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Abstract: In this paper, a slot SiC waveguide with four zero-dispersion wavelengths
(ZDWs) is proposed for the supercontinuum (SC) and frequency comb generations.
The four ZDWs are located at 1089, 1656, 2222, and 3113 nm, respectively. The
effects of the pump wavelength, peak power, pulse width, and waveguide length on
the SC generation are discussed when the waveguide is pumped near the first ZDW
and the third ZDW in the anomalous dispersion region, respectively. While pumping
at 1300 and 2450 nm, a near-infrared SC covering from 873 to 2444 nm and a
mid-infrared SC extending from 1349 to 4727 nm with good coherences are obtained,
respectively. By utilizing a 50-pulses pump source at a repetition rate of 1 GHz, we

also investigate the SC-based frequency comb generation.
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1. Introduction

The supercontinuum (SC) sources greatly promote the developments of optical
communication, precision frequency metrology, molecular detection, and biomedical
science [1-4]. At present, the commonly used nonlinear materials for the SC
generation mainly include Group IV materials (Si, Ge, SiGe, and Si3N4), chalcogenide
glasses (As2S3, AsaSes, and GeSbS), and Group III-V compounds (AIN, AlGaAs, and
InGaP) [5-7]. Until now, some researchers have reported the SC generations in the
waveguides based on these materials [8-17].

The suitability of other nonlinear semiconductor materials for the SC generation is
still being explored. The SiC could be a potential candidate for the nonlinear
integrated optics due to its relatively high refractive index (2.6 at 1.55 pm [18]),
relatively strong Kerr nonlinear index (on the order of 107'® m*W [19]), and wide
bandgap (2.4-3.2 eV [20]). Among the main polytypes of crystalline structures for the
SiC, 4H-SiC possesses a wider bandgap (3.2 eV), which contributes to the large
transparency window (0.37-5.6 pum [21]). In recent years, there have been some
investigations on the nonlinear optics by utilizing the SiC material. Zheng et al.
demonstrated four-wave mixing (FWM) process in the 4H-SiC microring resonator
[22]. Xing et al. proposed the amorphous SiC ring resonator for efficient wavelength
conversion through the FWM effect [23]. Xu et al. achieved the third-order parametric

conversion in a Ge-SiC-Ge hybrid waveguide [24]. Wang et al. utilized the 4H-SiC



microresonators to investigate a series of nonlinear processes, including frequency
conversion, cascaded Raman lasing, and Kerr frequency comb [20]. Zheng et al.
preliminarily achieved the SC generation with a 300-nm bandwidth in the 4H-SiC
waveguide [25].

In this paper, we design a slot SiC waveguide, whose four zero-dispersion
wavelengths (ZDWs) are located at 1089, 1656, 2222, and 3113 nm, respectively. The
effects of the pump pulse and waveguide parameters on the spectral width, first-order
coherence, and flatness of the generated SC are investigated. When the pump pulse
with wavelength of 1300 nm, peak power of 200 W, and width of 100 fs is launched
into the 5.4-mm-long slot SiC waveguide, the generated near-infrared SC spans from
873 to 2444 nm, covering 1.49 octaves. When the pump pulse with wavelength of
2450 nm, peak power of 2.6 kW, and width of 100 fs is launched into the
2.2-mm-long slot SiC waveguide, the generated mid-infrared SC extends from 1349
to 4727 nm, covering 1.81 octaves. Finally, the SC-based frequency combs are
obtained while using a 50-pulses pump source at a repetition rate of 1 GHz.

2. Theoretical model
In order to understand the SC generation dynamics, the numerical simulations have

been done by the modified generalized nonlinear Schrodinger equation (GNLSE) [26]
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where the amplitude of the pulse is represented by A(z, 7) which is a function of the

transmission distance z and the delay time 7 defined by 7=¢-z/v,. a is the transmission

loss taken to be 7 dB/cm [27]. The nonlinear coefficient y can be calculated by the



formula y=wona/cAem, where the Kerr refractive index nzis 9.2x107" m%/W [22]. g™
stands for the higher-order dispersion coefficient term in the Taylor series expansion
of the propagation constant S near the central frequency wo.

The first-order coherence of the SC can be calculated by [28]
(4'(1)4,(2))
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where A(1) stands for the spectral amplitude of the SC with random input noise. The

gl (1) =

)

noise can be expressed by [29]

n=nNexp(i2zU). (3)
where the amplitude of the noise relative to the input pulse is represented by #, and N
and U are the random variables that obey the standard normal distribution and
uniform distribution, respectively.
3. Waveguide design and characteristics
A slot SiC waveguide is designed to achieve the relatively flattened dispersion with
four ZDWs, which facilitates the exploration of rich nonlinear effects for the SC
generation, as shown in Fig. 1(a). The waveguide consists of the SiC claddings and
Si0O; slot and substrate. W denotes the width, and H., Hi, and Hs represent for the
heights of the upper cladding, the lower cladding, and the slot region, respectively. In
this simulation, the wavelength-dependent refractive index of the SiC can be obtained
by the Sellmeier equation [30]. The mode field distributions of the quasi-TM mode
calculated at wavelengths 0.8, 1.6, 2.4, and 3.2 um are shown in Fig. 1(b). It can be
seen from Fig. 1(b) that most of the mode field energy is confined in the lower strip

part at the shorter wavelength. As the wavelength increases, a quantity of energy



penetrates to the slot region.
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Fig. 1. (a) Sketch of the slot SiC waveguide. (b) Mode field distributions of the quasi-TM mode
calculated at wavelengths 0.8, 1.6, 2.4, and 3.2 um, respectively.

The dispersion profiles can be tailored by adjusting the geometrical parameters of
the waveguide, as shown in Figs. 2(a-d). Fig. 2(a) shows the dispersion curves of the
waveguide with I varying from 1350 to 1950 nm. From Fig. 2(a), as W increases, the
first peak of the dispersion curve drops obviously and the second peak rises slightly.
As seen from Fig. 2(b), the increase of H, has a similar effect to that of increasing W,
except that the red-shift of the fourth ZDW is more significant. As shown in Fig. 2(c),
the whole curve moves towards the normal dispersion regime by reducing Hi. Fig. 2(d)
shows that with the decrease of Hs, the first peak of the dispersion curve decreases
while the second peak increases. When the optimized geometrical parameters are
chosen as W = 1950 nm, H, = 280 nm, H; = 590 nm, and Hs = 85 nm, a flat dispersion
curve with the four ZDWs can be obtained. The calculated dispersion coefficient D
and nonlinear coefficient y of the waveguide are shown in Fig. 3. From Fig. 3, the four
ZDWs are approximately located at 1089, 1656, 2222, and 3113 nm, respectively. In

addition, y decreases monotonically as the wavelength increases. And at the pump



wavelengths of 1300 and 2450 nm, y is about 5.52 and 0.76 /m/W, respectively.
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Fig. 2. Variations in the dispersion curves of the proposed waveguide with different

(a) W, (b) H,, (c) H,, and (d) H;, respectively.
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Fig. 3. The calculated dispersion coefficient D and nonlinear coefficient y as functions of wavelength
when W= 1950 nm, H, = 280 nm, H; = 590 nm, and Hs = 85 nm are chosen.
4. Simulation results and discussion
Utilizing the Runge-Kutta method to solve Eq. (1), the SC generation inside the

designed slot SiC waveguide can be numerically studied. The proposed waveguide



will be pumped near the first and third ZDW, respectively, and the effects of the pump
wavelength, peak power, pulse width, and waveguide length on the SC generation will
be investigated.
4.1. Pumping near the first ZDW

The input pulse is a chirp-free hyperbolic secant pulse with peak power of 200 W
and width of 100 fs. When the pump wavelength is changed from 1220 to 1380 nm,
the temporal and spectral profiles and the first-order coherence of the SC at the output
end of the 5.4-mm-long SiC waveguide are shown in Figs. 4(a-c). From Fig. 4(a), the
temporal pulse becomes narrower with the increase of the pump wavelength, and the
split peaks appear. From Fig. 4(b), with the increase of the pump wavelength, the
increasing f» leads to the enhancement of the dispersion effect. The higher-order
soliton is formed under the combined influence of the dispersion effect and self-phase
modulation (SPM) effect because the pump pulse works in the anomalous dispersion
region of the waveguide. Under the action of the higher-order dispersion, the
higher-order soliton will split into the fundamental solitons. At the same time, when
the resonance matching condition is satisfied, the blue-shifted dispersion waves will
be observed at the shorter wavelength side. The existence of the second ZDW inhibits
the red-shift of the soliton. Fortunately, the FWM effect further extends the spectral
width due to the presence of the third ZDW. When the pump wavelength continues to
increase above 1300 nm, no significant spectral broadening is observed. This is
because the maximum value of S appears at wavelength 1300 nm, where the

dispersion effect is strong. Besides, as the pump wavelength increases, the flatness of



the generated SC decreases, but the coherence of the SC is close to 1, as shown in Fig.

4(c).
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Fig. 4. (a) Temporal and (b) spectral profiles and (c) the first-order coherence
of the generated SC for different pump wavelengths.

When the 5.4-mm-long SiC waveguide is pumped by the pulse with wavelength
of 1300 nm and width of 100 fs, the temporal and spectral profiles and the coherence
of the SC generated with different peak powers are shown in Figs. 5(a-c). As shown in
Fig. 5(a), when the peak power increases from 150 to 200 W, the pulse at the output
end of the waveguide is greatly compressed. As seen from Fig. 5(b), with the increase
of the peak power, the intensity of the SPM effect increases, and the order of the
soliton also increases, thus splitting into more fundamental solitons. The enhancement
of some nonlinear effects gradually widens the optical spectrum. However, when the
peak power continues to increase above 200 W, the spectral width does not increase
obviously, and the modulation instability leads to the decrease of the flatness.

Moreover, the coherence of the SC generated at the output end of the waveguide also



deteriorates, as shown in Fig. 5(c).
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Fig. 5. (a) Temporal and (b) spectral profiles and (c) the first-order coherence
of the generated SC for different pump peak powers.

When the pump wavelength, peak power, and waveguide length are set to 1300
nm, 200 W, and 5.4 mm, respectively, the effect of the pulse width on the SC
generation is shown in Figs. 6(a-c). From Fig. 6(a), when the pulse width changes
from 90 to 100 fs, the output pulse width decreases slightly. As the pulse width
continues to increase, the output pulse width becomes larger. As shown in Fig. 6(b),
when the pulse width is increased to 100 fs, the spectral width is larger, and the
flatness is also improved. This main reason is considered that for the larger pulse
width, the higher order of the soliton is generated. When the multiple fundamental
solitons generated by the splitting of the higher-order soliton approach the ZDW, the
third-order dispersion will have a great impact, thus widening the spectrum at the
longer wavelength side. However, for the larger pulse width, the pulse energy will be

greatly dispersed, which is not conducive to the spectral broadening. This is also why



the spectral width decreases when the pulse width continues to increase above 100 fs.

As shown in Fig. 6(c), as the pulse width decreases, the coherence of the SC becomes

better, approaching 1.
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Fig. 6. (a) Temporal and (b) spectral profiles and (c) the first-order coherence
of the generated SC for different pulse widths.

Figs. 7(a-c) show the effect of the waveguide length on the SC generation when
the pump pulse with wavelength of 1300 nm, peak power of 200 W, and width of 100
fs is used. It can be observed from Figs. 7(a) and 7(b) that with the increase of the
waveguide length, the output pulse is gradually compressed, and the optical spectrum
is broadened more obviously. This is because the optical spectrum is initially
broadened under the action of the SPM effect, and further broadened by the soliton
fission and cross-phase modulation as the waveguide length increases. At a waveguide
length of about 5.1 mm, there is a distinct peak at the shorter wavelength side, which
means that a dispersion wave appears in the normal dispersion region. The shape and

spectral width of the SC do not change significantly when the waveguide length



increases above 5.4 mm. As shown in Fig. 7(c), for the waveguide length of 4.5-5.7

mm, the coherence curves of the SC are relatively flat and approximately equal to 1.
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Fig. 7. (a) Temporal and (b) spectral profiles and (c) the first-order coherence
of the generated SC for different waveguide lengths.

Figs. 8(a) and 8(b) show the evolutions of the temporal and spectral profiles as the
pump pulse propagates in the designed SiC waveguide. As shown in Fig. 8(a), as the
propagation distance increases, the pulse is gradually compressed due to the combined
dispersion and nonlinear effects. As shown in Fig. 8(b), at the initial stage of the pulse
propagation, the optical spectrum is symmetrically extended by the SPM effect. As
the propagation distance continues to increase, the nonlinear effects including soliton
fission, dispersion wave, and cross-phase modulation can further broaden the optical
spectrum asymmetrically. Finally, a near-infrared SC covering from 873 to 2444 nm is

obtained in a 5.4-mm-long SiC waveguide at the -40 dB level, spanning 1.49 octaves.
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of 1300 nm, width of 100 fs, and peak power of 200 W is used. The bottom and top of (a) are the input
and output pulses. The bottom and top of (b) are the corresponding input and output optical spectra.
The intensity, optical spectrum, and length are expressed as ‘I’, °S”, and ‘L’, respectively.

4.2. Pumping near the third ZDW

In the following, we will focus on the SC generation pumped near the third ZDW.
Figs. 9(a-c) show the temporal and spectral profiles and the first-order coherence of
the generated SC at the output end of the 2.2-mm-long SiC waveguide when the
wavelength of the pump pulse with peak power of 2.6 kW and width of 100 fs is
changed from 2450 to 2530 nm. As shown in Fig. 9(a), as the pump wavelength
increases, there is no evident change in the temporal pulse. As shown in Fig. 9(b),
with the increase of the pump wavelength, the spectral width doesn’t change
significantly, but the whole spectrum is slightly red-shifted, and the flatness of the SC
is decreased. Fig. 9(c) shows the coherence of the generated SCs. From Fig. 9(c), the

obtained mid-infrared SCs have good coherence.
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Fig. 9. (a) Temporal and (b) spectral profiles and (c) the first-order coherence
of the generated SC for different pump wavelengths.

When the peak power of the pump pulse with wavelength of 2450 nm and width
of 100 fs is chosen as 1.0, 1.4, 1.8, 2.2, and 2.6 kW, respectively, the temporal and
spectral profiles and the first-order coherence of the SC generated at the output end of
the 2.2-mm-long SiC waveguide are shown in Figs. 10(a-c). From Fig. 10(a), with the
increase of the peak power, the compression degree of the output pulse gradually
increases. When the peak power increases from 1.0 to 2.6 kW, the spectral width of
the output pulse increases gradually, as shown in Fig. 10(b). This is because the order
of the soliton increases with the increase of the peak power, and the optical spectrum
of the pulse is obviously widened. From Fig. 10(c), the generated SC remains good
coherence over the spectral range of -40 dB bandwidth. When the peak power
continues to increase above 2.6 kW, the amplitude of the spectral broadening

decreases.
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of the generated SC for different pump peak powers.

The wavelength and peak power of the pump pulse is set to 2450 nm and 2.6 kW,
respectively. When the width of the pump pulse changes from 90, to 100, to 110, to
120, and to 130 fs, respectively, the temporal and spectral profiles and the coherence
of the SC obtained at the output end of the 2.2-mm-long SiC waveguide are shown in
Figs. 11(a-c). As shown in Fig. 11(a), with the increase of the pulse width, the
compression degree of the output pulse decreases. From Fig. 11(b), the increase of the
pulse width makes the pulse energy gradually dispersed, and it will lead to the
increase of the soliton fission length, which may result in the insufficient propagation
distance to completely split the soliton and is not conducive to the spectral broadening.
In addition, the flatness of the SC generated for the pulse width of 100 fs is better than

that for the pulse width of 90 fs. Therefore, the pulse width is set to 100 fs. At this

time, the coherence of the generated SC is close to 1, as seen from Fig. 11(c).
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Fig. 11. (a) Temporal and (b) spectral profiles and (c) the first-order coherence
of the generated SC for different pulse widths.

When the pump pulse with wavelength of 2450 nm, peak power of 2.6 kW, and
width of 100 fs is launched into the SiC waveguides with different lengths, the
temporal and spectral profiles and the coherence of the generated SC are shown in
Figs. 12(a-c). As shown in Fig. 12(a), the width of the output pulse gradually
decreases with the increase of the waveguide length. From Fig. 12(b), when the
waveguide length is less than 2.2 mm, the optical spectrum is broadened mainly by
the SPM effect. However, when the waveguide length is larger than 2.2 mm, the
higher-order dispersion leads to the increase of the side-lobe pulse energy, and the
peak of the pulse moves to the trailing edge under the combined action of the
higher-order dispersion and self-steepening effects, which both disperse the pulse
energy. Besides, the continuous growth of the waveguide length will bring much
higher loss, which will suppress the further spectral broadening. From Fig. 12(c), the

coherence is better when the waveguide length is chosen as 2.2 mm.



/\ 1 mm
/\ 1.4 mm

N mm

0) 2.2 mm
20 /\V\\
-49)

2.6 mm

1.0 1 mm 0
05 A 20
0.0] 40
1.0) 1.4 mm 0
- 05 —_ 20
= [as)
< 0.0 I
— 10| 1.8 mm 0
> g
= =
w 0.5 i=] -20
% 5]
£ 00 & -0
= L0 2.2 mm w2
" J\L
0.0]
1.0) 2.6 mm 0
0.5 A’ﬁ\\ -20
) anl\ _40
04 02 -0.1 00 01 02 4
Time (ps)

(a)

2000

Wavelength (nm)
(b)

3000 4000

1.0

—e
=00

-
200

1
g1,2(

0.8

1.0

2.2 mm

-
o0

0.8

2.6 mm

2000 3000 4000

Wavelength (nm)
()

Fig. 12. (a) Temporal and (b) spectral profiles and (c) the first-order coherence

of the generated SC for different waveguide lengths.

When a hyperbolic secant pulse with wavelength of 2450 nm, width of 100 fs, and
peak power of 2.6 kW is propagated inside the designed SiC waveguide, the
corresponding evolutions of the temporal and spectral profiles with the propagation
distance are shown in Figs. 13(a) and 13(b). As shown in Fig. 13(a), the pulse width
gradually decreases with the increase of the propagation distance. It can be seen from
Fig. 13(b) that at the initial stage, the symmetric broadening of the optical spectrum is
caused by the SPM effect. Subsequently, various nonlinear effects allow the optical
spectrum to be asymmetrically extended toward the longer and shorter wavelength

sides. Finally, a mid-infrared SC covering from 1349 to 4727 nm is generated at the

output end of the 2.2-mm-long SiC waveguide, covering about 1.81 octaves.
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of (a) are the input and output pulses. The bottom and top of (b) are the corresponding input and output
optical spectra. The intensity, optical spectrum, and length are expressed as ‘I’, S’, and ‘L’,
respectively.

Based on the broadband SCs with good coherence, we could acquire optical
frequency combs, which have attracted wide attention due to their potential in high
precision spectroscopy, communication, optical atomic clock, and metrology [31-36].
In this work, a pulse train including 50 pulses with wavelength of 1300 nm, peak
power of 200 W, width of 100 fs, and repetition rate of 1 GHz is taken as the pump
source. After the propagation in the 5.4-mm-long slot SiC waveguide, the SC-based
frequency comb is shown in Fig. 14(a). Figs. 14(b) and 14(c) are the zoom-in views of
the frequency comb obtained at 198 THz/1515.15 nm and 245 THz/1224.49 nm with
a sampling bandwidth of 5 GHz, for the convenience of observing the comb structure.

It can be said that a near-infrared frequency comb spanning from 122.75 THz/2444



nm to 343.64 THz/873 nm with equal interval and stable amplitude is attained on the
basis of generating octave and highly coherent near-infrared SC from the proposed
slot SiC waveguide. Similarly, when the wavelength, peak power, and width of the
pulse train are set to 2450 nm, 2.6 kW, and 100 fs, respectively, the generated
mid-infrared frequency comb is shown in Fig. 15. Figs. 15(b) and 15(c) are the
zoom-in views of the frequency comb obtained at 90 THz/3333.33 nm and 132

THz/2272.73 nm with a sampling bandwidth of 5 GHz.
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Fig. 14. (a) The SC-based frequency comb generated when the wavelength of the pulse train
is 1300 nm. The zoom-in views of the frequency comb at

(b) 198 THZz/1515.15 nm and (c) 245 THz/1224.49 nm.
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Fig. 15. (a) The SC-based frequency comb generated when the wavelength of the pulse train
is 2450 nm. The zoom-in views of the frequency comb at
(b) 90 THz/3333.33 nm and (c) 132 THz/2272.73 nm.

5. Conclusion

In summary, a slot SiC waveguide with four ZDWs is proposed for the SC and
frequency comb generations. The effects of the pump wavelength, peak power, pulse
width, and waveguide length on the SC generation are investigated. When the pump
wavelength, peak power, pulse width, and waveguide length are chosen as 1300 nm,
200 W, 100 fs, and 5.4 mm, respectively, the generated near-infrared SC covers from
873 to 2444 nm at -40 dB level, spanning 1.49 octaves. In contrast, when the pump
wavelength, peak power, pulse width, and waveguide length are chosen as 2450 nm,
2.6 kW, 100 fs, and 2.2 mm, the generated mid-infrared SC extends from 1349 to
4727 nm, covering 1.81 octaves. Besides, by using the pump pulse train containing 50

pulses at a repetition rate of 1 GHz, the near-infrared and mid-infrared SC-based



frequency combs are obtained. The results of this paper provide a feasible scheme for
the SC and frequency comb generations, and will promote the further researches on

the SC and frequency comb sources.
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