constant. For this case, two terminal sections of
tapered waveguide viz. H xW =2 pm x 0.75 pm and H xW =2 pm x 1.2 pm have
been chosen for uniform (axially unvarying) analysis. The tailored GVD curves and
their corresponding nonlinear coefficient curves are shown in Fig. 3. Actually, the
starting (H x W = 2 pm x 1.2 pm) and final (H x W = 2 pm x 0.75 pm) curves
represent the GVD or nonlinear coefficient curve for the corresponding design.
Various parameter values: D, ZDWs, A g, and v are shown in Table 1. Spectral
coverages shown in Figs. 10 and 11 demonstrate the SC prediction at the output
of 3-mm axially unvarying waveguide optimized considering input (H x W = 2 ym
x 1.2 pm) and output terminal (H x W = 2 ym x 0.75 pm) of tapered waveguide
separately. It can be seen from Fig. 10 that if we keep starting point (input)
structure (H x W = 2 ym x 1.2 pm) unvarying up to the whole length of the
structure, a large spectral dip in the spectrum between 2.5 pm and 5.5 pm has
been observed. A separate DW centered around 6 pm is evolved in the stokeside
of the spectra. On the other hand, nearly flat SC coverage can be predicted up
to 3.2 pm as in Fig. 11 by a 3-mm-long unvarying endpoint structure (H x W =
2 pm x 0.75 pm).

- - "Uniform Wavéguide
H = 2000 nm
n W =750 nm
/
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\
| (40 dBline)
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'
'
oo L4 ‘ b ‘ ‘
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Fig. 11 SC generation: (a) Spectral coverage; (b) Density plot; and (c¢) Temporal plot at the
uniform waveguide output maintaining waveguide W = 750 nm throughout the length.
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Fig. 12 SC generation comparison between conventional design (dotted black-line) and ta-
pered design (solid red-line). The right axis shows the first degree of coherence (blue solid line
on the top) for the tapered design.

3.5 Comparison and Coherence

In this section, the SC expansion profile including spectral coverage and flatness are
compared between axially varying and axially unvarying designs and also spectral
coherence at the output of tapered design has been tested. Comparisons are made
between the spectrum of parabolic and uniform design. The spectrum for the
uniform waveguide is considered only for the input point structure ((H x W =
2 pm x 1.2 pm). Figure 12 depicts the comparison between two: a black dotted
line and a solid red line for uniform and tapering design, respectively. It is apparent
from the figure that no dip is seen over the entire spectrum and nearly flat coverage
up to 6.8 um is observed by a parabolic design. However, it is possible to obtain
a flat spectrum with a reduced coverage of up to 3.2 um by a uniform design
(output point of tapered design). Therefore, we can clearly see from the above
analysis that improved spectral flatness with more MIR expansion can be possible
from a tapering design compared to an axially unvarying design of equal length.
Finally, the first-degree coherence of 100 pairs of complex spectra of parabolic
design is calculated by mixing random noise seeds with an input pulse during
simulation. The degree of coherence is represented by the right axis of Fig. 12
from which unity spectral coherence (highly coherent) over the entire spectrum
can be assumed with a solid blue line placed on the top. This highly coherent
characteristic is more suitable for spectroscopy and optical coherence tomography
in biomedical applications.
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4 Conclusion

In this study, a 3-mm-long tapered SizgN4 planar waveguide with its three struc-
tural formations based on the different tapering coefficients has been investigated
for mid-infrared SC generation. MIR spectral expansion including its flatness is
thoroughly studied by tuning the proposed waveguide for a TM polarization. Pro-
posed waveguides are simulated employing a pump at 1.55 pum. Pulse duration and
peak power are used as 50-fs and 8 kW, respectively. Among the three types of
inverse tapering variations considered here, initially, an inverse linear tapering ap-
proach for a waveguide design is analyzed for MIR SC generation. The numerical
result shows that a MIR spectral coverage up to 5.8 um with high spectral flatness
over the entire spectra can be achieved by this design compared to the spectral
coverage predicted by the waveguide designed through a uniform approach. Next,
hyperbolic tapering is analyzed to investigate the MIR coverage. The SC coverage
up to 5.1 um with better spectral flatness can be obtained but somewhat less
spectral BW is predicted by this design than the earlier design. By increasing the
tapering variation coefficient, a = 2, we investigate the next tapering approach
such as inverse parabolic tapering design. The simulation result for this design
shows that MIR SC coverage up to 6.8 pum can be predicted to retain spectral
flatness over the entire SC BW. Two axially unvarying terminal point structures
have been investigated and compare their results with the tapered designs. From
the analysis of three different tapered designs carried out, it is apparent that the
spectral flatness as well as MIR SC expansion at the output of proposed designs
have significantly improved, which may not possible by employing an axially un-
varying (Uniform) design. Spectral outcome of tapered designs is tested for the
first degree of spectral coherence which shows that the proposed inverse tapered
waveguide is highly coherent and can be used for a variety of MIR applications
such as optical sensing, biological imaging, and many more.
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