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ABSTRACT

A method to generate multiple dispersive waves (DWs) with pumping in a normal dispersion regime is proposed. We show flexibility of
producing four DWs in a silicon nitride (Si3N4) slot waveguide and explain the underlying dynamics of a four DWs generation process in
detail, i.e., DWs emission via the optical wave-breaking phenomenon in an anomalous dispersion regime. Compression of the first anoma-
lous DW results in the subsequent cascade DW generation. Combined with the soliton induced blue-shifted dispersive wave and red-shifted
dispersive wave, the spectrum spans from visible to mid-IR with high coherence. The four DWs generation process has agreement with pre-
diction of the phase-matching condition. Overall, this multiple DWs generation method in a Si3N4 waveguide provides the possibility for
having an efficient, compact, and coherent mid-IR light source.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0073683

Compared with fiber-based platforms, integrated photonics
offer key advantages for enabling nonlinear processes, which
include high effective nonlinearities, low power consumption, com-
pact size, and potential possibilities for large-scale implementation
of integrated devices.1–4 Among the plentiful integrated nonlinear
platforms, a silicon nitride (Si3N4) waveguide is a promising one
due to its material compatibility with existing complementary
metal-oxide-semiconductor (CMOS) fabrication technology.5–7 In
addition, Si3N4 is free from two-photon absorption in the near-
infrared regime,8,9 and the generated spectrum allows one to
be extended to mid-infrared (mid-IR) wavelengths;10 thus, it is
suitable for broadband nonlinear applications.

Dispersive wave (DW) generation is a phase-matching process
perturbed by higher-order dispersion.11–14 DW generation is an effec-
tive mechanism to obtain additional spectrum components with high
coherence.15–18 Conventionally, DW emission is described as when a
higher-order soliton breaks into its fundamental solitons, and then the
energy transfers from the soliton to narrow-band resonance in the
normal dispersion region.19,20 Pumping in the anomalous dispersion
is a primary condition to form solitons.21–25 Additionally, the genera-
tion of DWs is possible when pumping in the normal group velocity

dispersion (GVD) regime.26–32 The directional spectrum could pass
through the anomalous dispersion regime and then generate the DWs
in the other normal dispersion regime in Refs. 30–32. DW emission in
the anomalous dispersion regime was shown to occur with dark soli-
ton propagating.29 The non-solitonic pulse can also produce a narrow-
band DW in the anomalous dispersion region33–38 when pumping in
the normal dispersion region. In this case, optical wave-breaking
(OWB) is the key mechanism.33–35

In this paper, we investigate the four DWs radiation phenome-
non and explain the underlying mechanism in detail when pumping
in the normal dispersion regime based on a Si3N4 horizontal slot wave-
guide. Four DWs are generated spanning from visible (600 nm) to
mid-IR (4500nm), via multiple DWs radiation in both anomalous
and normal dispersion regions. The position of the DWs could be
tailored over a broad wavelength by phase-matching condition
engineering, and the spectra are shown to have a high degree of
coherence. This four DWs generation method in the Si3N4 wave-
guide provides the potential possibility of obtaining more DWs by
tailoring the dispersion and explains the mechanism of multiple
DWs generation based on the interaction between weak dispersion
and Kerr nonlinearity.
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Figure 1 shows the schematic of the multiple DWs generation
process in the proposed Si3N4 slot waveguide. When a short pulse
with kilowatt peak power propagates through the designed Si3N4 slot
waveguides, the four DWs generation process can be implemented
within a few millimeters distance. The chromatic dispersion (CD)
curve of multiple DWs generation is also indicated. The saddle-shaped
CD profile with higher peaks on the left shoulder forms a narrow low
anomalous dispersion. We pump the input pulse in the normal GVD
regime. Two DWs are emitted in the normal dispersion regime, and
two DWs are formed in the anomalous dispersion regime. Figure 1
depicts the cross section of the proposed Si3N4 horizontal slot wave-
guide structure. The material refractive indices of Si, SiO2, and Si3N4

are obtained by using the Sellmeier equations.39,40 The refractive index
of Si3N4 is close to that in the low pressure chemical vapor deposition
(LPCVD) Si3N4 films.41 Compared with the strip waveguide, a slot
waveguide provides more design freedom to tailor the CD, which is
beneficial for plentiful nonlinear phenomena. W, H, Hu, Hs, and Hl

represent the waveguide width, waveguide height, upper Si3N4

thickness, middle SiO2 slot thickness, and lower Si3N4 thickness,
respectively.

Importantly, the phase-matching condition determines the posi-
tion and the number of DWs. The phase-matching argument requires
the DW propagating with the same phase velocity as that of the soli-
ton. If x andxs are the frequencies of the DWs and solitons, the equa-
tion is usually expressed as42

bðxÞ ¼ bðxsÞ þ b1ðx� xsÞ þ
1
2
cPs; (1)

where b(x) is the propagation constant in the waveguide, c is the Kerr
nonlinear coefficient, and Ps is the peak power of the soliton pulse.
The last constant term (12 cPs) in Eq. (1) can be defined as C. Equation
(1) can also be rewritten to express the phase mismatch between the
DW and the soliton as

DbðxÞ ¼ bðxÞ � bðxsÞ � b1ðx� xsÞ � C

¼
X

n¼2

ðx� xsÞn

n!

dn

dxn
bðxsÞ � C: (2)

We define the constant as C0 when the peak power of the funda-
mental soliton is ignored. In this case, we can obtain the extremum of
the phase-matching condition and predict the possibilities of multiple
DWs generation by adjusting suitable peak power. The frequency
changes of DWs due to intrapulse Raman scattering can be negligible
in the Si3N4 waveguide. A high order polynomial provides the possibil-
ity to have multiple real solutions. We design the geometric parame-
ters of the Si3N4 slot waveguide and, thus, tailor the overall dispersion
and phase-matching condition of the waveguide for tuning the num-
ber and position of DWs.

First, we engineer the dispersion curve for phase matching in the
nonlinear processes based on the flexibility of the proposed waveguide.
Figure 2(a) shows the CD of the fundamental TM mode in a Si3N4

slot waveguide with 980� 1800 cross sections. The optimized wave-
guide parameters are W¼ 980nm, Hu¼ 600nm, Hs¼ 160nm, and
Hl¼ 1040nm. The higher peak of the saddle-shaped dispersion profile
on the left shoulder is 50.96 ps/(nm�km) at 1240nm. A narrow anom-
alous dispersion regime is formed between two zero-dispersion wave-
lengths (ZDWs) at 1035 and 1649nm. A 880-nm pump pulse is
launched in the normal dispersion regime. Furthermore, we calculate
the nonlinear coefficient c vs wavelength using a full-vector model43

and use the measurement data of nonlinear refractive indices n2 for
Si3N4 and SiO2 in Refs. 9 and 44. The nonlinear coefficient c decreases

FIG. 1. Schematic of the four DWs generation process in the proposed Si3N4 slot
waveguide.

FIG. 2. (a) CD and nonlinear coefficient c, (b) phase mismatch Db(x), and (c) sim-
ulated spectrum including four DWs in the proposed waveguide with the parameters
of W¼ 980 nm, Hu¼ 600 nm, Hs¼ 160 nm, and Hl¼ 1040 nm.
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with the wavelength due to the increase in the effective mode field
area, which increases from 0.52 to 3.41lm2 as the wavelength
increases from 500 to 3500nm. At 880nm, the effective mode area is
0.61 lm2, and the corresponding nonlinear coefficient c is 2.85/W/m.

We further calculate the profiles of phase mismatch Db(x) of
Eq. (2) in Fig. 2(b). The solid line represents that the constant is C0,
i.e., the peak power of solitons is negligible in simulation. When the
solutions of the phase-matching condition are sensitive to the soliton
peak power, it is necessary to consider constant C. However, the peak
power of the soliton pulse is not easy to evaluate due to pulse distor-
tion. We can observe the trend of Db(x) and the number of solutions
by adjusting the values of C, as shown in the dashed line of Fig. 2(b).
The process of four DWs generation can be predicted through the
phase-matching condition, and the peak power adjustment provides
the potential possibilities to generate four DWs. In a certain range,
four DWs can be generated. However, the prediction of the phase
matching point is rough, because the pulse keeps changing constantly
and the soliton is no longer in an ideal state. In order to verify the
observed four DWs in the phase matching condition, we simulate the
corresponding spectrum based on the nonlinear Schr€odinger equation
(NLSE). A chirp-free hyperbolic secant pulse centered at 880 nm with
a FWHM of 100 fs and a peak power of 5 kW is launched into the
above 1-cm long slot waveguide. The spectrum is broadened with
generation of four obvious separated peaks near 700, 1140, 1470, and
2870nm, respectively. The confinement loss at 2870nm is 2.05 dB/cm.
According to the position of DWs, we divide four DWs into two types,
i.e., the DWs in normal and anomalous dispersion regions, marked as
point N and A in Fig. 2(c), respectively. The positions of four DWs
agree with the phase-matching point roughly.

In Fig. 3, we plot the temporal and spectral evolutions of the
pulse as a function of the propagation length. One can obviously
observe two DWs emitting at the normal dispersion region, and the
locations are on the both sides of the pump in Fig. 3(b). In addition,
we can clearly see that after approximately 1-cm propagation, a dis-
tinct component on the long-wavelength side is separated from the
pump and transfers to the anomalous dispersion region, i.e., the first
DW generation in anomalous dispersion (A1). At 1470 nm, the tempo-
ral pulse compression of A1 results in cascaded DW formation (A2)
with relatively low intensity, as illustrated in Fig. 3(a). Due to the
strong temporal broadening of the normal dispersion, the intensity of
cascaded DWA2 has already been reduced.

To better visualize the process of four DWs generation, we simu-
late the XFROG pattern, which allows a convenient derivation of both
temporal and frequency evolutions. In this case, the input pulse is
pumped at the normal dispersion regime, which is close to the first
zero-dispersion point (1035nm). The spectrum is broadened by self-
phase modulation (SPM) initially. As shown in Fig. 4(a), the SPM-
induced chirp introduces spectral oscillations at the pulse’s edges.45

The following occurred dynamics can be divided into two parts. In the
first part, under the action of normal GVD, the intermediate pulse
sections propagate faster than the leading pulse tail, which results in
the faster intermediate section overlap the slower preceding tail, form-
ing the OWB phenomenon,45 as seen in Fig. 4(b). Especially, pumping
in the normal dispersion region can directly excite DWs in the anoma-
lous dispersion regime, as described in Refs. 28, 33, and 36. We can
observe the first DW in anomalous dispersion (A1) emission from the
OWB on the leading pulse edge in Fig. 4(b). The phase-matching rules

between DWs and the dispersive shock waves (DSWs) could reso-
nantly amplify the first anomalous DW A1. In Fig. 3(a), one can also
observe the oscillations of DSWs forming on the leading pulse edge,
which is also shown in the time domain.33 In Fig. 4(d), the energy
flowing from A1 to the cascaded DW A2 can be seen, which results
from temporal pulse compression.46 In the second part, at some point,
a part of energy in the normal dispersion region could flow into the
anomalous dispersion region due to the SPM30 and then forms soli-
tons, as depicted in Fig. 4(c). Due to the perturbation from higher-
order dispersion, the higher-order soliton breaks into fundamental
components and accompanies with the DWs radiation in the normal
dispersion regime. The energy transfers from the central wavelength of
the soliton to the blue-shifted and red-shifted components. A blue-
shifted dispersive wave (B-DW) and red-shifted dispersive wave (R-
DW) can be clearly identified in Fig. 4(d).

The geometric parameters of the proposed slot waveguide are fur-
ther modified to obtain the DW located at the longer wavelength.
Larger waveguide relaxes the mode confinement, which leads to lower
confinement loss in the long wavelength, enabling the DW in the fur-
ther red wavelength. Under the larger and optimized geometric param-
eters (W¼ 1200nm, Hu¼ 810nm, Hs¼ 195nm, and Hl¼ 1195nm),
the CD at the pump wavelength is �185.64 ps/(nm�km), and the

FIG. 3. (a) Temporal and (b) spectral evolutions along the waveguide with the
parameters of W¼ 980 nm, Hu¼ 600 nm, Hs¼ 160 nm, and Hl¼ 1040 nm. The
four DWs generation process including two anomalous DWs and two normal DWs
generation.
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nonlinear coefficient c is 2.13/W/m at 880nm in Fig. 5(a). Figure 5(b)
also provides the prediction of four DWs generation. Three DWs are
generated at long wavelengths, which align with the phase-matching
points. In Fig. 5(c), it is obvious that the spectrum spans from the visi-
ble (650nm) to the mid-IR (4200nm) containing four DWs at both
edges of the spectrum, and the locations of generated DWs are near
700, 1500, 2200, and 4200lm. The input pulse is pumped at 880nm
with 5-kW peak power, and the waveguide length is 1.7 cm. Figure 6
shows the simulated spectral and temporal dynamics along the
propagation when pumped in the normal dispersion region. The
energy transfer process is similar, but the difference is the cascaded
DW A2 flowing to the normal dispersion regime, which is near to
the second ZDW.

Next, in order to extend the furthest DW, we further engineer the
dispersion and phase-matching point. The adjustable range of the
phase-matching points for four DWs generation is wider in Fig. 7(a).
We choose one of the representative geometers for tuning, i.e., wave-
guide upper Si3N4 thickness Hu modification to illustrate the influence
of the geometric parameters on the phase-matching condition. When
the upper Si3N4 thickness is increased, the change of the phase mis-
match curve in the short wavelength region is small in its shape and

position, while the curve moves up in the long wavelength range, and
the phase-matching point continuously shifts toward shorter wave-
lengths. Figure 7(a) only depicts the phase-matching condition with
C0, and the prediction of four DWs generation is still reliable when
considering constant term C, i.e., choosing suitable peak power. As
illustrated in Fig. 7(b), we simulate the spectra of a 880-nm 100-fs
input pulse in a 1.5-cm Si3N4 waveguide to observe the movement of
the DWs along the phase-matching wavelength. The peak power of
the input pulse is 10 kW, which increases significantly from the previ-
ous 5-kW pump pulse. Moreover, the intensity of DWs located at
4500nm is relatively low, which is caused by the reduced frequency
conversion efficiency between the center and the DW spectral compo-
nents, and the higher confinement loss at longer wavelengths.
Compared with confinement loss, the material loss of silica at the
wavelength above 3500nm is not the main reason.

Even though the intensity of the DWs is relatively low, we still
observe the moving trend of the generated DWs as indicated by the
phase-matching condition. The long-wave DW can cover up to
4500nm. Further increasing the input pulse peak power is one of the
effective ways to improve the power of the DWs. In Fig. 7(c), the over-
all spectral intensity of the generated DWs is greatly improved.

FIG. 4. Mixed spectral–temporal representation of the optical pulse at (a) 0.1, (b) 0.4, (c) 0.6, and (d) 1 cm.
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To assess the spectra coherence for the above three situations, we
examine the coherence of the generated spectra using 40 simulations
under identical conditions, except for the stochastic quantum noise of
the input pulse.47,48 The degree of coherence is calculated as42

g12ðxÞ ¼
h~A�1ðL;xÞ~A2ðL;xÞi

hj~A1ðL;xÞj2ihj~A2ðL;xÞj2i
� �1=2 ; (3)

where ~A1 and ~A2 are the Fourier transforms of two neighboring pulses
and the anglebrackets denote an average over the entire ensemble of
pulses. As shown in Fig. 8, the position of the DWs could be tailored
over a broad wavelength range with three optimized waveguide
parameters, and the spectra maintain a high level of coherence over
the entire bandwidth while pumping in the normal GVD regime. The
coherence of OWB induced DWs and the subsequent cascaded DW
are illustrated. The broadened spectrum in this regime has lower
noise.26 The highly coherent range is broader, as the long-wave DW is
extended further. The extended spectral range as indicated above
seems to be narrower than the wavelength range of the coherence,
because the power is lower than the displayed vertical range.
Nevertheless, the corresponding spectrum in the low power regime
also demonstrates a high-level coherence. The inserted figure magni-
fies the edges of the coherence, which demonstrates random noise.
The frequency components perform in an incoherent state when
beyond the generated spectral region. In Fig. 8, we calculate the coher-
ence of the spectra for a 100-fs input pulse, and we also illustrate the
coherence can still maintain a high degree with increased pulse dura-
tion. In other words, the coherence of spectra, which broadens via

multiple DWs radiation, has the strong robustness for pulse widths
and power.

In conclusion, we demonstrated the design freedom of the Si3N4

slot waveguide to control the number and position of DWs generation.
By taking advantage of this flexibility, one could realize the nonlinear
process of four DWs generation by pumping in the normal dispersion
regime. These dynamics can be divided into two parts: First, OWB
induces the first DWs emission in the anomalous dispersion regime
and then the subsequent cascade DW generation via compression of
the first anomalous DW. Second, the energy flows into the anomalous
dispersion region induced B-DW and R-DW through soliton fission.
The spectra can access the mid-IR region (4500nm) through pumping
at the visible wavelength. The high-level phase coherence of the spec-
trum for four DWs generation is verified numerically The results show
the potential approaches to generate coherent spectra containing four
DWs in the Si3N4 platform and also support the study of the correla-
tion between the mechanism of four DWs generation and different
CD curves. Si3N4 is further proved as a promising platform for inte-
grated nonlinear photonics in the mid-IR. Our technique offers a pos-
sibility to form a high-power coherent source in the mid-IR range

FIG. 6. (a) Temporal and (b) spectral evolutions along the waveguide with the parame-
ters of W¼ 1200 nm, Hu¼ 810 nm, Hs¼ 195 nm, and Hl¼ 1195 nm. The four DWs
generation process includes one anomalous DW and three normal DWs generation.

FIG. 5. (a) CD and nonlinear coefficient c, (b) phase mismatch Db(x), and (c) sim-
ulated spectrum including four DWs in the proposed waveguide with the parameters
of W¼ 1200 nm, Hu¼ 810 nm, Hs¼ 195 nm, and Hl¼ 1195 nm.
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with various applications including precision metrology, spectroscopy,
and optical frequency synthesis.
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