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Abstract: In this paper, we propose and numerically investigate waveguide tapering to improve
optical parametric amplification in integrated nonlinear Si3Ny circuits. The phase matching
condition of parametric amplification changes along the length of uniform Si3;N4 waveguides,
due to the non-negligible propagation loss, potentially causing peak-gain wavelength shifts of
more than 20 nm. By tapering the waveguide width along propagation, we can achieve a 2.5 dB
higher maximum parametric gain thanks to the improved phase matching, which can also broaden
the amplification bandwidth. Therefore, the length of an optimally tapered Si3N4 waveguide
can be 23% shorter than a uniform one in the case of a 3.0 dB/m propagation loss and a single
continuous-wavelength pump. Quasi-continuous tapers are efficient to approximate continuous
ones and might simplify the fabrication of long tapered nonlinear SizN4 waveguides, which are
promising for optical signal processing and optical communications.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Due to the advantages of broad optical bandwidth, flexible operation wavelength window and
ultra-fast temporal response [1], optical parametric amplifiers (OPAs) based on third-order
nonlinear effects in highly-nonlinear fibers (HNLFs) have been widely investigated and used in
various areas including optical communications [2,3], optical signal processing [4,5], microwave
photonics [6] and femtosecond lasers [7]. However, the polarization dependence of standard
single-mode optical fibers is an issue for the practical implementation of fiber-based OPAs [8].
With the advance in nano-fabrication, more research is conducted on OPAs using integrated
nonlinear photonic waveguides due to benefits from compactness, robustness and cost-efficient
fabrication in large volumes [9-12]. A promising material platform is Si3Ny4, with appealing
properties such as high third-order nonlinear coefficients [13], relatively low propagation loss
(typically 3.0 dB/m [14—16]), negligible Raman and Brillouin scattering effects in a single-pass
waveguide [17-19] and absence of two-photon absorption due to a large bandgap of ~5 eV.
Moreover, since the absorption of SizNy at telecommunication band is extremely low [20] and
the thermal-optical and thermal-expansion coefficients are small [21,22], the refractive index
change as a result of thermal optical effects can be neglected and it has been demonstrated that
nonlinear SizN4 waveguides can support a 10 W continuous-wave (CW) laser power without
material damage [23].

Generally, the typical propagation loss of a HNLF is about 0.8 dB/km and the pump attenuation
in a hundreds-of-meter-long HNLF can therefore often be neglected. In contrast, the propagation
loss of nonlinear SizN4 waveguides still limits the parametric gain. To achieve efficient parametric
gain with a CW pump required in optical communications, Si3Ns waveguides of several meter
length will be needed. In this case, the attenuation of the pump during propagation has to be
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accounted for [24], which affects the phase matching of parametric amplification. Engineering
the waveguide geometry turns out to be an effective technique for improving nonlinear processes
in optical waveguides. Using a tapered optical fiber to generate decreased group-velocity
dispersion for efficient optical pulse compression was proposed in the 1980s [25]. Later, this
approach was demonstrated experimentally in dispersion-decreasing tapered silica fibers [26] and
theoretically investigated in silicon-based waveguides [27-29]. It has also been shown to broaden
the bandwidth of third harmonic generation in fiber tapers [30]. Pulsed-pump phase-sensitive
optical amplification in silicon waveguides with a short intermedium segment as a phase shifter
was investigated in [31]. However, to achieve improved parametric amplification in the desired
wavelength regime with CW pumping, the optimal design of integrated Si3sN4 OPAs via tapering
the waveguide has not been reported yet.

In this paper, we perform a systematic investigation of enhancing the broadband parametric
amplification in Si3Ny4 waveguides with CW pumps by tapering the waveguide width to compensate
for the degradation of phase match at the target signal wavelength. We propose a guideline on
how to taper the width of SizN4 waveguides for parametric amplification so that the peak-gain
(PG) wavelength is maintained along the waveguide and verify performance by simulations. Due
to the improved efficiency of the parametric process, the peak gain of a tapered SizN4-waveguide
OPA can be 2.5 dB higher than that of uniform waveguide according to the simulation results.
Moreover, the bandwidth of the integrated SizN4 OPA can be expanded with this technique.
Therefore, to obtain the same maximum peak gain compared with a uniform SizN4 waveguide
OPA the tapered waveguide can be 25% shorter. Both increasing or decreasing the width of Si3Ny
waveguide can be utilized to improve the parametric amplification. In addition, quasi-continuous
tapers can operate efficiently, and this provides insights to the practical fabrication of long
nonlinear SizN4 waveguides which are promising in optical communications, optical signal
processing and microwave photonics.

2. Principle

In this paper we investigate OPAs with a single CW pump. One signal wave (s) enters the
nonlinear SizN4 waveguide with one pump wave (p). Another wave, i.e. idler (i), is generated
due to four-wave mixing in the waveguide [32]. The phase mismatch parameter of the OPA
determines the strength of coupling between the three optical waves and is expressed as

= +2 Poe” *= (Iy)+ (1)-2 (1,)+2 Poe” °© 1)

where is the propagation constant of the optical field in the waveguide, 1 is the angular
frequency of wave k in vacuum, is the linear waveguide attenuation, is the nonlinear coefficient
of the waveguide, z is the length of waveguide and Py is the input pump power. The linear phase
mismatch ~ ~ , 12+ 4 1412 where 1=1, -1, is the angular-frequency difference
between the signal and the pump, and ; (j=2,3,4) are second-, third- and fourth-order dispersion
coefficients at the pump wavelength. The maximum parametric gain occurs at the minimum
absolute value of . It is clear that the nonlinear term (g =-2 Pge” ?) of the phase mismatch
changes with the length of the waveguide. The change can be neglected for short conventional
HNLFs while it will affect the phase matching in nonlinear waveguides with significant losses
such as Si3Ny. Figure 1(a) shows the variation of g (solid blue line) as a function of the length
of a typical Si3N, waveguide with =3.0dB/mand =1.0 m~'W~!. The input pump power Py
is 35.4 dBm, which is chosen to get a net gain around 20 dB. The orange dashed line shows the
decrease of pump power during propagation. It can be seen that the absolute value of  z drops
as much as 86% after 3 m transmission. Figure 1(b) depicts the simulated gain spectra of Si3Ny
OPAs with different lengths and the same uniform widths. Here the fundamental mode (TEqg)
is used (the mode profile is shown by the inset). The waveguide has a SizNy core cladded by
silica. The dimension of the core cross section is 1310 nm wide and 700 nm high. The refractive
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index of SizNy and silica at 1550 nm wavelength is 1.990 and 1.443, respectively. The dispersion
coefficients are calculated by COMSOL Multiphysics and used in all our OPA simulations which
are based on numerically solving the nonlinear Schrodinger equation (NLSE) as

0A T A _

=i |A]PA 2
53 lj:2 G i |A] @

where A is the slowly varying envelope of the overall optical field and T is the relative time axis
where a reference frame moves with the envelope at the group velocity [32]. The dispersion
coefficients are allowed to vary with distance z and the dispersion of third and fourth orders is
considered for wideband operation. As can be seen in Fig. 1(b), the PG wavelengths shift inward
toward the pump when the length changes from 0.4 m to 3.0 m, due to the pump attenuation and
the subsequent reduction in nonlinear phase-mismatch.
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Fig. 1. (a) Required linear phase mismatch (solid blue line) and pump power (dashed
orange line) varying with the length of a SizN4 waveguide where =0, =3.0 dB/m,

=1.0 m~'w! and Pp=35.4 dBm. (b) Simulated net gain spectra of uniform-width
SizNy-waveguide OPAs with different lengths. The inset is the mode profile of TEyy mode
and the yellow dashed line is the boundary of the Si3N4 wavguide with a cross-section
dimension of 1310 nm x 700 nm.

A method of improving the parametric amplification in SizN4 waveguides is to taper the width
(W) of the waveguide while maintaining the height (H). Figure 2(a) shows the calculated intrinsic
of TEgp mode varying with the width of the Si3sN4 waveguide with a height of 700 nm. The
target PG wavelength is chosen to be 1600 nm and the pump is located at1550 nm. Letting
= gforgiven , and Py, we calculate the continuous widths for different waveguide
lengths to achieve peak parametric gain at the target 1600 nm signal wavelength. Figure 2(b)
shows the calculated width along the Si3N4 waveguide with a propagation loss of 3.0 dB/m and
input pump power of 35.4 dBm. The red line corresponds to the continuous taper. The difference
between the widths at the two ends of the whole waveguide is 18 nm. Here, it is assumed that
and are constant along the waveguide for such a small width difference. To approximate the
continuous long taper, several uniform segments with different widths and sub-milimeter-scale
adiabatic tapers in between are used [33]. The length of each segment is equal. This can facilitate
the fabrication of the tapered waveguides. Since the width difference between the two segements
is less than tens of nanometer, the angles of these connecting adiabatic tapers are small enough
so that reflections at the transition are neglected in all simulations. The width of each uniform
segment is set to be the calculated value of width in the center of each segment. For example,
the blue line in Fig. 2(b) shows the widths of ten uniform segments along the waveguide The
first segment (# 1) is the widest and the tenth segment (# 10) is the narrowest. The calculated
second-order dispersion curves of the ten uniform segments are depicted by Fig. 2(c). From the
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first segment to the tenth segment, the local , evolves almost parallelly to mitigate the increase
of the absolute value of due to the loss of the 1550 nm pump for the target PG wavelength
of 1600 nm. As can be seen, , at 1550 nm wavelength is always negative and increases as
the width decreases. Figure 2(d) shows the simulated gain spectra of three proposed tapered
SizNy-waveguide OPAs with lengths of 1.0 m (blue line), 2.0 m (red line) and 3.0 m (yellow
line), respectively. Piecewise tapers with ten uniform segments are utilized in the simulation. A
constant PG wavelength at 1600 nm is observed and shows the improved parametric amplification
at the target wavelength when z is 3.0 m. To present a clear picture of our design, Fig. 2(e) and
(f) show the schematic diagrams of the cross section and top view of the the proposed SizNy
waveguide, respectively. Note that the width differences in Fig. 2(f) are exaggerated for clarity.
Each segment consists of a uniform spiral waveguide which helps to save the chip area and n is
the number of the segment.
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Fig. 2. (a) Intrinsic of TEgy mode changes with the width of the uniform SizNy
waveguide. The pump and the signal wavelengths are 1550 nm and 1600 nm, respectively.
h =700 nm. The inset shows the local curve for width between 1280 nm and 1320 nm.
(b) The calculated width varying with the Si3Ny waveguide length in the case of =1.0
m~'W~!, =3.0 dB/m and Pyp=35.4 dBm. Red and blue lines are for continuous and
piecewise tapers, respectively. (c) , as a function of wavelength for different Si3Ny
waveguide segments. (d) Simulated gain spectra of tapered Si3Ny waveguide OPAs with
lengths of 1.0 m (blue line), 2.0 m (red line) and 3.0 m (yellow line), respectively. Schematic
diagrams of the (e) cross section and (f) top view of the long Si3N4 waveguide. The width
of each spiral waveguide is uniform and the width differences in Fig. 2(f) are exaggerated for
clarity. The short taper connecting adjacent spiral waveguides is adiabatic.
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3. Simulation results and analysis

In this section, the properties of tapered SizN4-waveguide OPAs with a PG wavelength at 1600
nm are systematically investigated. The taper has a decreasing width and a fixed 700 nm height.
The nonlinear coefficient of the waveguide is 1.0 m~ W=,

3.1. Peak gain and variation of PG wavelength

The PG wavelength and the peak gain of the proposed tapered SizNs-waveguide OPAs are
investigated in this section. Figure 3(a) shows the PG wavelengths (orange lines) and the peak
gain (blue lines) of Si3Ns-waveguide OPAs with various lengths in the case of =3.0 dB/m and
Py =35.4 dBm. Piecewise tapers with ten segments are utilized. The solid lines correspond to the
tapered SizN4-waveguide OPA and the dashed lines are for the OPA with a uniform waveguide
width of 1310 nm. As can be seen, the PG wavelength of the tapered OPA is constant near
the designed target value, while it is shifted from 1594 nm to 1573 nm for the uniform SizNy4
waveguide when the waveguide length changes from 0.6 m to 5.0 m. It verifies that the approach
of tapering the waveguide width can work well to compensate for the shift of phase matching due
to nonnegligible pump attenuation. Moreover, the gain of SisN4-waveguide OPA is the net gain
that accounts for the linear loss at the signal wavelength and can be described as

GNei(dB) = Gopa(dB) — Loss(dB) = Gopa(dB) —  z(dB). 3
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Fig. 3. Evolution of peak gain (blue lines) and PG wavelength (orange lines) of Si3Ny-
waveguide OPAs with different lengths. Solid and dashed lines correspond to the tapered
and the uniform waveguides, respectively. The propagation losses are (a) 3.0 dB/m and (b)
4.0 dB/m. Py is 35.4 dBm. The width of the uniform Si3 N4 waveguide is 1310 nm.

The propagation loss leads to the attenuation of the pump, causing a decrease of parametric
gain. Moreover, it results in the attenuation of the amplified signal as well. As a result, there is
a maximum value of the output peak gain. The slope of the peak gain of the OPA drops with
the length of the waveguide. The maximum peak gain of the tapered OPA is 2.5 dB higher than
that of the uniform one. In addition, the required length of the Si3;N4 waveguide to achieve a
peak gain of 20.7 dB is 0.6 m (23%) shorter when using the taper. This will help to improve
the fabrication yield of long SizN4 waveguides. Figure 3(b) shows the peak gain and the PG
wavelengths of integrated Si3N4-waveguide OPAs with various lengths when is 4.0 dB/m. The
width is adjusted based on the tapering approach proposed. In this case, the PG wavelength is also
well conserved for tapered SizN4-waveguide OPAs with different lengths. Due to the increase of
waveguide loss, the maximum parametric gain of both uniform and tapered waveguide OPAs
drops. The improvement in peak gain of 1.2 dB is still obtained by using the taper. To achieve
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the same peak gain of 12.4 dB, the length of the tapered SizN4 waveguide is about 1.5 m while it
is 2.0 m for the uniform SizN4 waveguide, that is, approximate 25% reduction in length of SizNy
waveguide can be realized. These results are in good agreement with the principle and illustrate
the effectiveness of the proposed approach of improving the parametric amplification in SizNy4
waveguides.

3.2. Bandwidth

The bandwidth of the integrated SizN4-waveguide OPA was also studied. The pump power is set
to be 35.4 dBm. All the SizN4 waveguides are 3.0 m long. The tapered Si3N4 waveguides with
different losses consist of 10 segments. Figure 4(a) depicts the simulated spectra of different
SizN4-waveguide OPAs. The red solid curve is the gain spectrum of the tapered Si3N4-waveguide
OPA. The widths of the first, the middle and the last segments are 1309 nm, 1298 nm and 1293
nm, respectively. The spectra of uniform SizN4-waveguide OPAs with these three typical widths
are also plotted in Fig. 4(a). The blue, red and green dotted lines correspond to the waveguide
widths of 1309 nm, 1298 nm and 1293 nm, respectively. As can be seen, the bandwidth of the
tapered SizN4-waveguide OPA is widest in the positive net parametric gain regime. The 10 dB
bandwidth of the tapered SizNs-waveguide OPA exhibiting the highest peak gain at about 130
nm is slightly narrower than that (about 150 nm) of the uniform 1298 nm-wide-SizN4-waveguide
OPA, for which the flat-top spectral shape is attributed to higher-order dispersion [34]. The reason
why the peak gain (14.7 dB) of 1293 nm-wide-Si3;N4-waveguide OPA does not reach that (20.4
dB) of the other two uniform-Si;N4-waveguide OPAs is that the perfect phase matching is not
achieved. In the case of =4.0 dB/m, the width of the tapered waveguide changes according to
the method proposed to maintain the phase matching condition for a PG wavelength of 1600 nm.
The simulated spectra of the tapered (solid line) and the uniform (dotted lines) SizN4-waveguide
OPAs are shown in Fig. 4(b). The blue, red and green dotted lines correspond to the waveguide
widths of 1308 nm, 1296 nm and 1292 nm, respectively. For the 1308 nm and 1296 nm uniform
waveguides, they have effective 10 dB bandwidths of 90 nm and 157 nm, respectively. As can be
seen, the tapered OPA has not only the highest net peak gain but also a wide 10 dB bandwidth
(148 nm) compared with the uniform-1296 nm-wide-SizN4-waveguide OPAs.
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Fig. 4. Simulated net-gain spectra of 3 m-long tapered SizN4-waveguide OPAs with various
segments. The solid blue, red, oringe, purple, green and dotted blue lines correpsond to the
segment number of 1, 2, 3, 4, 5 and 100, respectively. Pg is 35.4 dBm. The propagation
losses are (a) 3.0 dB/m and (b) 4.0 dB/m, respectively.
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3.3. Segment number dependence

Here the impact of the segment number of the tapered waveguide is investigated, and Fig. 5 shows
the simulated gain spectra of tapered Si3N4-waveguide OPAs with various segment numbers.
The total lengths of the tapers and uniform waveguides are the same (3 m) and the input pump
power is 35.4 dBm. The solid blue, red, orange, purple, green and dotted blue lines correspond
to the segment number of 1, 2, 3, 4, 5 and 100, respectively. The propagation loss in Fig. 5(a)
and (b) is 3.0 dB/m and 4.0 dB/m, respectively. As can be seen in Fig. 5(a), the PG wavelength
is almost the same when the segment number increases, even for the one-segment taper which
is a uniform waveguide. This validates the proposed method of designing a Si3N4-waveguide
OPA with specific operation wavelengths. Besides, two segments can lead to a 1.9 dB increase
in peak OPA gain. Four segments can achieve about 2.5 dB additional gain compared with the
uniform-Si3N4-waveguide OPA. Further increase in the sections of the waveguide improves the
peak gain little and almost does not affect the OPA spectrum. In the case of =4.0 dB/m, as
shown by Fig. 4(b), the trend is almost the same as illustrated in Fig. 4(a). When the segment
number is larger than four, the peak gain of the proposed SizNs-waveguide OPA increases little
and the effective bandwidth rarely changes. The bandwidth of the tapered Si3N4-waveguide OPA
is always broader than that of the uniform one. This indicates that the tapering technique may
show more improvements in the performance of SisN4-waveguide OPA when the propagation
loss is high.

Fig. 5. Gain spectra of tapered (solid lines) and uniform (dotted lines) SizN4-waveguide
OPAs with different propagation losses. The lengths of all Si3N4 waveguides are 3.0 m. P
is 35.4 dBm. (a) =3.0 dB/m. The widths of the uniform waveguides are 1309 nm (blue
dotted), 1298 nm (red dotted) and 1293 nm (green dotted), respectively. (b) =4.0 dB/m.
The widths of the uniform waveguides are 1308 nm (blue dotted), 1296 nm (red dotted) and
1292 nm (green dotted), respectively.

3.4. Pump power dependence

Figure 6 shows the gain spectra of Si3N4-waveguide OPAs with different input pump powers.
The solid and the dotted lines are the spectra of the tapered and the uniform waveguide OPAs,
respectively. The propagation loss of the waveguide is 4.0 dB/m. The lengths of both SizNy4
waveguides are 3.0 m. The tapered Si3N4 waveguide is composed of 4 segments and designed to
have a PG wavelength of 1600 nm with an incident pump power of 35.4 dBm. The blue, red,
orange, purple, green and light blue lines are for the cases of Py increased from 34.8 dBm to 35.8
dBm with a step of 0.2 dB, respectively. During the change of initial pump power, the width
of tapered SisN4 waveguide does not change. In this manner, the influence of pump power on
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the performance of the proposed SizN4-waveguide OPA is investigated. As can be seen, the
peak gain of the tapered OPA is always higher than that of the uniform one for the same Py. The
differences in the parametric gain between the target 1600 nm and the PG wavelengths are less
than 0.2 dB for the 1 dB variation of pump power. This demonstrates that this technique has a
good tolerance for the pump power variation. Besides, the increase in the peak gain from tapering
the width of the SizN4 waveguide is 1.9 dB for Py =34.8 dBm and reaches 3.5 dB for Py =35.8
dBm. This shows that the improvement can be enhanced when the pump power becomes higher.

Fig. 6. Spectra of tapered (solid lines, 4 segments) and uniform (dotted lines) 3 m-long
SizNy-waveguide OPAs with various input pump powers and =4.0 dB/m. The PG
wavelengths of both the taper and the uniform Si3N4-waveguide OPAs are designed to be
1600 nm with Po=35.4 dBm. The blue, red, orange, purple, green and light blue lines are
for the cases of Py =34.8 dBm, 35.0 dBm, 35.2 dBm, 35.4 dBm, 35.6 dBm and 35.8 dBm,
respectively.

4. Discussions

In the case of =700 nm, =3.0dB/m and Py =35.4 dBm, the improved broadband tapered
Si3N4-waveguide OPA can have four segments with widths around 1300 nm (1305 nm, 1297
nm, 1294 nm and 1292 nm) in which regime the intrinsic negative  increases with decreased
waveguide width. The minimum difference in the waveguide width is 2 nm, which poses
challenges for fabrication. It is important to design the width with higher fabrication tolerance.
As it can be seen in Fig. 2(a), the modification of =~ may also be realized by increasing the
waveguide width according to the trend of the curve. The slope of  is smaller in this width
regime. This indicates that the difference in the width of the tapered Siz;N4 waveguide will be
larger and improves the fabrication tolerance. To achieve perfect phase matching in this regime,
the width of the 700 nm-high Si3N4 waveguide will be much larger than 2000 nm, which would
increase the risk of exciting higher-order modes.

Reducing the height of the SizN4 waveguide can facilitate to reach this goal. Figure 7(a) shows
the of TEgy mode varying with the width for a 680 nm thick SizN4 waveguide. The pump
wavelength is 1550 nm and the target PG wavelength of this OPA is 1640 nm. As can be seen,
of approaches zero for widths around1420 nm and 2000 nm. The 2000 nm-width regime is more
suitable to taper the SizN4 waveguide for the improvement of parametric amplification. With the
approach proposed, the calculated width along the piecewise quasi-continuously-tapered SizNy
waveguide is shown by the blue curve in Fig. 7(b) in the case of Pp =354 dBm and =3.0dB/m.
The nonlinear coefficient is 1.0 m~'W~!. The widths of the four segments are 1965 nm, 1976
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nm, 1982 nm and 1986 nm, respectively. The difference in waveguide width is feasible with the
advance of nano-fabrication technologies [35]. We also performed simulations where there are
some variations of waveguide width in the case of fabrication accuracy of 2 nm. We find that
the peak gain of this tapered Si3N4-waveguide OPA is still 1.8 dB higher than that of uniform
one. Each segment can be easily shaped into widely-used spiral waveguides to achieve a balance
between length and area [36,37]. The red line in Fig. 7(c) shows the simulated gain spectrum of
the tapered OPA. In contrast, the blue line is a spectrum of a uniform SizN4-waveguide OPA
with a width of 1980 nm. It is clear that the improved tapered OPA not only has a 2.5 dB higher
peak gain but also exhibits broader bandwidth. The 10 dB bandwidth can be up to 172 nm and
the bandwidth for positive parametric gain is even more than 260 nm in the case of a single
CW pump. These properties make the proposed integrated SizN4 OPA promising in broadband
optical signal processing.

Fig. 7. (2) Intrinsic ~ of TEy mode varying with the width of the SizN4 waveguide with
h =680 nm. The pump and signal wavelenths are 1550 nm and 1640nm, respectively. (b) The
calculated width along the SizNy4 waveguide. Red dotted and blue lines are for continuous
and piecewise tapers, respectively. is 1.0 m~!'w-!, =3.0dB/mand Py =35.4dBm. (c)
Simulated gain spectra of tapered (red) and uniform (blue) SizNy-waveguide OPAs.

5. Summary

In summary, improving the parametric amplification in integrated Si3zN4 OPAs by tapering
the waveguide width is proposed and systematically investigated in this paper. This technique
can effectively boost the performance of OPAs with lossy Si3N4 waveguides, which is verified
by simulations based on NLSE. According to the simulation results, peak parametric gain at
precise target wavelengths is realized in spite of the variation of waveguide length. In addition,
the length of the tapered Si3Ns waveguide can be reduced for the integrated OPA to reach the
same maximum peak gain of the OPA with a single uniform Si3N4 waveguide. Besides, the
tapered SizN4-waveguide OPA also exhibits broadband operation. It is found that piecewise
tapers with four sections can reach similar performance as a continuous taper. This indicates
that the fabrication of the proposed integrated OPA can be simplified. Besides, decreasing or
increasing the width can both work and increasing it can lead to more tolerance to fabrication.
The proposed tapered integrated Si3sN4 OPAs offer potential for a wide range of applications in
optical communications, optical signal processing and microwave photonics.
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