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1. Introduction

Significantly increasing bandwidth through intensity-dependent
nonlinearity, that is, supercontinuum generation (SCG),[1–3] is
central to a vast plethora of applications such as in frequency
combs,[4,5] hyperspectral light detection and ranging
(LiDAR),[6,7] optical coherence tomography (OCT),[8,9] or nonlin-
ear optical pulse compression.[10,11] Most implementations of
SCG require significant pump-pulse energy to broaden the

spectral bandwidth at useful power levels
for most applications.[12] Achieving ultra-
wide bandwidth spectra remains challeng-
ing with on-chip pump sources due to the
high pulse energy requirements, thereby
limiting full integration of laser sources
on chip with SCG waveguides.

Currently, chip-scale SCG[13,14] requires
pump-pulse energies in the order of hun-
dreds of picojoules or several nanojoules.
However, pumping SCG with chip-
integrated laser sources, such as with
mode-locked heterogeneously or hybrid-
integrated diode lasers,[15,16] would require
that the SCG can be achieved with signifi-
cantly lower pulse energies in the sub-
10 pJ, presenting a major bottleneck in
achieving compact SCG sources. The low-
pulse-energy requirement especially limits
bandwidth generation within the high
spectral power 1/e (��4 dB) range, crucial

for interferometric applications such as OCT and the generation
of ultrashort pulses.

Nowadays several approaches have been explored to lower
this pump energy requirement. One approach is to utilize mate-
rials with a smaller bandgap, which increases a waveguide’s
effective nonlinear coefficient via increased nonlinear
susceptibility.[17,18] However, this may limit material choices
for efficient nonlinear bandwidth generation. Another method
relies on enhancing the peak intensity by tightly confining the
optical radiation within the waveguide. Thus, choosing a high-
index contrast waveguide CMOS-compatible platform, such as
silicon nitride circuits, further increases the peak intensity
and bandwidth.[19,20] These methods eventually fall through
because the pulse’s peak power is lost or rendered ineffective
by the interaction of waveguide dispersion and self-phase mod-
ulation. Due to dispersion, either temporal broadening will
occur, reducing peak power, or the pulse forms into stationary
solitons, both leading to stagnation of spectral generation above
the�20 dB range.[21] Thus, simply increasing the confinement or
increasing the waveguide length is not effective in matching the
low-pulse-energy requirements of fully integrated SCG sources.

A promising approach is to alternate the sign of dispersion in
segments of different lengths across the propagation to counter-
act both types of SCG stagnation mechanisms of spectral
generation.[22,23] The bandwidth increase, notably at the 1/e level,
is then ongoing with increasing number of alternating disper-
sion segments, resulting in a substantially increased spectral
generation length, terminating only if waveguide losses start
to dominate.
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Fully integrated supercontinuum sources on-chip are critical to enabling
applications such as portable and mechanically stable medical imaging devices,
chemical sensing, and light detection and ranging. However, the low efficiency of
current supercontinuum generation schemes prevents full on-chip integration.
Herein, a scheme where the input energy requirements for integrated super-
continuum generation are drastically lowered by orders of magnitude is pre-
sented, for bandwidth generation of the order of 500–1000 nm. Through sign-
alternating dispersion in a CMOS-compatible silicon nitride waveguide, an
efficiency enhancement by factors reaching 2800 is achieved. It is shown that the
pulse energy requirement for large-bandwidth supercontinuum generation at
high spectral power (e.g., 1/e level) is lowered from nanojoules to 6 picojoules.
The lowered pulse energy requirements enable that chip-integrated laser sources,
such as mode-locked heterogeneously or hybrid-integrated diode lasers, can be
used as a pump source, enabling fully integrated on-chip high-bandwidth
supercontinuum sources.
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In this letter, we report novel implementations to increase
spectral generation efficiency of the bandwidth at high spectral
power, needed for applications such as OCTs or nonlinear pulse
compression in integrated waveguide SCGs.[24] We experimen-
tally demonstrate SCG generation in repeatedly sign-alternated
dispersion silicon nitride waveguides, which exhibits 1/e band-
width generation enhancement up to 2800 times compared to the
state of the-art. The increased energy efficiency of our approach
leads to required pulse energy down to the sub-10 pJ level.
Our results represent an important step toward all-integrated
wide-bandwidth portable light sources.

2. Results

2.1. Design of the Alternating Dispersion Waveguides

A conceptual illustration of the alternating waveguides is shown
in Figure 1a. In our waveguide design of fixed thickness, step-
wise variation of the waveguide width along the propagation
direction is used to set the dispersion at normal dispersion
(ND) or anomalous dispersion (AD).

Due to alternating dispersion, the loss of peak power from
temporal broadening in ND is offset by pulse compression in
AD segments. In turn, the cessation of spectral generation
due to soliton formation[25] in anomalous segments is overcome
by spectral generation in the ND segments and by nonlinear
compression of the chirped stretched pulse in the subsequent
AD segments. The spectral generation then remains across a
longer interaction length of the waveguide, resulting in large
spectral enhancements of SCG by sign alternation of dispersion.

To minimize losses, adiabatic tapers are placed to connect the
segments in a chain. The pulse compression to shorter durations
per subsequent AD segment and the increasing frequency chirp
and duration after the ND segments are indicated in the figure by
the colored example profiles of the pulse’s electric field profile
after some of the segments.

As shown in Figure 1a (not to scale), two alternating structures
are considered to maximize spectral bandwidth to pump-power
efficiency for either the vertical or horizontal input linear polari-
zation state. Structure 1 maximizes the spectral generation of the
mode with vertical polarization (s), while structure 2 maximizes
that of horizontal polarization (p). Structure 1 has more width
iterations than structure 2.

The two structures were designed using an SCG solver,[23]

based on the nonlinear Schrodinger equation, described in the
Experimental Section. The structures were fabricated at the
Ligentec foundry with losses of less than 0.05 dB cm�1 by use
of SiN/SiO high-resolution all-nitride (AN) technology[26]

(see Experimental Section and Supporting Information I on
the structures, solver, and losses).

The calculated dispersion spectra of the AD and ND segments
are compared in Figure 1b,c for both s and p-polarizations.
The shaded areas indicate the bandwidth across which the sign
of the dispersion is inverted, which is�750 nm for s-polarization,
covering a wavelength range from 1200 to 1950 nm. The inver-
sion bandwidth for p-polarization is 300 nm with wavelength
range from 1300 to 1600 nm. The expectation is that the gener-
ated bandwidth spans at least the sign inversion wavelength

range, where dispersive loss of peak intensity and soliton forma-
tion are prevented.

The experimental setup is shown in Figure 1d and described
in Experimental Section. An input pulse centered at l554 nm,
with 21 nm bandwidth and an approximate duration of 165 fs,
was used from an ultrafast fiber laser (Toptica FemtoFiber
Ultra). Pulses were coupled into the waveguides through a lensed
fiber (pulse duration after lensed fiber is 179 fs, with negligible
nonlinearity, shown in Experimental Section).

2.2. Low-Pulse-Energy Spectral Output of the Alternating
Dispersion Waveguides

The output power spectra were measured at different pulse
energies and polarization states for each waveguide structure.
The overall transmission loss through the waveguide circuits
was calculated using the loss values provided by the manufac-
turer as given in the Supporting Information I. To determine
the in-coupled power independent of uncertainties in mode-
matching efficiencies at the input, the power in the waveguides
was measured at the output and corrected for propagation loss.
Using manufacturer provided values and simulations, we esti-
mate that losses due to propagation and outcoupling do not
exceed a maximum total of 30%. In order to effectively compare
the simulations with experiment, we refer to the estimated pulse
energy just after incoupling to the waveguide.

Figure 2a shows the output spectral power plotted against
wavelength for structure 1 for the s-polarized input. With
increasing pulse energy, both the bandwidth increases and the
amount of spectral power approaching or exceeding the 1/e level.
However, of main importance is that the structures provide an
unprecedented bandwidth generated at low pulse energy. The
high bandwidth efficiency reveals itself by the low pulse energy
threshold, needed for the 1/e width to exceed the sign-inversion
dispersion bandwidth (marked in yellow in Figure 2a) at 34 pJ
(24 pJ measured after the output lens).

At the threshold pulse energy at 34 pJ, the bandwidth spans
from �1500 to 2450 nm, that is, 950 nm. At the �30 dB level,
the spectrum spans more than an octave. As pulse energy
increases, the spectrum flattens within the 1/e width which in
turn increases to greater than 1000 nm at an output pulse energy
of 55 pJ. Increasing pulse energy also results in narrowband
dispersive wave components at �480, 515, and 550 nm, shown
in the inset.

An example spectrum obtained from our solver is shown as
the dotted curve in Figure 2a. While the simulated spectrum
has a pulse energy of 20 pJ, it best matches the experiment at
pulse energy of 34 pJ in terms of profile and bandwidth. The off-
set is likely from remaining deviations between the assumed
numerical dispersion profiles and nonlinear coefficients and the
actual profiles obtained from the fabrication process. However,
while these deviations are present, as can be seen from the
experiments, the simulation was able to still find an efficient
sign-alternating dispersion structure that maximizes the 1/e
bandwidth range, describes the salient dispersive and nonlinear
effects, and shows the expected shape of the spectral profile.

As shown in Figure 2a,b, it was experimentally found that
for both structures, the spectral bandwidth exceeds the
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Figure 1. Sign-alternated-dispersion silicon nitride waveguides for efficient SCG. a) An illustration of integrated waveguide structure 1 and structure 2.
The darker region indicates the silicon nitride core, while the lighter region corresponds to the silicon oxide cladding. The overall lengths of both structures
are indicated, and the amounts of ND and AD segments are also shown. Nonlinear pulse propagation is shown through the qualitative dynamics of the
illustrated electric field profiles. The length and width of the segments are not shown to scale. For the exact geometrical dimensions of the waveguides,
refer to Supporting Information I. b) Calculated dispersion profiles of the s-polarized mode versus wavelength for the AD segment of 1350 nm width
(shown in red) and the ND segment of 650 nm width (shown in blue). The associated nonlinear coefficients of the waveguides are indicated as well. The
shaded region is the wavelength range where the sign of dispersion is inverted. c) Dispersion profiles for p-polarizations, analogous to panel (b).
d) Illustration of the experimental setup. A fiber laser delivering ultrashort pulses was used as the source. PBS refers to polarization beam splitter,
DM refers to dielectric mirror (1550 nm), SM to broadband silver mirror, and MM refers to multi-mode fiber. Optical spectrum analyzer (OSA) refers
to near-infrared or visible range optical spectrum analyzers (Ocean View NirQuest256 and Ando AQ6315A spectrum analyzer).
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sign-inversion wavelength range. We first explain this finding, to
supplement the above discussion on the nonlinear pulse dynam-
ics in sign-alternating dispersion structures.

As confirmed by simulations, the efficient spectral bandwidth
generated outside the inversion region is from dispersive waves
generated in the AD and ND segments as follows. As the optical

Figure 2. Measured supercontinuum spectra from the silicon nitride waveguides. a) Spectral power versus wavelength on a logarithmic scale for structure
1’s s-polarization mode, recorded at stepwise increased pulse energies as indicated in plots. Dispersive waves in the visible range are indicated in the
inset. b) Same plot as for (a) for structure 2’s p-polarization mode. c) Spectral power of the visible dispersive waves of structure 1 at a pulse energy of
55 and 89 pJ. d) Spectral power of the visible dispersive waves of structure 2 at a pulse energy of 69 pJ. e) Real-color image of an example of higher-order
modes of the visible dispersive wave at 485 nm. The pink coloring in the center is due to the IR sensitivity of the camera.
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pulse repeatedly undergoes spectral generation in subsequent
AD and ND segments, dispersive waves are also repeatedly gen-
erated. However, the main pulse profile changes (e.g., in peak
intensity) due to the nonlinear propagation within each segment,
generating a different frequency profile of dispersive waves at
each segment. The superposition of all the generated dispersive
waves then creates the broadband spectral profile above the
1/e-level and outside the inversion range, seen in the output
spectra (refer to Supporting Information II for more details).

In the presentation of spectra in this article, we start at the
pulse energy when the formation of the broadband dispersive
waves surpasses the 1/e level. However, substantial spectral
broadening (e.g., >200 nm) occurs already at lower pulse
energies, but with a 1/e-level bandwidth contained within the
inversion wavelength range.

The total bandwidth generated is generally larger with wider
inversion bandwidth, as seen when comparing s-polarization
bandwidth to that of p-polarization for structure 1 and 2 respec-
tively (Figure 2b). Structure 2 is designed to maximize the band-
width of p-polarization, a 1/e spectral width of �375 nm is
obtained at 9 pJ pulse. The simulation trace is shown as the dot-
ted blue line. Narrowband high-power visible dispersive waves,
exceeding the �20 dB level, are found between 480 and 580 nm
in structure 1 (Figure 2c). For structure 2, a dispersive wave at
485 nm exceeds the �8 dB level, as shown in Figure 2d. The vis-
ible dispersive waves for structure 1 and 2 exhibit higher-order
spatial modes. For example, the dispersive wave at 485 nm is
approximately a TE33 mode, as shown in Figure 2e.

The visible dispersive waves are in higher-order modes and
thus, we surmise that they are not from the traditional self-phase
modulation (SPM)–group velocity dispersion (GVD) dynamics
but result from spontaneous four-wave mixing in the AD seg-
ments (i.e., they are close to the third harmonic) and then are
amplified by the increased spatial overlap of the radiation in
the more confined ND segments and phase matching conditions
for both segments.

Additional spectra for the p-polarization for structure 1 and
s-polarization for structure 2 are shown in Supporting
Information III. The bandwidth and spectral profiles for the
other polarizations for structure 1 and 2 are similar to the
corresponding polarizations presented here, albeit occurring at
higher-output pulse energies.

However, while the total bandwidth is higher for the
s-polarization, due to an enlarged inversion bandwidth, we predict
that p-polarization would output a better temporal profile and
shorter pulse. The prediction is because the overall dispersions
for a large region past 1550 nm for both the AD and ND segments
are lower in absolute magnitude than for the s-polarization. The
lower dispersion values also result in a flatter spectrum, as shown
in the spectral output results (Figure 2b). The flatter spectrum
would also yield a higher pulse compression and minimize side
lobes in the temporal pulse profile.

3. Discussion

To put our results in context, we defined an efficiency enhance-
ment factor (ηBP) to compare the spectral efficiency versus input
pulse energy of our sign-alternated devices with other integrated

SiN SCG setups. The efficiency enhancement factor gives
the gain of efficiency of our work compared to others and is
given as

ηBP ¼ Δλalt
Δλref

Eref

Ealt
(1)

In Equation (1), Δλ refers to the output 1/e bandwidth and ‘E’
refers to input pulse energy. The index ‘alt’ represents alternating
dispersion for our p and s-polarization structures while ‘ref’ indi-
cates previously reported experimental data without alternation.

Equation (1) provides a means of quantifying various SCG
schemes across a wide parameter range. The ηBP as defined
should be seen with some caution as it cannot incorporate all
the specifics of each case and is therefore only a global measure.
On the other hand, it is independent of specific waveguide
parameters, only looking at the overall efficiency of state-of-the
art systems as compared to ours.

We also note that our comparison does not factor in the rela-
tive flatness of the spectrum above the 1/e level, that is, there are
dips within this bandwidth range below the 1/e level. However,
the same spectral quality can be seen in the studies we compare
to with large-enough bandwidth to display such dips, for exam-
ple, other studies refs. [12,27–29].

We tabulate the efficiency enhancement factor of our method
in comparison to several state-of-the-art experimental results for
SCG in the integrated silicon nitride platform,[12,13,27–32] shown
in Table 1 for both structure 1 (s-polarization input) and structure
2 (p-polarization input) around a central wavelength of 1550 nm.
With regard to all of the compared works, the alternating SCG
waveguides show a clear relative advantage for both polarizations
and a maximum efficiency enhancement factor of ηBP > 2700.

We also tabulate our work, in Table 2, compared to other sig-
nificant studies at largely differing central wavelengths (λo), for
example, at 1 or >2 μm. Here we adjust the bandwidth of these
studies by an approximate factor, given as ½1550 nmλo

�2so that it can

be an effective bandwidth that can be compared to our study
centered at 1550 nm.

To signify the wide parameter range encompassed by the
references shown in Table 1 and 2, we also include cases where
alternating dispersion does not seem to offer an advantage on a
first view, as the efficiency enhancement factor is comparatively
low (ηBP �3 and 12, marked by asterisks or double crosses in
Table 1 and 2). However, closer inspection shows that also here
there is a clear advantage, because these works used waveguides
with a nonlinear refractive index and coefficient an order of mag-
nitude higher, for example, with silicon-rich nitride (USRN: indi-
cated by double crosses) or have nonlinear coefficients around 3
times higher (indicated by asterisks).

To compare our SiN waveguides more accurately to platforms
with higher nonlinearity, it is important to obtain an equivalent
pulse peak power that normalizes the waveguide nonlinear
coefficients. We find that the nonlinear term in the nonlinear
evolution equation scales with the peak power, that is, Po while
it scales linearly with the waveguide nonlinear coefficient
(see Experimental Section). Therefore, the pulse peak power
should be adjusted by ½γ1γo� where γ1 is the nonlinear coefficient

of the study in question and γo is the highest nonlinear
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coefficient of our SiN structures. In ref. [30], the comparison
yields that the 1/e bandwidth at a pulse energy of �9 pJ would
be needed in the comparison table and in ref. [27] the bandwidth
at 2.7 pJ would need to be determined, to obtain an efficiency
comparison neglecting the influence of the higher material
nonlinearity.

Most closely matching our own pulse duration (180 fs) are the
most recent experiments described in another study ref. [12]

(200 fs). In that example a state-of-the-art integrated OCT source
is demonstrated, showing a spectral width of 100 nm at 25 pJ,
while our approach provides a width of 950 nm using 34 pJ
pulses, yielding a relative efficiency enhancement factor of
ηBP = 9, that is, input pulse energy requirements are lowered
by almost an order of magnitude. We note that this holds true
when factoring the lower central wavelength of 1300 nm as
opposed to 1550 nm in our study. To adjust for this wavelength

Table 1. Efficiency comparison to previous state-of-the-art integrated SCG sources.

Technologya) Materials Pump Pulse Input SCG 1/e
Bandwidth

[nm]

Efficiency
[nm pJ�1]

Efficiency ratio of our work
to cited work

FWHM [fs] Energy [pJ]

This work: s-pol. Optimized alternating waveguide Silicon nitride on oxide 180 34 950 28

This work: p-pol. Optimized alternating waveguide Silicon nitride on oxide 180 9 375 42 s-pol. Optimized
alternating
waveguide

p-pol. Optimized
alternating
waveguide

Two segment, either width or cladding removal,
cascaded anomalous dispersion waveguide[44]

Silicon nitride on oxide,
100 mm length

60 220 83 0.4 74 110

Wide (1300 nm) uniform-width anomalous
waveguide[13]

Silicon nitride on oxide 120 1400 21 0.02 1900 2800

Bragg grating-enhanced SCG[30]‡ Silicon-rich nitride on
oxide (USRN)

1700 10 24 2.4 12 17

Previous state of the art in efficiency SCG
OCT source (operating at 1300 nm)[12]

Silicon nitride on oxide
pumped at 1300 nm

200 25 110 4.4 6 9

Uncladded high-confinement anomalous
dispersion waveguide[28]

Silicon nitride on oxide 78 300 1000 3.3 8 13

Crossphase modulation intermodal SCG[29] Silicon nitride on oxide 88 250 100 0.4 70 100

a)The asterisk refers to works with a waveguide nonlinear coefficient, approximately a factor of around 3 times higher than what was used in our structures. The double cross
refers to a work in silicon rich nitride (USRN) with a nonlinear refractive index and coefficient approximately an order of magnitude higher than our structures. The double
asterisk refers to a work with nonlinear coefficient 28 times higher than the maximum used in our structures.

Table 2. Efficiency comparison to previous state-of-the-art integrated SCG sources at central wavelength significantly different from our work.

Technologya) Materials Pump Pulse Input Effective
Bandwidth

[nm]

Efficiency
[nm pJ�1]

Efficiency ratio of our work
to cited work

FWHM [fs] Energy [pJ]

This work: s-pol. Optimized
alternating waveguide

silicon nitride on oxide 180 34 950 28

This work: p-pol. Optimized
alternating waveguide

silicon nitride on oxide 180 9 375 42 s-pol. Optimized
alternating
waveguide

p-pol. Optimized
alternating
waveguide

Low pulse energy SCG[34]** Highly nonlinear waveguides (220 Wm�1),
Silicon on oxide at 2300 nm

70 4 135 34 �1 �1

Low pulse energy SCG[45] Silicon nitride pumped at 1064 nm 70 18 11 0.6 48 71

Bragg grating and confinement-
enhanced SCG[27]*

Silicon on insulator (SOI) at 1950 nm 250 27 221 8 3 5

Enhanced confinement and tapered
anomalous waveguides[31]*

Silicon on insulator (SOI)
pumped at 1950 nm

250 27 252 9 3 5

Uniform-width anomalous waveguide[32] Silicon nitride on oxide,
pumped at 1030 nm

115 590 340 0.7 49 71

a)The asterisk refers to works with a waveguide nonlinear coefficient, approximately a factor of around 3 times higher than what was used in our structures. The double cross
refers to a work in silicon rich nitride (USRN) with a nonlinear refractive index and coefficient approximately an order of magnitude higher than our structures. The double
asterisk refers to a work with nonlinear coefficient 28 times higher than the maximum used in our structures.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2023, 2200296 2200296 (6 of 9) © 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202200296 by U

niversity O
f T

w
ente Finance D

epartm
ent, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.adpr-journal.com


mismatch, the effective bandwidth of ref. [12] that can be com-
pared to ours would be multiplied by

�
1550 nm
1300 nm

�
2 � 1.4,

yielding an adjustment of our efficiency factor from 9 to 6.
The structures in Table 1 and 2 span a length shorter than our

structures. In our approach, the AD segment lengths are lower
than the soliton fission length but are terminated right before
soliton fission occurs. This condition ensures that spectral gen-
eration in the AD segments is maximized and that solitons would
not be generated. We avoid that solitons are generated because
any spectral generation is then limited but modulations in the
spectrum increase, that is, the spectral quality degrades. In fact,
in past soliton fission, the spectral bandwidth may even decrease
in the AD segments or within the ND segments because of the
temporal distribution of the soliton bunch center frequencies,
that is, they have an opposite chirp profile to what generates spec-
trum in the SPM–GVD dynamics.[33]

Since the soliton fission length increases at lower pulse
energy, and waveguide nonlinearity, the footprint of our struc-
tures, spanning �9 cm on a 5mm by 10mm chip, is larger than
structures considered in the table. However, the longer AD seg-
ments to utilize the full range possible for spectral generation,
coupled with sign alternation, is what generates the high efficien-
cies recorded in Table 1 and 2 of our approach and enables large
1/e bandwidth generation at low pulse energy (see Supporting
Information for more details).

In regard to past work in dispersionmanagement for SCG, the
use of complex machine learning algorithms has been explored
recently in silicon on insulator where 1/e bandwidths of 300 nm,
centered at 2300 nm, have been achieved at 4 pJ but through a
highly nonlinear coefficient of 220 (Wm)�1.[34]

In contrast, our approach indicates that more efficient SCG
1/e bandwidth generation can take place by simply alternating
the sign of dispersion, in materials with low nonlinearity (at most
8 (Wm)�1). It would be of interest to compare the findings of the
machine learning algorithm to our approach of sign alternation
in a waveguide system with the same material nonlinearity for
both methods. If sign alternation produces comparable or better
efficiency, then the reduction in complexity can narrow the
parameter space for SCG machine learning algorithms or obtain
a better set of input constraints. We predict that with the help of
machine learning algorithms, such as what is presented in
another study,[34] a more optimal design can be found where
regions of AD waveguides and ND waveguides are alternately
iterated, however, not necessarily at two fixed waveguide widths
(with adiabatic tapers in between) as done in this study. We have
outlined how such a device can be used to optimize for nonlinear
temporal pulse compression in the study by Zia et al.[23]

4. Conclusion

In conclusion, alternating dispersion waveguides for wide-
bandwidth generation at the 1/e bandwidth are an important step
forward for all-integrated SCG sources. Our approach can be
implemented in a variety of material platforms where dispersion
can be engineered by the geometry of the waveguide, that is, in
high-contrast refractive index materials. For follow-up studies,
we plan to extend the material platforms of our approach and

optimize the output temporal profiles of the pulses for pulse
compression applications.

The pulse energy needed for wide-bandwidth SCG at the 1/e
width, found to be 9 pJ at 1550 nm in our approach, is now com-
ing into proximity with the 1–3 pJ pulse range offered by state-of-
the-art integrated ultrafast diode lasers centered at 1550 nm.[15,16]

Ultrashort pulse durations are supported by the bandwidth of the
laser described in ref. [16], and the required moderate upscaling
of the pulse energy appears feasible, for example, with on-chip
amplification.[35]

Diode-pumped solid-state waveguide lasers are more challeng-
ing regarding CMOS compatibility although the required optical
pumping has shown great progress with off-chip pump lasers.
While these lasers operate so far only in the continuous wave
(CW) regime,[36] they hold potential as a laser source for the
sign-alternating SCG waveguides presented in this letter, since
noticeably higher upper-state lifetimes and, correspondingly,
higher pulse energies are offered.

5. Experimental Section

Experimental Setup: A Toptica FemtoFiber Ultra laser was used,
centered at 1554 nm, with 78MHz repetition rate and a pulse duration
of 165 fs full width at half maximum. The laser was operated at maximum
power, so the output pulses had the widest spectral profile. The experi-
mental setup is shown through the schematic in Figure 1d), in the
main text.

The source pulses passed through an isolator to minimize feedback.
A half-wave plate and polarization beam splitter (PBS) arrangement
was then placed to serve as a variable power attenuator.

After the average power was lowered, the laser pulses were passed
through another half-wave-plate and quarter-wave-plate arrangements,
such that the polarization state was set to the s- or p-polarization entering
the alternating waveguide downstream. The quarter-wave plate is neces-
sary to account for the birefringence in the lensed fiber used to couple light
into the waveguide.

Next, the pulses passed through a lensed fiber (OZ optics, TSMJ-3S-
1550-9/125-0.25-5-5-45-0.28-POL-AR) consisting of SMF28 fiber of
�30 cm in length, terminated by a taper down to a tip diameter of
5 μm. The lensed fiber maximized the power coupled into the waveguide
(21%), calculated from the output power, and estimated propagation loss.
The dispersive effects were then verified to be negligible by measuring the
pulse duration at the output of the fiber, using an autocorrelator (APE
PulseCheck NX NIR), and the autocorrelation trace is shown in
Figure 3a. The associated Gaussian pulse duration at the full width half
maximum (FWHM) was �179 fs, which was similar to that of the source
laser (164 fs). Nonlinear effects in the fiber were verified to be negligible by
measuring the spectrum of the pulses at the fiber end facet using an Ando
AQ6315A spectrum analyzer (Figure 3b). Figure 3b shows the spectral
power after the lensed fiber for the maximum power used into the chip
compared to the spectral power before the lensed fiber.

The fiber was mounted on a five-axis stage (Nanomax Thorlabs, three
translational, pitch, and yaw) to maximize input coupling. The waveguides
were mounted on a separate stage with only translation perpendicular to
the propagation axis. The pulses were outcoupled from the waveguides
and collimated using a 3.1 mm aspheric focus lens (Thorlabs
C330TMD-C) on a three-axis stage (Nanomax, Thorlabs). The near-
infrared spectrum was measured using a NIR spectrometer (Ocean
View NirQuest256) with range from 850 to 2500 nm. The portion of
the spectrum, from 350 to 850 nm, was measured with the Ando spectrum
analyzer, whose total range extended from 350 to 1750 nm.

Waveguide Design and Fabrication: The waveguide width profile versus
propagation coordinate was found, by solving the associated group-
velocity dispersion profile using a numerical solver (Supporting
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Information I), and this information was the basis for the fabrication of the
structure. Parameters for the waveguide, such as the inverse input taper
and the adiabatic taper lengths between segments, losses, and minimal
bend radii, were provided by VLC photonics. The chip layout and wafer run
were designed and coordinated by VLC Photonics as well.

The fixed thickness of our waveguides was 800 nm, and the width of the
ND segments was 650 nm while that of the AD segments was 1350 nm.
Adiabatic tapers, with a length of 59 μm, were placed to connect the seg-
ments. Structure 1 had a total length of 9.9 cm, and Structure 2 had a
length of 9.4 cm. Both had an input inverse taper starting at a core width
of 200 nm. Both structures were folded on a 2 cm by 1 cm chip where the
bend radii were chosen such that the bends negligibly influenced the opti-
cal radiation.

Theory of Nonlinear Pulse Propagation and SCG: The experiment was
modeled using a generalized nonlinear Schrodinger equation (GNLSE)
under the slowly-varying envelope approximation, given in Equation (2).[17]

∂u
∂z

¼
X
k≥2

ikþ1

k!
βk

∂ku
∂τk

þ iγ 1þ iτs
∂
∂τ

� �
juj2u (2)

where u is the complex field envelope and βk is the Taylor series coefficient
of the expansion of the frequency-dependent wavenumber about the cen-
tral frequency, ωo. Since the expansion started at k ¼ 2, this amounted to
the Taylor series expansion of the group-velocity dispersion. τ ¼ t� Vgz is
the time coordinate, comoving in the frame of reference of the group
velocity dispersion (Vg ≡ β1

�1). τs is the characteristic timescale of self-
steepening (shock time), given as�5 fs. The equation was evaluated using
the split-step exponential Fourier method[37] iteratively along the
propagation coordinate z. The procedure to obtain the frequency-
dependent group velocity dispersion of the segments is described in
Supporting Information I.[38–43]

To compare our approach with platforms at different waveguide
nonlinearities, it was important to note the following derivation.

The material nonlinearity and the pulse peak power acted to increase
the nonlinear term in the GNLSE equation, in the same way.

This can be seen by normalizing Equation (2) to the peak value of the
input pulse power, that is, Po ¼ maxðjujo2Þ, the equation becomes

∂U
∂z

¼
X
k≥2

ikþ1

k!
βk

∂kU
∂τk

þ iγ 1þ iτs
∂
∂τ

� �
PojUj2U (3)

U ¼ u=maxðuoÞ (4)

The conclusion to this derivation was that the pulse peak power should
be adjusted by ½γ1γo� where γ1 is the nonlinear coefficient of the study in
question and γo is the highest nonlinear coefficient of our SiN structures
to obtain a meaningful comparison of performance across different
waveguide platforms.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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