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Laser frequency combs, with their unique combination of precisely defined spectral
lines and broad bandwidth, are a powerful tool for basic and applied spectroscopy.
Here, we report offset-free, mid-infrared frequency combs and dual-comb spec-
troscopy through supercontinuum generation in silicon-on-sapphire waveguides. We
leverage robust fabrication and geometrical dispersion engineering of nanophotonic
waveguides for multi-band, coherent frequency combs spanning 70 THz in the mid-
infrared (2.5 ym—6.2 um). Precise waveguide fabrication provides significant spec-
tral broadening with engineered spectra targeted at specific mid-infrared bands. We
characterize the relative-intensity-noise of different bands and show that the mea-
sured levels do not pose any limitation for spectroscopy applications. Additionally,
we use the fabricated photonic devices to demonstrate dual-comb spectroscopy of a
carbonyl sulfide gas sample at 5 um. This work forms the technological basis for appli-
cations such as point sensors for fundamental spectroscopy, atmospheric chemistry,
trace and hazardous gas detection, and biological microscopy. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5006914

I. INTRODUCTION

Spectroscopy has been a primary scientific tool for studying nature, leading to seminal advances
in astronomy, quantum physics, chemistry, and biology. The coherent light from a laser provides a
powerful spectroscopic tool with the properties of high spectral resolution, wavelength tunability,
and a well-defined Gaussian beam enabling high intensity focusing and long-distance propagation.
Frequency comb lasers combine the above qualities in addition to a broad spectrum of precisely
defined optical lines (the comb) that can be absolutely referenced to radio frequencies (RF) or atomic
frequency standards.!= This has led to a variety of new spectroscopic advances.* '3

While frequency combs were initially developed for the visible and near-infrared spectral regions,
more recent research has focused on extending their coverage to the mid-infrared (mid-IR).'* This
spectral region is of great interest because it is where many molecules including greenhouse gases,
poisonous agents, explosives, and organics show distinctive ro-vibrational absorption fingerprints.'#

4Electronic mail: nader.nima@gmail.com and nima.nader @nist.gov
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The development of a practical, broadband, and low-noise mid-IR frequency comb with moderate
power could dramatically improve frequency precision, sensitivity, and data acquisition rates com-
pared to conventional techniques such as Fourier-transform-infrared (FTIR) spectroscopy. Different
approaches have been demonstrated including optical-parametric-oscillators (OPO),">!8 difference-
frequency-generation (DFG),'*° microresonators,’®> quantum cascade lasers (QCLs),?! and
supercontinuum generation.>>—3® Nonetheless, there lies an opportunity for approaches demonstrat-
ing broad bandwidth mid-IR generation with the combined attributes of robust integration, low noise,
high spectral resolution, and engineered spectral shape.

In the present work, we engineer supercontinuum in silicon-on-sapphire (SoS) waveguides to
realize versatile and coherent mid-IR frequency combs with tunable spectral shape and coverage. This
platform is introduced for mid-IR nonlinear photonics in an earlier work of Singh et al.>®* We build
upon this initial demonstration to fully realize the strength of the SoS platform in terms of geometrical
engineering of the waveguides by changing the strip waveguide dimensions and introducing a new
waveguide cross section, called “notch waveguides.” Through this, we achieve mid-IR frequency
combs with tailored spectral shape and bandwidth. We use a series of calculations and experiments
to characterize the temporal coherence and intensity noise behavior of the generated mid-IR spectra.
We show that supercontinuum generation preserves the coherence of the pump frequency comb
over the entire spectral band. We also demonstrate that the supercontinuum adds negligible intensity
noise beyond that of the 3 ym pump, keeping relative-intensity-noise (RIN) below —90 dBc/Hz.
This enables the use of our devices for dual-comb spectroscopy (DCS) of carbonyl sulfide (OCS)
at 5 um.

The motivation to use a nanophotonic platform lies in the connection between geometric control
of the waveguides and the group-velocity-dispersion (GVD), which allows the unique tailoring of
the nonlinear light generation with the application-defined power, spectral shape, and bandwidth.
Taken together with robust lithographic fabrication, and the strong third-order-nonlinearity of Si,¢
we realize on-chip, tunable, mid-IR frequency combs across 70 THz (2.5 um—6.2 um) with both
multi- and broad-band spectra. Furthermore, the simplicity and flexibility of the photonic technology
introduced here are conducive to system-level integration with emerging chip-based DFG sources>’
or mid-IR passively mode-locked fiber sources.*’ This could lead to a heterogeneously integrated
nanophotonics platform for versatile, mid-IR sources with small footprint, low power consumption,
and modest cost. The user-controlled and engineered multiband spectra would particularly benefit
applications where parallel multi-comb operation is desired, such as point sensors for real-time in
situ chemical synthesis monitoring, near-field microscopy, and remote sensing.

Il. WAVEGUIDE GEOMETRIES AND DISPERSION PROFILES

A silicon-based integrated photonic platform provides many characteristics required for efficient
mid-IR supercontinuum generation. This includes transparency to ~8.5 um, high third-order non-

linearity (n, =6 x 10713 sz which is 200x larger than silica),’® and high index of refraction (from
3.42 to 3.45). Together, these properties lead to low intrinsic loss, high mode confinement, versatile
dispersion engineering in waveguides, and enhanced nonlinear interactions. Historically, however,
nonlinear Si photonics depended on Si-on-Insulator (SOI) technology in which the optical mode
interacts with a SiO, cladding material.*”-*® This platform not only limits the geometrical dispersion
by reducing the core-cladding index contrast, it also restricts the mid-IR generation to wavelengths
shorter than ~4.0 um due to the increased absorption of the oxide cladding. For this reason, alternative
Si-based platforms with different cladding materials are necessary to fully realize the advantages of
a Si-based nonlinear photonic platform for mid-IR applications.

We design and fabricate air-clad Si waveguides on a sapphire substrate to avoid extra losses due
to cladding and substrate absorption.>® The waveguides are tapered to wider widths for broadband
input and output coupling (see Sec. I of the supplementary material for fabrication details). The
propagation and coupling losses are measured at the pump wavelength to be 5 dB/cm-7 dB/cm
(depending on waveguide geometry) and 6.7 dB + 1.4 dB per facet, respectively. Two different
waveguide cross sections are used for engineered dispersion profiles providing anomalous GVD
at the pump wavelength of 3.06 um. Strip waveguides with a rectangular cross section of 600 nm
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height and different waveguide widths from 2.2 um to 3.2 um are fabricated as the first group of
devices. A scanning-electron-micrograph (SEM) of a device cross section overlaid with a simulation
of the input mode, and a schematic diagram of the waveguides are presented in Figs. 1(a) and 1(b),
respectively. These devices have anomalous GVD profiles [Fig. 1(c)] that make them suitable for
supercontinuum generation in which most of the optical power is transferred within 30 THz of the
pump.

For efficient light generation above 4.2 um (more than 30 THz away from the pump), a different
approach is taken to provide an engineered zero crossing of the dispersion at long wavelengths.
A second group of devices, notch waveguides, are designed and utilized for this purpose. These
waveguides have a rectangular cross section with a shallow-etched notch on top [Figs. 1(d) and 1(e)].
In our designs, the waveguide width, W, and notch depth, nD, are fixed at 3.45 um and 300 nm,
respectively. Two notch widths, W, of 380 nm and 530 nm are fabricated where, as shown in
Fig. 1(f), the zero-dispersion wavelength is tuned with the notch position, nP, relative to the center
of the waveguide.

These notch waveguides facilitate dispersive wave generation where a significant portion
of the pump energy, as high as 40% depending on the pump pulse duration,** is transferred into a
spectral peak with its center wavelength in the normal dispersion regime. The exact wavelength of
the dispersive wave depends on the pump parameters and waveguide geometry and can be tailored
using the phase matching condition*> defined by Bpw — Bp — Uvg(wpw — wp) = 1/2yP,. In this
expression, Spw and f3, are the propagation constants of the waveguide at the dispersive wave and
pump wavelengths, v, is the group velocity at pump, wpw and w, are the dispersive wave and pump
angular frequencies, P, is the pump peak power, v is the waveguide nonlinearity and is given by
y= ZZ;’ with ¢ being the speed of light, n is the nonlinear index of Si at the pump wavelength, and
A.f 1s the effective area of the waveguide.

Moreover, strip and notch waveguides can both be designed to provide flat, anomalous GVD
with values close to zero in a broad wavelength bandwidth to generate octave-span continuum for
applications requiring broad comb coverage. Here, in Fig. 1(g), we present two designs that facilitate
this goal. The first waveguide has a strip cross section with Wy, = 3.06 um (dark blue curve), while

41-44

W

— W, =220um
F— W, =2.45um
- W, =2.65um

L— W, =295um 3
//ﬁ

25 27 29 31 33 35 37 39 41 43 45
Wavelength [um]

100 TWP=onm 9 100f 1
— — nP=200nM | —
13 50 — nP=400nm § E 50¢ ]
g Opff NN RO e © /
< <
S 50 S -50 ]
= 100 = — W, =3.06um
e e 100 — W, =530 nm, nP = 1.0 um |

-150 : . : . . - -150

2 2.5 3 3.5 4 4.5 5 5.5 6 25 30 35 4 45 50 55 6
Wavelength [um] Wavelength [um]

FIG. 1. Silicon-on-sapphire waveguides and calculated dispersion curves. [(a)—(c)] SEM micrograph, cross-sectional diagram,
and GVD profiles of fabricated strip waveguides, respectively. These waveguides are designed for multiband light generation
in targeted 3 um—4.2 um bands. [(d)—(f)] SEM micrograph, cross-sectional diagram, and GVD curves of fabricated notch
waveguides. The long-wavelength zero dispersion point can be tuned and pushed to longer wavelengths by increasing the
notch position relative to the center of the waveguide, enabling efficient light generation up to 5.7 um. The 3 um input modes
of the waveguides are overlaid on their SEM images while the waveguide width, notch width, notch depth, and notch position
are labeled with W, W, nD, and nP, respectively. (g) Designed GVDs of two waveguides for octave-span supercontinuum
generation. The dark blue curve is for a 3.06 um wide strip waveguide, while the orange curve represents the GVD of a notch
waveguide with W, =530 nm and nP = 1 um.
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the second design benefits from the notch cross section, with W, = 530 nm and nP = 1 um, to provide
a flat GVD profile over a broader bandwidth (orange curve).

lll. SUPERCONTINUUM GENERATION

The validity of the dispersion designs and their usefulness for broadband supercontinuum spectra
is verified experimentally. We design and build a laser based on a 1550 nm erbium-fiber oscillator
performing DFG in a periodically poled lithium niobate (PPLN)!” to generate 3.06 um pump light
with 100 fs, 1 nJ pulses (refer to Sec. II of the supplementary material). The mid-IR pump beam is
free-space coupled to the TEy mode of the waveguides, with 0.12 nJ pulse energy in the device (refer to
Sec. IT of the supplementary material). We monitored the output of the devices with a FTIR spectrom-
eter to record the supercontinuum spectra. We show that the strip waveguides designed in Fig. 1(c)
are optimal for light generation in multiple bands covering the spectral range from 3 ym to 4.25 ym
depending on the width of the waveguide [Fig. 2(a)]. The notch waveguides are also tested, and it is
shown in Fig. 2(b) that these generate long-wavelength dispersive waves, pushing the light to wave-
lengths as high as 5.7 um depending on the notch position. In addition, Fig. 2(c) presents the measured
output spectra of the two waveguides (strip and notch) designed for broadband, octave-span supercon-
tinuum generation. Due to the flat GVD profile shown in Fig. 1(g), the strip waveguide provides a broad
spectrum from 2.3 umup to 5 um, but the generated spectrum drops due to the GVD values (larger than
100 ps/km nm) at longer wavelengths. Similarly, the notch waveguide generates light at wavelengths
from 2.5 um to 6.2 um due to its extremely flat GVD profile. Here, the combination of increas-
ing GVD values and absorption of the sapphire substrate limit the generation at wavelengths above
6.2 um. The output mid-IR powers of the waveguides at the shaded regions in Figs. 2(a) and 2(b) are
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FIG. 2. Experimental and simulated supercontinuum from strip and notch SoS waveguides. [(a) and (b)] Measured output
spectra of strip and notch waveguides, respectively. (c) Octave span broadening in mid-IR extending to 6.2 gm from a strip (blue
curve) and notch (orange curve) waveguide. [(d)—(f)] Generalized nonlinear Schrodinger equation calculated supercontinuum
spectra of the waveguide devices under investigation for strip waveguides, notch waveguides, and octave-span broadening
devices, respectively. The calculated temporal coherence of the broadest spectrum in each panel is plotted with the gray line and
presented on the right vertical axis. [(g)—(i)] Calculated two-dimensional frequency domain, pulse-evolution plots along the
length of the waveguides. Data are presented for a strip waveguide with Wy,¢ =2.95 um, notch waveguide of W, = 380 nm and
nP = 600 nm, and a notch waveguide of W,, = 530 nm and nP = 1.0 um, respectively.
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independently measured to be tens of microwatts. The spectral shape, bandwidth, and power of the
shaded regions are of great importance since they can be filtered and used for dual-comb spec-
troscopy applications. It is worth noting that the new generation of the SoS waveguides, fabricated
after preparation of this manuscript, generates 100 uW-200 uW at these spectral bands of interest
due to improved coupling and propagation losses. The output spectra of the new devices can be
found in Sec. III of the supplementary material. We also note that although 3 ym-5 um mid-IR
light generation is possible through DFG directly from PPLN,?*?* the Si waveguide platform offers
some distinct advantages. The Si-photonics not only enables extremely simple wavelength tunability
through waveguide geometrical engineering, but it also satisfies an important spectroscopic require-
ment of broad bandwidth (larger than 10 THz) and flat optical spectrum (less than 10 dB spectral
variation). Moreover, this platform enables having hundreds of devices with different GVD profiles
on a single 1 cm? device area size.

We model the supercontinuum generation by solving the generalized nonlinear Schrodinger
equation (gNLSE) using a split-step Fourier method.*® The gNLSE solver includes waveguide dis-
persion, nonlinear phase shift, linear losses of the waveguides, three-photon-absorption (3PA), as well
as 3PA-induced free carrier absorption (FCA) and dispersion (FCD) in Si*’ according to the deriva-
tion explained in Sec. IV of the supplementary material. To achieve accurate results, we implement
in the calculations the measured 3.06 um pump parameters along with the measured coupling and
propagation losses of the individual devices. Figures 2(d)-2(f) show the calculated output spectra of
the 1 cm long ridge waveguides, notch waveguides, and devices with octave-span broadening, respec-
tively. The evolution of the 3.06 um pulse propagating along different waveguides is also presented
in Figs. 2(g)-2(i). The pulse evolution plots correspond to the broadest spectrum in Figs. 2(d)-2(f),
respectively. We note that our supercontinuum measurements are in good agreement with the the-
oretical calculations, enabling us to have a precise control over the geometrical designs of the
waveguides.

The pulse evolution simulations reveal that the soliton fission occurs 3 mm into the Si waveg-
uide. While the spectral broadening in strip waveguides is mostly dominated by the soliton fission
and soliton dynamics, in notch waveguides, the dispersive wave generation is responsible for the
long wavelength spectral peak as predicted by the phase matching condition explained earlier. Our
use of ultrashort 100 fs pulses favors the aforementioned nonlinear processes along with self-phase
modulation as the main sources of supercontinuum generation. As verified theoretically and exper-
imentally and detailed below, these processes maintain the coherence of the original pump pulse,?’
in contrast to experiments with long picosecond pulses that result in background noise amplification
and pulse interaction with the generated 3PA-induced free carriers.*® We also note that the measured
and simulated spectra in Figs. 2(a)-2(f) are plotted on a linear scale to emphasize the spectral flatness
of the generated mid-IR bands for DCS applications.

We calculate the coherence of our supercontinuum generated light over the entire spectral band-
width by adding shot noise to the input pulse.*’ In such simulations, the input pulse, E(¢), is modified
such that E(t) — E(t) + AE(t) with AE(t) being the added noise. In this method, the noise has a
Gaussian-distributed random behavior in both amplitude and phase quadratures and is defined by
AE(t) = E,e'®", where E o and ¢, are the Gaussian-shape randomly computed intensity and phase
variables, respectively. To study the coherence properties of the supercontinuum light, the first-order
coherence function, g'?(w), is calculated as*’

¢1(w) = [{E{(w)Ej(w))iz) | . )

VA Eiw) PX Ej(w) 12)

We calculate this for an ensemble of 100 independently simulated spectra, although it is confirmed
that the result does not change for ensembles with more than 30 spectra. This coherence function is
calculated for all the waveguide outputs presented in Figs. 2(a)-2(c), but only the data corresponding
to the broadest spectra of the strip, notch, and octave-span devices are presented on the right, vertical
axis of Figs. 2(d)-2(f), respectively. The coherence of the original pump source is preserved across
the entire optical bandwidth of all waveguide outputs within 30, 99.7%, of the maximum value of
one.
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FIG. 3. The RIN data are measured for the mid-IR bands of 3.8 um, 5.0 um, and 5.4 um at the output of the Si waveguides
and compared with that of the 3 um pump. The detector dark measurement is normalized to the photocurrents generated by
different mid-IR bands and is presented as the shaded gray area. Dark measurements normalized to the 3.0 um and 3.8 yum
photocurrents are shown as the lower boundary of the shaded region with the 5 um and 5.4 pm cases presented as the upper
boundary. Estimated shot noise levels generally do not exceed the detector noise and lie in the range of —130 to —138 dBc/Hz,
dependent on the optical powers of the mid-IR bands.

IV. INTENSITY NOISE PROPERTIES

In many spectroscopy experiments, amplitude noise present in the light source limits the achiev-
able precision.* Thus, we characterize the relative-intensity-noise (RIN) for different mid-IR bands
at the output of the waveguides (refer to Sec. V of the supplementary material for details of the mea-
surement). The data are taken for a noise bandwidth of 100 Hz—10 MHz and presented in Fig. 3. The
intensity noise of the waveguide outputs closely follows that of the 3.06 ym pump for frequencies
above 10 kHz. At less than 10 kHz, however, there is ~15 dB added noise at the waveguide outputs
which is attributed primarily to mechanical stability and vibrations that perturb the coupling into
these micron-scale waveguides. We also note a noise peak at ~2 MHz coming from the pump source.
Significantly, the measured levels of RIN stay below —90 dBc/Hz over the measurement bandwidth,
which do not pose any limitation in our dual-comb spectroscopy experiments. '’

V. DUAL COMB SPECTROSCOPY IN THE MID-IR

The low-noise nature of our waveguide-generated mid-IR light along with its spectral flatness
opens numerous applications for dual-comb spectroscopy. One candidate for such a demonstration
is carbonyl sulfide (OCS) with ro-vibrational lines from 4.7 um to 5 um.>* We place an OCS gas cell
in the beam path of a dual-comb system centered at 4.85 pm with 250 nm full-width-half-maximum
(FWHM) bandwidth. The setup diagram of the dual-comb system is presented in Fig. 4(a) in which
a Si waveguide generates a dispersive wave at 4.85 um in one of the arms, called comb 1; a spec-
trally overlapped mid-IR light is generated directly from a PPLN crystal in the second arm, comb
2. The spectra of the Si-based and PPLN-based combs are presented in Figs. 4(b) and 4(c), respec-
tively. The Si waveguide generates 10 W in the presented band, while the PPLN crystal generates
~500 pW.

The pump source of the combs originates via DFG. Therefore, the mid-IR combs are offset-
free, meaning that only stabilization of the repetition rates is required to stabilize all comb lines. We
lock and stabilize Af ,, of the dual-comb system using a microwave circuit to enable recording and
averaging of the dual-comb heterodyne signal. This was performed based on ~10 GHz RF components
operating at the 96th harmonic of the repetition rates of the two combs.?! The details of this circuit
are in the Sec. VI of the supplementary material. While this scheme has the benefit of operating
with established microwave circuitry in the 10 GHz region, it is nonetheless challenging to achieve
sub-half-cycle relative stability at the 600,000th harmonic of the repetition rate near 60 THz optical
frequency (5 um wavelength).
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FIG. 4. Dual-comb generation and spectroscopy setup. (a) Diagram of the constructed Si-chip-based dual-comb setup. PPLN:
periodically poled-lithium-niobate, WG: waveguide, OLPF: optical long-pass filter, FFT: fast-Fourier-transform, OPT: optical
domain transmission. (b) Spectrum of the dispersive wave generated in the “notch” Si waveguide and used in dual-comb
spectroscopy of OCS with (c) the spectrum generated from the DFG in PPLN in comb 2.

In-loop analysis of the locking noise, representing the best-case scenario for our stabilization
shows a total accumulated timing jitter of 24 fs, integrated from 10 Hz to 10 MHz. This is 1.6Xx
the optical cycle of 5 um light or equivalently 3.2 radians of phase noise. However, most of this
timing jitter is accumulated between sampling rates of 1 kHz—10 kHz. Above 10 kHz, the accumu-
lated jitter is below 10 fs, achieving close to half-cycle relative stability. Therefore, if we choose a
sampling window below 100 us, averaging over consecutive interferogram measurements will be
possible. In the experiment, we used a 20 us acquisition window. While this is a promising result, a
larger time window of 1/Af ., = 1/512 Hz = 1.95 ms is required for obtaining a comb-line resolved
spectrum. Achieving a sub-half-cycle relative stabilization at 5 um (60 THz) in this full window
should be possible with improved microwave signal-to-noise and higher servo bandwidth. Addi-
tionally, improved relative stabilization along with active phase-error-correction methods such as
field-programmable gate array (FPGA) units, and adaptive sampling technique,’>-3* or computational
phase correction during the post-processing of the acquired data will make dual-comb spectroscopy
possible at our 100 MHz comb-line-spacing resolution.

Figure 5 presents the spectroscopy results with the OCS gas sample in the beam path of the comb
2. The heterodyne beat of the dual-combs is recorded with an oscilloscope. Figure 5(a) presents 11
successive interferograms in a 20 ms time window, with each signal being separated from the neigh-
boring beat by 1.68 ms (1/Af ). In Fig. 5(b), Af rp is locked at 512 Hz and the acquisition window
is reduced to 20 us, of which a zoomed-in to 13 us window is plotted for a single-shot recording with
the light-blue curve. Multiple interferograms are averaged on the oscilloscope, to increase the signal-
to-noise-ratio (SNR), as shown for 16,384 averages with the red curve in Fig. 5(b). The averaging is
performed with triggering the scope on the center burst of the dual-comb interferogram signal. This
triggering effectively aligns the center burst and removes slow jitter in Af ;,. Our RF-locking scheme
additionally reduces timing jitter in the 20 us window such that we see stable interferograms with
the SNR that improves with averaging.

Figure 5(c) represents the normalized optical spectrum of the dual-comb system in the presence
of OCS. This is calculated from the Fourier transform of the measured interferograms with conversion
of the RF frequencies to the optical domain using the values of f ., and Af rep.“ Our results are also
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FIG. 5. Dual-comb spectroscopy results. (a) Time domain, single shot, pulse train of the dual-comb interferogram in 20 ms
time span. (b) The single shot (light-blue) and 16,384 times averaged (red) center burst of the dual-comb heterodyne signal
in a 13 us time span. The single shot signal is plotted on the left vertical axis with the averaged data plotted on the right.
(c) The normalized absorption spectrum of OCS is presented at 16,384-times averaging and compared with the reference
spectrum from the HITRAN 2012 database. The normalized spectra in (c) are acquired by calculating the Fourier transform
of the heterodyne signal in (c). The absorption spectra are normalized to that of the dual-comb system without the gas cell.

compared with that of the HITRAN 2012 database which is plotted with the gray curve. It is shown that
our measurement is in good agreement with the database when the HITRAN spectrum is processed
to match our 10 GHz spectral resolution (defined by the 20 us measurement window). With improved
frequency stabilization or more sophisticated phase correction,”?=>* our system should ultimately
provide resolution at the 100 MHz comb-tooth spacing.

Finally, as noted earlier, and in the supplementary material, our newly fabricated SoS devices
with 10x larger output powers will enable a comparable or greater SNR in a dual-comb setup based
on two Si-waveguide generated combs. Moreover, the dual-comb signal strength is proportional to
the product of the optical powers of the two mid-IR lasers. Therefore, similar SNR will be achieved
if the gas sample is placed in the beam path of comb 1, generated by the Si waveguide.

VI. DISCUSSION AND OUTLOOK

We present SoS waveguides as a nonlinear photonic platform for mid-IR comb generation and
spectroscopy. Through dispersion engineering, we efficiently broadcast coherent frequency comb
spectra across 70 THz of bandwidth in the mid-IR with power that can be engineered on either broad
or narrow spectral windows. This capability provides the means to tailor the optical spectrum for
detection and analysis of specific chemical compounds or to distinguish between multiple species.
The intensity noise performance and spectral flatness of the generated light enabled us to demonstrate
preliminary dual-comb spectroscopy of OCS in the 5 um spectral region. By employing suspended
Si waveguides or materials such as GaP and GaAs,!>2>% the approaches demonstrated here could
be engineered and extended to provide spectral coverage beyond 10 um.

A strength of this nanophotonics platform lies in the simple few-layer fabrication along with
their versatile performance and small chip footprint of 1 cm?, housing hundreds of devices. This
platform provides many opportunities for system-level integration with a wide range of mode-
locked, femtosecond-pulsed, mid-IR sources. System integration enables spectral tailoring of such
sources to cover the span of the mid-IR regime from 3 um to 10 um in a flexible, controlled man-
ner. For example, the emerging femtosecond-pulsed Er**-doped ZBLAN mid-IR fiber lasers®’ can
be an interesting option to replace our free-space DFG-based pump. Alternatively, our nanopho-
tonic chip can be integrated with a waveguide DFG pump to comprise a powerful nanophotonic

¥S:1€¥0 ¥20T dunf S0


ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-3-001803

036102-9 Nader et al. APL Photonics 3, 036102 (2018)

system for mid-IR generation and spectral tailoring.* Additionally, power requirements for the
pump sources can be reduced through utilization of nanophotonic devices. These reductions arise
from high on-chip optical intensity, better waveguide mode matching, and GVD engineering when
DFG is performed on the chip. Such a chip-based coherent infrared light source will expand
applications in a range of laboratory spectroscopy, lab-on-a-chip diagnostics, and scanning probe
microscopy.

SUPPLEMENTARY MATERIAL

See supplementary material for a detailed description of SoS waveguide fabrication, optical
measurement setup and pump source used in supercontinuum generation, theoretical analysis of the
mid-IR generated spectra, and details of the RF locking scheme used in the dual-comb experiment.
The results of the new generation SoS waveguides with improved output powers can also be found
in Sec. III of the supplementary material.
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