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Directly accessing the middle infrared, the molecular functional group spectral region, via
supercontinuum generation processes based on turn-key fiber lasers offers the undeniable
advantage of simplicity and robustness. Recently, the assessment of the coherence of the
mid-IR dispersive wave in silicon nitride (Si3N,4) waveguides, pumped at telecom wavelength,
established an important first step towards mid-IR frequency comb generation based on such
compact systems. Yet, the spectral reach and efficiency still fall short for practical imple-
mentation. Here, we experimentally demonstrate that large cross-section SisN, waveguides
pumped with 2 pm fs-fiber laser can reach the important spectroscopic spectral region in the
3-4 um range, with up to 35% power conversion and milliwatt-level output powers. As a
proof of principle, we use this source for detection of C,H, by absorption spectroscopy. Such
result makes these sources suitable candidate for compact, chip-integrated spectroscopic
and sensing applications.
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he middle infrared (mid-IR) spectral region (2-10 pm) has

a high technological importance for spectroscopy and

sensing with applications in health and environmental
monitoring"2. Particularly, the 3-5um region, the functional
group region, is interesting as it hosts the first mid-IR atmo-
spheric window, and contains the molecular fingerprint of many
hydrocarbons, nitrogen dioxide, greenhouse gases, and specimens
detectable in breath analysis3. Besides direct mid-IR generation
with quantum cascade lasers®, interband cascade lasers”, and Fe?
* doped crystals®, wavelength conversion in nonlinear materials
is a promising solution to reach the mid-IR spectral range. Very
efficient conversion towards mid-IR has been demonstrated
through frequency-divide-by-two optical parametric oscillators”-8
and difference frequency generation (DFG) between two telecom
band signals®-13,

Broadband mid-IR generation can also be achieved by super-
continuum generation (SCG) in soft glass optical fibers!4-23 or
photonic integrated waveguides?4-31. Compared to other wave-
length conversion schemes, SCG offers some advantages®?: it is in
fact a compact single-pass geometry that does not require any
additional seed laser or temporal synchronization, and it can
provide a broader and tunable mid-IR emission. When CMOS
compatible materials are employed, SCG platforms benefit from
lithographic precision and high yield, and usually have low power
consumption. Recent works have shown that such approach can
be applied as well to dual-comb spectroscopy>2.

Often, to extend the reach into the mid-IR, the nonlinear
waveguides are pumped with an optical parametric oscillator
placed beyond the 2-micron wavelength range, but there is
interest in driving such platforms with femtosecond mode-locked
fiber lasers, which are reliable, easy to use, and compact frequency
comb sources.

However, up to now, very few demonstrations succeeded in
generating supercontinua following this paradigm. High energy
(2-3 nJ) femtosecond pulses in the 2-micron region can lead to
more than 30% of conversion efficiency (CE) beyond 2200 nm in
an InF; fiber?2, and spectral broadening extending beyond 4.5 um
in Telluride photonic crystal fibers?3. Despite the large CE and
spectral extent, the coherence of such mid-IR emission has not
been experimentally investigated. Conversely, low pulse energy
(18 pJ) at 2000 nm can lead to coherent mid-IR SCG in chalco-
genides nanospikes!®!” or nanotapers!?, but early damage power
threshold and high mid-IR absorption from the cladding avoid
power scaling up to the milliwatt level. In terms of chip integrated
waveguides, mid-IR extended SCG has been experimentally
demonstrated in AIN waveguides pumped with 0.8 n] from a
telecom band femtosecond mode-locked fiber laser?%. The power
generated inside the waveguide in the 3000-4000 nm range is
about 0.3 mW, corresponding to a CE close to 0.5%. Overall,
none of the above-mentioned approaches has been employed for
mid-IR spectroscopy demonstrations.

Also, in the last years there has been a trend in miniaturizing
and simplifying DFG schemes by utilizing single pump config-
uration with chip-scale nonlinear platforms. Emission up to 5.5
pm was obtained by DFG between the pump and the long-
wavelength dispersive wave (DW) in AIN waveguides?4, while
intrapulse DFG, generated from an Er:doped fiber mode-locked
laser, enables tunable mid-IR radiation in the 4-5um region
using PPLN waveguides33. However, efficiencies are limited to
below 0.5%.

Recently, we showed that direct generation of mid-IR light,
from an erbium-doped fiber laser at 1.56 pm, is possible through
DW generated in SizNy, and asserted the phase coherence and
frequency comb nature34. This platform has the potential to
merge all the desired features addressed separately in the above-
mentioned devices: a power scalable, fiber laser pumped coherent

mid-IR generation in a low loss chip-scale waveguide with
lithographical control of its dispersion.

However, the outstanding problem in this first demonstration
was the extremely low CE and insufficient power beyond 3 um for
future molecular fingerprinting. Indeed, reaching efficient DW
generation beyond 3 pum is still difficult in CMOS platforms
directly pumped by fiber lasers. The larger is the spectral cover-
age, the lower is the power transferred in the targeted region.
Moreover, the SCG process can convert a non-negligible portion
of the pump energy over unwanted spectral bands, such as in the
visible, further decreasing the CE in the region of interest3>.

In this work, we overcome these hurdles and demonstrate a
turn-key, high-efficient, and compact mid-IR source based on
DW generation with power levels sufficient for spectroscopy
application. We leverage both recent advances in fiber laser
technologies, which allow shifting their emission wavelength in
the short wave infrared (SWIR), until the limit of the silica
absorption edge (around 2.1 um), and large cross-section wave-
guide designs®®, enabling considerable freedom in dispersion
engineering and low mid-IR propagation losses. In this way we
efficiently convert, to the 3-4 um wavelength region, a commer-
cial SWIR femtosecond fiber laser by setting the pump wave-
length as to favor dispersion for targeted long wavelength
operation. Record CE, defined as on-chip generated mid-IR DW
power over on-chip coupled pump laser power, as high as 35% is
reached at 3.05 um, and close to 20% at 3.950 um, corresponding
to more than one milliwatt average power at the chip output. A
systematic experimental and numerical study on the generation of
mid-IR DW provides new information on the efficiency and
dynamics of the DW generation process as a function of the
pump power. Finally, as a proof-of-principle, we successfully
exploit this on-chip mid-IR source for C,H, detection through
gas absorption spectroscopy.

Results

Design of mid-IR source through dispersive wave optimiza-
tion. It is well known that propagation of sufficiently powerful
femtosecond laser pulses in the anomalous group velocity dis-
persion (GVD) region of a nonlinear waveguide can induce high
order soliton dynamics3?, leading to an initial spectral broadening
caused by self-phase modulation (SPM) and subsequent temporal
compression which are proportional to the soliton number?’. At
the compression point, when the spectrum is extensively broa-
dened, the soliton can be perturbed by high order dispersion
(HOD) or nonlinear terms resulting in soliton fission, and can
transfer energy to linear DW spectrally shifted from the pump3°.
The DW generation process can occur at the frequency where the
phase constant of the soliton pulse equals the one of the linear
wave38, and is thus given by the phase matching condition:

P
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where 8 is the mode propagation vector, w; is the soliton central
frequency, v, is the soliton group velocity, P is the pulse peak
power, and y is the waveguide’s effective nonlinearity. The non-
linear phase shift on the right-hand side of Eq. (1) is small and is
usually neglected. The left-hand side of Eq. (1) is called integrated
dispersion B, and can be rewritten as a Taylor expansion
leading to

w— w, )k
I Yt A @

k>2 ’ w=w

s

The GVD determines the location of the phase matching
points and it has been shown that the generation of a phase
matched DW corresponds to the occurrence of a zero dispersion
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wavelength (ZDW)3%40. Also, HOD terms (k>2) affect the
amount of power transfer to the DW3840:41 Qualitatively, even-
order dispersion terms lead to two DWs with symmetric intensity
and frequency detuning*? with respect to the pump, while
positive or negative odd-order terms break this symmetry
favoring blue or red-shifted DW, respectively?’. The material
dispersion of SizNy, can easily lead to a first ZDW point in the
near-IR for the fundamental waveguide mode, responsible for
DW generation at visible wavelengths. The large anomalous
material GVD in the mid-IR has to be compensated by waveguide
dispersion in order to reach a second ZDW at longer wavelengths.
However, efficiently converting the light to the mid-IR DW
means that conversion towards the unwanted visible DW has to
be limited, and mid-IR mode confinement has to be improved to
avoid cladding absorption. These limitations can be mitigated, as
seen in Fig. 1, by combining large cross-section waveguides,
which satisfy both the necessary confinement and dispersion
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Fig. 1 Comparison between standard and large cross-section silicon
nitride (SisN4) waveguides. a Group velocity dispersion (GVD) for the

TE fundamental mode of a standard waveguide with cross-section 870 x
1700 nm? (blue) and the TM fundamental mode of a large cross-section
waveguide with dimension 2177 x 1150 nm? (red). The insets show
scanning electron microscope (SEM) images of the waveguide cross-
section. b Attenuation coefficient a as a function of wavelength for (blue)
standard and (red) large cross-section waveguides. ¢ Solid lines: integrated
dispersion as a function of the wavelength for the standard waveguide
pumped at 1560 nm (blue) and the large cross-section one pumped at
2090 nm (red). The dispersive wave (DW) phase matching points lie in the
same region for both configurations. Dashed red line: integrated dispersion
as a function of the wavelength for the large cross-section waveguide
pumped at 1560 nm. Pump positions are indicated by the arrows

engineering, with accurate positioning of the pump wavelength,
to meet the requirements on HOD terms. The waveguides we use
in this study have a height that can reach 2.2 pym, with width in
the 1 um range, while the central wavelength of the pump laser
can be tuned between 2070 and 2090 nm.

In Fig. la, we show the computed GVD of standard (with a
height around 870 nm) and large cross-section Siz;N, waveguides.
The second ZDW of the latter waveguides is further red-shifted
compared to standard ones, enabling the generation of DW
deeper in the mid-IR for the same pump wavelength. At the
same time, the large cross-section waveguide can significantly
reduce mid-IR absorption in the silica cladding through improved
mode confinement, as seen in Fig. 1b, where we computed
the absorption losses « by including the imaginary part of
the refractive index of silica in our numerical simulations
(see Methods). The amount of integrated dispersion separating
the pump from the DW phase matched wavelengths, which we
will refer to as dispersion barrier, clearly illustrates a symmetry
breaking in DW generation. As seen in Fig. 1c, a 2090 nm pump
in large cross-section waveguides generates a mid-IR DW in the
same wavelength range as the one obtained by using standard
waveguides with a 1560 nm pump. However, 2090 nm pumping
in large waveguides leads to a much lower mid-IR dispersion
barrier, and a much higher visible one, that should clearly favor
mid-IR power transfer. It has to be noticed that even if the large
cross-section waveguide pumped at 1560 nm in theory features a
DW generated beyond 5 pm, the mid-IR dispersion barrier will
also significantly increase (Fig. 1c), greatly limiting the efficiency.

Experimental implementation and simulated dynamics. The
experimental set-up is detailed in Fig. 2a. The pump source is a
commercial, turn-key soliton self-frequency shifted thulium-
doped fiber mode-locked laser (NOVAE Brevity A+), with pulse
duration at full width half maximum (FWHM) of 78 fs, band-
width of 60 nm centered at 2090 nm, repetition rate of 19 MHz
and average power of about 100 mW. Before coupling to the
waveguide, the polarization is managed and the power can be
varied with a variable optical attenuator (VOA). Light is coupled
into the fundamental transverse magnetic (TM) polarization
mode of the waveguide, facilitated by inverse tapers and using two
identical aspheric black diamond lenses. At the device output, the
collimated light is focused by means of a parabolic mirror onto a
fluoride multimode fiber (MMF) and the spectra are recorded
with a Fourier Transform Optical Spectrum Analyzer (FT-OSA)
spanning the 1-5 pm range (Thorlabs OSA205C). The top view of
the device is acquired with a microscope objective which projects
the image on a visible camera. The samples consist of 5 mm long
straight Si;N, waveguides buried in SiO,. We investigated
waveguides with four different nominal widths: 1000, 1050, 1100,
and 1175 nm. The waveguide thickness slightly increases with
larger widths, ranging from 2.09 to 2.19 pm. The total coupling
losses were around 11 dB for the larger waveguides, but 1.5 and
2.5dB higher for the 1050 and 1000 nm respectively, while pro-
pagation losses are 0.2 dB/cm. Figure 2b shows the experimentally
recorded output spectrum from the 1100 nm width waveguide for
a coupled average power of 13.6 mW, corresponding to about 6.8
kW peak power and coupled pulse energy of 0.75 nJ. For these
values, the soliton number is around 5. A clear DW is observed at
the expected phase matching position near 3.5 um.

Indeed the obtained simulated spectrum reproduces well the
experimental one after a propagation of 4.2 mm, which matches
the length of the straight waveguide section, without considering
the tapered regions. It also shows a weaker visible DW around
500 nm which cannot be detected by the FT-OSA, but justifies the
observed green light scattered out of the chip (see Fig. 2a).
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Fig. 2 Experimental set-up and dispersive wave generation. a Experimental set-up. HWP half wave plate, QWP quarter wave plate, M mirror, MMF
multimode fiber. The left inset is a picture of the chip and input coupling lens, while the right one is an image of the output of the waveguide taken from the
top camera. Both images are taken under the same pumping condition. b Experimental (shaded region) and theoretical simulated (solid and dotted lines)
input and output spectra for 13.6 MW average power coupled in the 1100 nm width waveguide. Spectral (¢) and temporal (d) pump pulse evolution (dB
scale) over the waveguide length for an input pulse of 110 fs at 2090 nm, with frequency chirp C = —1000 fs2/2x

Looking at the simulated pulse evolution over the waveguide
length (Fig. 2¢), we notice how both the visible and mid-IR DWs
are generated at the soliton compression point which takes place
at around J.=3.5mm, also qualitatively confirmed on the
waveguide image in Fig. 2a. Moreover, Fig. 2c shows how, after
the first compression point, additional spectral broadening points
separated by a much shorter distance occur. This behavior can be
understood by looking at the temporal evolution in Fig. 2d. Just
after the first compression point, the propagating pulse separates
in two pulses in a process known as the soliton splitting effect43.
Due to HOD and high order nonlinear effects (e.g., the self-
steepening effect), one of the pulses has more energy and can
undergo sufficient broadening to again overlap with the DW. The
soliton self-compression process can thus repeat, leading to
multiple generation of DW as long as the new pulse maintains
enough energy for the necessary spectral broadening. This
mechanism thus reinforces the power in the DW spectral region.

Evolution and efficiency of DW generation. The simulated
integrated dispersions (Fig. 3a) indicate that the 2090 nm pump
significantly favors mid-IR DW for the four waveguide geome-
tries, and that the phase matching point continuously shifts
towards longer wavelength with increasing width. This expected
behavior is confirmed experimentally as seen in Fig. 3b. We
measure a DW peak at 3050, 3220, 3530, and 3950 nm for the
1000, 1050, 1100, and 1175 nm waveguide width, respectively.
There is a difference with the theoretically predicted phase
matched wavelengths for the smaller waveguides, which can be
primarily due to the recoil of the central soliton toward shorter
wavelengths and small variation in the actual waveguide
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Fig. 3 Dispersive wave generation. a Integrated dispersion for the

four waveguides under test. The inset shows expected mid-IR phase
matching points. b Experimental spectra recorded at an estimated average
coupled power of 13.6 mW, for the four different waveguides under test
(same color convention as for (a)). Points show the expected mid-IR
phase matching points
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Fig. 4 Dispersive wave efficiency. Scattered points represent experimental
data, lines are simulations. a mid-IR DW generation on-chip conversion
efficiency (CE) as a function of coupled pump power. Error bars of 0.5
dBm and +0.25 dBm represent the standard deviation of repeated
measurements of DW and coupled pump powers, respectively. b On-chip
mid-IR DW power estimated from measured spectra. Error bars: same as
for (@). 4.5 mW of on-chip DW power is reached at 3050 nm with 13 mW
pump power, at 3220 nm with 16 mW of pump power, at 3530 nm with 22
mW of pump power, and 3950 nm with 26 mW of pump power

dimensions (see Supplementary Note 1). In fact, because of the
negligible Raman response3?, here we do not see the red-shift of
the soliton and the consequent trapping of DW, as observed in
silica fibers?44>. The spectra of Fig. 3b also show that, apart from
some pump broadening due to SPM, most of the converted pump
energy lies in the DW bandwidth. We both experimentally
retrieved and numerically simulated the on-chip CE for all tested
waveguides (see Methods). It should be noted that the 1000 nm
wide waveguide suffered from higher input coupling loss, which
limited the range of coupled pump power.

The results for the on-chip mid-IR DW CE as a function of the
coupled pump power are plotted in Fig. 4a. We observe a power
threshold above which the DW is generated. This threshold
comes from the fact that the power must be high enough for the
soliton compression point to occur before the end of the
waveguide since’” I o« (|3,|P)~ /2. In addition, the broadening,
which is proportional to the soliton number3” N o< (P/|B,])~1/2
must be sufficient to overlap with the DW phase matched
wavelength. For the two smaller waveguides, the efficiency rapidly
increases with pump power, reaching record values in the
30-35%. For the larger waveguides, the efficiency does not
increase as quickly, mostly limited by the larger spectral
separation between pump and DW. Additionally, larger wave-
guides have a higher value of |B,| at the pump wavelength (0.32
and 0.4 fs%/um, respectively, compared to 0.14 and 0.22 fs%/um for
the 1000 and 1050 nm wide waveguides). For a given pulse peak
power and width, the soliton number is thus smaller#®, limiting
both the compression factor and the number of compression

points before the end of the waveguide (see Supplementary
Figure 1 for a numerical comparison between all the different
waveguides). Therefore less power can be coupled to the DW.
Nevertheless, CEs close to 20% are still experimentally measured.
Interestingly, the CE for the two smaller waveguides starts
decreasing beyond a coupled power of about 12 mW, a behavior
confirmed by the simulations. Indeed, increasing the pump power
up to our 20 mW maximum does not result in a significant
increase in DW power (see Fig. 4b). This could be due to the low
values of |B,] in these waveguides, leading to a longer
compression point than in the two larger waveguides (see
Supplementary Note 1). Therefore, in narrower waveguides,
spectral broadening caused by modulation instability*® can
happen on the same length scale of soliton compression, already
for coupled pump powers in the 12-20 mW range. In fact, at a
given point on the waveguide, modulation instability scales
exponentially with the pump power#3. Equivalently, one can look
at the soliton number, which also increases when |f3,| decreases.
Indeed, it has been shown that soliton fission occurs earlier than
wave breaking by modulation instability>> when N < 10.

In Fig. 4b, we report numerical and experimental data of the
mid-IR DW power as a function of the coupled pump power. In
the employed pump power range, all waveguides can generate
mid-IR DW with at least 4.5 mW but, due to the lower CE, the
required pump power increases with the wavelength reach.
However, thanks to the lower in-coupling losses, we could inject
more power in the two larger waveguides and reach stronger DW
generation at longer wavelengths. In fact, in such samples, the CE
increases all over the tested power range, as N> 10 is expected for
coupled power beyond 40 mW. Overall, this means that more
than 1mW can be estimated at the waveguides output (see
Methods), covering the entire 3—-4 um spectral region.

We could also experimentally estimate the visible DW
contribution by changing the output objective with a silica lens
and the long pass filter with a short pass one with cut-off at 700
nm. While this configuration leads to larger uncertainties in the
measurements, mainly due to larger scattering losses at shorter
wavelengths, both simulations and experimental data confirmed
the much lower CE for the visible DW generation, which
remained well below 5%.

Proof-of-principle spectroscopy measurement of C,H,. To
demonstrate the application of our on-chip source, we preformed
mid-IR absorption spectroscopy of acetylene (C,H,) using the DW
near 3 um from the 1000 nm wide waveguide (see Methods for
additional information on the employed experimental set-up). The
light from the Si;N, waveguide is directly coupled into a 108.5 cm
long gas cell, which contained the sample or reference gas. The
transmitted spectra measured with an optical spectrum analyzer
(OSA) after the cell, with and without sample C,H, gas, are shown
in Fig. 5a. Absorption dips originating from C,H, in the gas cell
and from atmospheric gas (H,O) outside the cell are clearly seen.
Figure 5b, ¢ shows the normalized absorption spectrum of C,H,
compared to the one simulated utilizing the HITRAN database*’.
The standard deviation of residual absorbance for this global fit is
~2.5x 104 cm~1. The maximum absorbance for 396 ppm C,H,
was measured to be 8.8x 1073 cm~1. The signal-to-noise ratio
was calculated to be 35 and the noise equivalent concentration is
~11 ppm. Clear spikes in the residuals near the absorption peaks
are likely due to the wavelength nonlinearity of the OSA within the
detection range, which is not taken into account in the model.

Discussion
We showed that the generation efficiency of mid-IR DW from a
commercial femtosecond SWIR fiber laser can be greatly
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enhanced to more than 35%, by proper dispersion engineering of
SisN, waveguides. In fact, state-of-the-art fabrication techniques
and fiber laser technology allow for careful waveguide design
which, in combination with a proper choice of the pump para-
meters, significantly favor the generation of mid-IR DW and
reduce the visible one, allowing us to report the highest efficiency
measured to date for on-chip mid-IR DW generation. The central
wavelength of the DWs increases with the width of the waveguide
and can be precisely positioned inside the first mid-IR trans-
parency window while maintaining preferential power transfer to
the mid-IR. Although the efficiency decreases with increasing
DW wavelength, we were able to obtain, at the chip output, a
maximum average output power of more than 1 mW spanning
roughly the entire 3-4 pm region. These values represent a sig-
nificant improvement both in terms of spectral coverage and
efficiency, compared to previous mid-IR SCG34. Notably, the
mid-IR output energy we obtained is comparable to the state-of-
the-art mid-IR sources for dual-comb spectroscopy, based on
DFG in PPLN waveguides!3, pumped with similar peak power
fiber frequency combs. The source can be used for absorption
spectroscopy, as shown here with the detection of C,H, in the 3
pm band. The expected comb structure of the DW3* could also
enable dual-comb measurements, which however would be best
implemented pumping the waveguides using a laser with hun-
dreds of MHz of repetition rate8.

In summary, the presented approach can lead to a very effi-
cient, compact, and easy to use device for coherent mid-IR light
generation. In fact, it benefits from photonic integration both for
the chip-scale nonlinear stage, compatible with planar fabrication
techniques, and for the pump source which is a silica fiber-based
laser. The device can cover the 3-4 pm region, which hosts the
signature of important greenhouse gases like methane (CH,) and
nitrous oxide (N,O). The absorption lines of carbon dioxide
(CO,), just at the boundaries of the covered range (around 2.7
and 4.3 um), can be targeted with slightly narrower or wider
waveguides. In addition, this approach provides a power level
sufficient for spectroscopy application!3, bridging the gap
between fiber sources and quantum cascade lasers, which are the

workhorse of mid-IR spectroscopy devices. Such result could
therefore provide a suitable alternative to microresonators*$->2 to
generate mid-IR frequency combs on a chip, when sub-gigahertz
teeth spacing is required. Moreover, soliton-induced SCG in
integrated photonic platforms has been recently demonstrated to
coherently broaden the spectrum of optical frequency combs by
more than one octave®3, allowing their stabilization in f-to-2f
schemes®%35, Therefore, with the possibility to combine both y(2)
and y©3) nonlinearities in Si;N,76-%8, full on-chip stabilization of
the mid-IR comb generated in these waveguides can also be
considered.

Methods

Numerical simulations. The waveguide dispersion was simulated using a Finite
Element Method software (COMSOL Multiphysics) in which the wavelength
dependence of the real part of the refractive index of Si;N, and SiO, were included
using the Sellmeier equation reported in refs. 48>9 respectively. In Fig. 1b, we
include the imaginary part of the refractive index of SiO, as k = 5-10~ ), which
qualitatively reproduces, in the region from 1 to 5 um, the data reported in ref. 0.
The SCG was simulated based on the nonlinear Schrodinger equation. We consider
an input sech? pulse with a frequency chirp of —1000 fs?/27, leading to pulse
duration of about 110 fs. The laser temporal pulse broadening mainly comes from
the dispersion in the wave-plates and input objective. We included the spectral
dependence of the nonlinear coefficient and a full and complete dispersion profile
that comprises up to 30th order when Taylor expended with respect to the
pumping frequency. Including more than 30 HOD terms does not change the
simulation result but just slowed down the computation. We also set the Raman
fraction and linear propagation losses to 0. In order to better compare with the
experimental results, we included a nonlinear contribution in the experimental in-
coupling losses proportional to the coupled pump power to the third power. We
attribute the need of this correction to the increase of multiphoton absorption
processes and the consequent free carrier absorption, mainly coming from

the increase of visible DW and the generated third harmonic with the pump power.

Waveguide fabrication. The waveguides under test are fabricated accordingly to
the photonic damascene process3®, which consists of a conformal low pressure
chemical vapor deposition (LPCVD) of SizN,. In addition to the waveguides, a
dense filler pattern is patterned into the hard mask of amorphous silicon on a 4 um
thick wet thermal silicon dioxide. This pattern efficiently releases the tensile stress
and prevents cracking of the thick Si3N, thin film. The SisN, core channels are
covered by a cladding of low temperature oxide (LTO).
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Dispersive wave generation efficiency. We estimate the DW power by inte-
gration on the FT-OSA. To first calibrate the power measurement in the FT-OSA,
we directly coupled the attenuated pump laser at 2090 nm to the MMF via the
parabolic mirror and sent it to the spectrometer. We measured the value obtained
integrating the entire laser bandwidth in the FT-OSA (Pgr.osa) and we compared
it to the power detected with an InGaAs photodiode (Thorlabs S148C) at the
output of the MMF (Ppp). The quantity ¢ = Ppp/Prr.0sa gave us the calibration
factor for the spectrometer. The mid-IR DWs were then integrated over their entire
spectral extend, namely 86-113, 80-110, 76-105, and 70-90 THz for the 1000,
1050, 1100, and 1175 nm wide waveguides, respectively. These values were then
multiplied by the measured calibration factor (c) at the pump wavelength to
retrieve the mid-IR DW power at the MMF output. It is important to notice that ¢
is constant over the entire FT-OSA spectral range. Finally, we considered the total
out-coupling losses, including transmission through the MMF and the output lens,
which was optimized for mid-IR throughput. The on-chip CE is then calculated as
the ratio between the on-chip mid-IR DW power over the coupled pump power.
The coupled pump power is estimated by direct detection of the pump laser before
the chip, and taking into account the in-coupling losses from the input lens (5 dB).

Also, we simulated the CE by integrating the output spectra obtained solving
the nonlinear Schrédinger equation. The CE was defined as the ratio between the
integral performed over the DW bandwidth, over the integral of the input
spectrum. The on-chip power was then calculated by multiplying the theoretical
CE by the value of the pump power used in the simulation.

Absorption spectroscopy. The mid-IR DW is collimated by adjusting the focal
distance of the objective at the chip output and passes through the cell. The sample
spectrum is obtained by filling the gas cell with 396 ppm C,H, buffered in N, in
1 atm total pressure at T = 296 K. The reference is obtained by purging the cell with
pure N,. The measurement time is ~2 min. The light exiting the gas cell is guided to
an OSA (Yokogawa AQ6376) through a single mode indium fluoride (InF;) fiber to
improve spectral resolution. In this configuration, the total losses from the chip
output are estimated to be around 20 dB. The OSA was set to its best resolution,
corresponding to 0.1 nm with a single mode fiber, and high sensitivity setting using
the internal chopper mode. We used 0.1 sampling interval for Fig. 5a and 0.02 for
Fig. 5b, c.

Data availability
The data that support the findings of this study are available from the corresponding
authors on reasonable request.

Received: 29 October 2018 Accepted: 14 March 2019
Published online: 04 April 2019

References

1. Keilmann, F., Gohle, C. & Holzwarth, R. Time-domain mid-infrared
frequency-comb spectrometer. Opt. Lett. 29, 1542-1544 (2004).

2. Petersen, C. R. et al. Mid-IR supercontinuum covering the 1.4 um to 13.3 pm
molecular fingerprint region using ultra-high NA chalcogenide step-index
fibre. Nat. Photonics 8, 830-834 (2014).

3. Vainio, M. & Halonen, L. Mid-infrared optical parametric oscillators and
frequency combs for molecular spectroscopy. Phys. Chem. Chem. Phys. 18,
4266-4294 (2016).

4. Razeghi, M., Bandyopadhyay, N., Bai, Y., Lu, Q. & Slivken, S. Recent advances
in mid infrared (3-5um) quantum cascade lasers. Opt. Mater. Express 3,
1872-1884 (2013).

5. Vurgaftman, I et al. Mid-infrared interband cascade lasers operating at
ambient temperatures. New J. Phys. 11, 125015 (2009).

6. Kozlovskii, V. L et al. Pulsed Fe2*:ZnS$ laser continuously tunable in the
wavelength range of 3.49-4.65 um. Quantum Electron. 41, 1-3 (2011).

7. Muraviev, A. V., Smolski, V. O., Loparo, Z. E. & Vodopyanov, K. L. Massively
parallel sensing of trace molecules and their isotopologues with broadband
subharmonic mid-infrared frequency combs. Nat. Photonics 12, 209-214
(2018).

8. Lee, K. F. et al. Midinfrared frequency comb from self-stable degenerate GaAs
optical parametric oscillator. Opt. Express 23, 26596-26603 (2015).

9. Cruz, F. C. et al. Mid-infrared optical frequency combs based on difference
frequency generation for molecular spectroscopy. Opt. Express 23,
26814-26824 (2015).

10. Ruehl, A. et al. Widely-tunable mid-infrared frequency comb source based on
difference frequency generation. Opt. Lett. 37, 2232-2234 (2012).

11. Erny, C. et al. Mid-infrared difference-frequency generation of ultrashort
pulses tunable between 3.2 and 4.8 um from a compact fiber source. Opt. Lett.
32, 1138-1140 (2007).

12. Sobon, G., Martynkien, T., Mergo, P., Rutkowski, L. & Foltynowicz, A. High-
power frequency comb source tunable from 2.7 to 4.2 pm based on difference

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

frequency generation pumped by an Yb-doped fiber laser. Opt. Lett. 42,
1748-1751 (2017).

Ycas, G. et al. High-coherence mid-infrared dual-comb spectroscopy spanning
2.6 to 5.2 um. Nat. Photonics 12, 202-208 (2018).

Xing, S. et al. Mid-infrared continuous-wave parametric amplification in
chalcogenide microstructured fibers. Optica 4, 643-648 (2017).

Hudson, D. D. et al. Toward all-fiber supercontinuum spanning the mid-
infrared. Optica 4, 1163-1166 (2017).

Granzow, N. et al. Mid-infrared supercontinuum generation in As,S;-silica
“nano-spike” step-index waveguide. Opt. Express 21, 10969-10977 (2013).
Lee, K. F. et al. Midinfrared frequency combs from coherent supercontinuum
in chalcogenide and optical parametric oscillation. Opt. Lett. 39, 2056-2059
(2014).

Marandi, A. et al. Mid-infrared supercontinuum generation in tapered
chalcogenide fiber for producing octave-spanning frequency comb around 3
um. Opt. Express 20, 24218-24225 (2012).

Rudy, C. W., Marandi, A., Vodopyanov, K. L. & Byer, R. L. Octave-spanning
supercontinuum generation in in situ tapered As,S; fiber pumped by a
thulium-doped fiber laser. Opt. Lett. 38, 2865-2868 (2013).

Yu, Y. et al. Mid-infrared supercontinuum generation in chalcogenides. Opt.
Mater. Express 3, 1075-1086 (2013).

Gauthier, J.-C. et al. Mid-IR supercontinuum from 2.4 to 5.4 um in a low-loss
fluoroindate fiber. Opt. Lett. 41, 1756-1759 (2016).

Salem, R. et al. Mid-infrared supercontinuum generation spanning 1.8 octaves
using step-index indium fluoride fiber pumped by a femtosecond fiber laser
near 2 um. Opt. Express 23, 30592-30602 (2015).

Domachuk, P. et al. Over 4000 nm bandwidth of mid-IR supercontinuum
generation in sub-centimeter segments of highly nonlinear tellurite PCFs. Opt.
Express 16, 7161-7168 (2008).

Hickstein, D. D. et al. Ultrabroadband supercontinuum generation and
frequency-comb stabilization using on-chip waveguides with both cubic and
quadratic nonlinearities. Phys. Rev. Appl. 8, 014025 (2017).

Lau, R. K. W. et al. Octave-spanning mid-infrared supercontinuum generation
in silicon nanowaveguides. Opt. Lett. 39, 4518-4521 (2014).

Kuyken, B. et al. An octave-spanning mid-infrared frequency comb generated
in a silicon nanophotonic wire waveguide. Nat. Commun. 6, 6310 (2015).
Liu, X. et al. Octave-spanning supercontinuum generation in a silicon-rich
nitride waveguide. Opt. Lett. 41, 2719-2722 (2016).

Porcel, M. A. G. et al. Two-octave spanning supercontinuum generation in
stoichiometric silicon nitride waveguides pumped at telecom wavelengths.
Opt. Express 25, 1542-1554 (2017).

Chévez Boggio, J. M. et al. Dispersion-optimized multicladding silicon nitride
waveguides for nonlinear frequency generation from ultraviolet to mid-
infrared. J. Opt. Soc. Am. B 33, 2402-2413 (2016).

Sinobad, M. et al. Mid-infrared octave spanning supercontinuum generation
to 8.5 um in silicon-germanium waveguides. Optica 5, 360-366 (2018).
Singh, N. et al. Midinfrared supercontinuum generation from 2 to 6 pm in a
silicon nanowire. Optica 2, 797-802 (2015).

Nader, N. et al. Versatile silicon-waveguide supercontinuum for coherent mid-
infrared spectroscopy. APL Photonics 3, 036102 (2018).

Kowligy, A. S. et al. Mid-infrared frequency comb generation via cascaded
quadratic nonlinearities in quasi-phase-matched waveguides. Opt. Lett. 43,
1678-1681 (2018).

Guo, H. et al. Mid-infrared frequency comb via coherent dispersive wave
generation in silicon nitride nanophotonic waveguides. Nat. Photonics 12,
330-335 (2018).

Dudley, J. M., Genty, G. & Coen, S. Supercontinuum generation in photonic
crystal fiber. Rev. Mod. Phys. 78, 1135-1184 (2006).

Pfeiffer, M. H. P. et al. Photonic Damascene process for integrated high-Q
microresonator based nonlinear photonics. Optica 3, 20-25 (2016).

Chen, C.-M. & Kelley, P. L. Nonlinear pulse compression in optical fibers:
scaling laws and numerical analysis. J. Opt. Soc. Am. B 19, 1961-1967
(2002).

Akhmediev, N. & Karlsson, M. Cherenkov radiation emitted by solitons in
optical fibers. Phys. Rev. A 51, 2602-2607 (1995).

Karpov, M. et al. Raman self-frequency shift of dissipative Kerr solitons in an
optical microresonator. Phys. Rev. Lett. 116, 103902 (2016).

Roy, S., Bhadra, S. K. & Agrawal, G. P. Effects of higher-order dispersion on
resonant dispersive waves emitted by solitons. Opt. Lett. 34, 2072-2074 (2009).
Roy, S., Bhadra, S. K. & Agrawal, G. P. Dispersive waves emitted by solitons
perturbed by third-order dispersion inside optical fibers. Phys. Rev. A 79,
023824 (2009).

Zhang, L. et al. Silicon waveguide with four zero-dispersion wavelengths and
its application in on-chip octave-spanning supercontinuum generation. Opt.
Express 20, 1685-1690 (2012).

Agrawal, G. P. Nonlinear Fiber Optics (Elsevier, Oxford 2013).

Gorbach, A. V. & Skryabin, D. V. Light trapping in gravity-like potentials and
expansion of supercontinuum spectra in photonic-crystal fibres. Nat.
Photonics 1, 653-657 (2007).

| (2019)10:1553 | https://doi.org/10.1038/s41467-019-09590-3 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

45. Wang, W,, Yang, H,, Tang, P., Zhao, C. & Gao, J. Soliton trapping of
dispersive waves in photonic crystal fiber with two zero dispersive
wavelengths. Opt. Express 21, 11215-11226 (2013).

46. Kutz, J. N,, Lyngd, C. & Eggleton, B. J. Enhanced supercontinuum generation
through dispersion-management. Opt. Express 13, 3989-3998 (2005).

47. Rothman, L. S. et al. The HITRAN2012 molecular spectroscopic database. J.
Quant. Spectrosc. Radiat. Transf. 130, 4-50 (2013).

48. Luke, K., Okawachi, Y., Lamont, M. R. E., Gaeta, A. L. & Lipson, M.
Broadband mid-infrared frequency comb generation in a Si;Ny
microresonator. Opt. Lett. 40, 4823-4826 (2015).

49. Griffith, A. G. et al. Silicon-chip mid-infrared frequency comb generation.
Nat. Commun. 6, 6299 (2015).

50. Wang, C. Y. et al. Mid-infrared optical frequency combs at 2.5 pm based on
crystalline microresonators. Nat. Commun. 4, 1345 (2013).

51. Yu, M., Okawachi, Y., Griffith, A. G., Lipson, M. & Gaeta, A. L. Modelocked mid-
infrared frequency combs in a silicon microresonator. Optica 3, 854-860 (2016).

52. Yu, M. et al. Silicon-chip-based mid-infrared dual-comb spectroscopy. Nat.
Commun. 9, 1869 (2018).

53. Johnson, A. R. et al. Octave-spanning coherent supercontinuum generation in
a silicon nitride waveguide. Opt. Lett. 40, 5117-5120 (2015).

54. Klenner, A. et al. Gigahertz frequency comb offset stabilization based on
supercontinuum generation in silicon nitride waveguides. Opt. Express 24,
11043-11053 (2016).

55. Mayer, A. S. et al. Frequency comb offset detection using supercontinuum
generation in silicon nitride waveguides. Opt. Express 23, 15440-15451 (2015).

56. Grassani, D., Pfeiffer, M. H. P., Kippenberg, T. J. & Brés, C.-S. Second- and
third-order nonlinear wavelength conversion in an all-optically poled Si;N,
waveguide. Opt. Lett. 44, 106-109 (2019).

57. Billat, A. et al. Large second harmonic generation enhancement in Si;Ny4
waveguides by all-optically induced quasi-phase-matching. Nat. Commun. 8,
1016 (2017).

58. Porcel, M. A. G., Mak, J., Taballione, C., van der Slot, P. J]. M. & Boller, K.-J.
Photo-induced second-order nonlinearity in stoichiometric silicon nitride
waveguides. Opt. Express 25, 33143-33159 (2017).

59. Malitson, I. H. Interspecimen comparison of the refractive index of fused
silica. J. Opt. Soc. Am. 55, 1205 (1965).

60. Kitamura, R., Pilon, L. & Jonasz, M. Optical constants of silica glass from
extreme ultraviolet to far infrared at near room temperature. Appl. Opt. 46,
8118-8133 (2007).

Acknowledgements

D.G,, E.T., and C.-S.B. acknowledge support by the European Research Council (ERC)
under grant agreement ERC-2012-StG 306630-MATISSE and ERC-2017-CoG 771647-
PISSARRO. C.H., H.G., and T.J.K. acknowledge support by contract W31P4Q-16-1-0002
(SCOUT) from the Defense Advanced Research Projects Agency (DARPA), Defense
Sciences Office (DSO), and support by the Swiss National Science Foundation under

grant agreement no. 161573; H.G. acknowledges funding from the European Union’s
Horizon 2020 research and innovation program under Marie Sklodowska-Curie IF grant
(No. 709249); F.Y. acknowledges support by the Swiss National Science Foundation
under grant agreement no. 178895. The authors acknowledge Prof. Luc Thévenaz for
fruitful discussions.

Author contributions

D.G. performed the simulations, and D.G. and E.T. performed the experiments under the
supervision of C.-S.B. H.G. and C.H. conceived the design of large cross-section SisN,
waveguides under the supervision of T.J.K. CH. fabricated the large cross-section
waveguides. F.Y., E.T., and D.G. performed the gas absorption experiment and F.Y.
performed the HITRAN simulation. All authors discussed the data. D.G. and E.T. wrote
the manuscript with input from others. C.-S.B. supervised the project.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09590-3.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks Andrew Metcalf and
the other anonymous reviewer(s) for their contribution to the peer review of this work.
Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

8 | (2019)10:1553 | https://doi.org/10.1038/s41467-019-09590-3 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-09590-3
https://doi.org/10.1038/s41467-019-09590-3
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Mid infrared gas spectroscopy using efficient fiber laser driven photonic chip-based supercontinuum
	Results
	Design of mid-IR source through dispersive wave optimization
	Experimental implementation and simulated dynamics
	Evolution and efficiency of DW generation
	Proof-of-principle spectroscopy measurement of C2H2

	Discussion
	Methods
	Numerical simulations
	Waveguide fabrication
	Dispersive wave generation efficiency
	Absorption spectroscopy

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




