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We demonstrate coherent supercontinuum generation span-
ning over an octave from a silicon germanium-on-silicon
waveguide using ~200 fs pulses at a wavelength of 4 um.
The waveguide is engineered to provide low all-normal dis-
persion in the TM polarization. We validate the coherence of
the generated supercontinuum via simulations, with a high
degree of coherence across the entire spectrum. Such a gener-
ated supercontinuum could lend itself to pulse compression
downto22fs. © 2020 Optical Society of America
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Mid-infrared (mid-IR) supercontinuum (SC) is an ideal light
probe for broadband molecular absorption spectroscopy, as it
retains the intensity, directionality, and coherence properties of
the laser pump, while having a wide spectral span in the mol-
ecule sensitive mid-IR region (between 2.5 to 15 pm). Spectra
altered by molecular resonances can be measured using a single
photo-detector in a dual-comb spectroscopy scheme [1,2].
Recently, using this approach, Nader ez al. detected carbonyl
sulfide at 5 wm with coherent mid-IR SC from a silicon-based
chip [3]. Dual-comb spectroscopy requires high mutual coher-
ence between two interfering combs as well as a high power
spectral density. Furthermore, high phase coherence of spectral
components separated by an octave is needed to stabilize the SC
usingan f-to-2 f self-referencing technique [4].

Advanced systems for mid-IR molecular spectros-
copy would undoubtedly benefit from the optoelectronic
integration prospects offered by complementary metal-oxide—
semiconductor (CMOS) technology. There have been a few
demonstrations of coherent SC generation from Si-based chips.
These were obtained by pumping Si-on-insulator (SOI) [5,6]

or Si nitride-on-insulator waveguides [7] in the anomalous
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dispersion regime, at near-IR wavelengths, reaching coherent
SC covering an octave up to 1.9 um [7] or 2.4 pum thanks to
dispersive wave generation [6] However, achieving coherent
SC generation in the anomalous dispersion regime, as in those
demonstrations, imposes stringent operation conditions in
terms of usable waveguide length, pump pulse duration, and
peak power. In particular, a strong nonlinear parameter and
high peak power (e.g., using sub-100-fs pulses) are required
to achieve soliton fission in a waveguide with a length short
enough to suppress modulation instability [7], thereby enabling
the resulting SC to preserve the coherence of the pump. Most
importantly, the flatness of such SC spectra is degraded during
the underlying soliton fission process, where the input pulse irre-
versibly splits into many pulses, forbidding any post-processing
technique to recover the pulse integrity or any efficient pulse
compression schemes.

By contrast, achieving fully coherent octave-spanning SC
with high spectral flatness is possible when pumping waveguides
with sub-picosecond pulses in a low all-normal dispersion
(ANDi) regime. Such SCs were reported in various fiber
platforms, including silica [8—10], silicate soft glass [11,12],
chalcogenide [13-16] fibers. However, SC generation in the
ANDI regime on a chip has been only achieved in a chalco-
genide waveguide [17] without any discussion about the phase
coherence properties across the SC spectrum.

In this Letter, we present what we believe to be the first report
of coherent SC generation from a waveguide on a Si-based
chip operating in the ANDI regime. We demonstrate a mid-IR
octave-spanning SC extending between 2.8 and 5.7 pm by
pumping air-clad Si-germanium waveguides on a Si substrate
(SiGe-on-Si) with 205 fs pulses at around 4 pm. Our measure-
ments are in good agreement with simulations, enabling us
to numerically validate the coherence properties of such a SC
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across its entire band. Finally, numerical simulations show that
this coherent SC can enable pulse compression down to 22 fs,
opening new opportunities for fully integrated nonlinear optical
systems.

Ge-based, group IV, on-chip platforms have attracted signifi-
cant attention for nonlinear applications in the mid-IR thanks
to the strong nonlinearity and the transparency of Ge across the
entire mid-IR band (2-15 pum) [18]. These platforms include
Ge-on-SOI [19], Ge-on-Si [18,20], low (<40%) [21,22], and
high (>40%) [23] Ge content SiGe-on-Si. Our SiGe-on-Si
platform, with around 40% of Ge in the SiGe alloy, offers a good
trade-off between nonlinear performances and low propagation
loss for the associated waveguides in the mid-IR band [24].
Using this platform, we recently reported SC generation from
3 pum up to 8.5 pm, with high on-chip SC power (>10 mW)
[21].

In this current contribution, we designed our waveguides
to achieve ANDI at wavelengths just beyond the three-photon
absorption limit in Sip ¢Geg 4, around 4 pm [25]. We achieved
low (<100 ps/nm/km) and relatively flat ANDI, spanning over
an octave bandwidth, for air-clad 2.7 pum thick Sig¢Geg.4/Si
(see the inset of Fig. 1) with two slightly different widths of
4.25 um and 5 pm, respectively. As seen in Fig. 1 for the TM
polarization, the wider waveguide has a slightly broader flat
AND:i but is multimode in contrast to the narrower, single mode
waveguide.

The SipGep4-on-Si waveguides were fabricated using a
standard CMOS manufacturing process. First of all, 2.7 pm
thick Sig ¢Gey 4 layers were grown 7 top of Si(001) substrates by
reduced pressure chemical vapor deposition. Those Sip sGeo 4
layers were encapsulated by 550 nm thick Si layers, which
were thinned down to 50 nm via chemical-mechanical polish-
ing, to have smooth Si top surfaces. Straight waveguides were
patterned on 200 mm wafers using deep ultraviolet photoli-
thography. Finally, air-clad ridge waveguides were formed by
a deep reactive-ion etching process [26]. The scanning elec-
tron microscope image shows vertical and smooth waveguide
sidewalls, as in the inset in Fig. 2. We characterized two sets of
air-clad Sip¢Geg 4/ Si waveguides with two widths, 4.25 pm
and 5.0 um, called “narrow” and “wide” waveguides in the
following.

We characterized the transmission response of our wave-
guides in both linear and nonlinear regimes using the
experimental setup described in Ref. [21]. To measure propa-
gation losses, we used a tunable optical parametric amplifier
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Fig. 1.  Calculated group velocity dispersion GVD for 4.25 um

(red) and 5 pum (blue) wide SigsGeg4/Si waveguides. The dashed
lines indicate the dispersion peak, and the arrows show the cutoff
wavelengths. A schematic of the waveguides is provided in the inset.
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(OPA) delivering linearly polarized (TM) low power (<3 mW)
7.5 ps pulses with a 1.5 MHz repetition rate. We measured the
propagation loss of narrow and wide waveguides at wavelengths
between 3 and 5 pm and in the TM mode using the cut-back
method and three different lengths (2, 4, and 7 cm). We esti-
mated the coupling loss per facet to be —4.7 dB at4.15 pm and
—4.2 dB at 4 um for the narrow and wide waveguides, respec-
tively. Figure 2 shows that losses in the 4 to 5 pm wavelength
range are around 0.4 dB/cm and 0.3 dB/cm for narrow and wide
waveguides, respectively.

We next probed a narrow waveguide (7 cm long) and a wide
waveguide (2 cm long) in the nonlinear regime with ~200 fs
pulses at around 4 pm (delivered by a “Miropa-fs” OPA at
63 MHz repetition rate). Pumping the narrow, “single mode”
waveguide enabled us to extract the complete set of nonlinear
parameters. The wide “multimode” waveguide was used to
obtain the broadest SC spectra, thereby pushing the perform-
ance of this SiGe ANDI platform. The measured TM polarized
spectral transmissions of the arrow waveguide pumped at
4.15 pm with 205 fs pulses are plotted in Fig. 3(b) for different
coupled average (peak) power levels up to 22 mW (3.14 kW).
The 4.15 pm pump wavelength avoids the CO, absorption
peak (~4.2 pm) and minimizes the waveguide nonlinear losses,
as it lies just beyond the three-photon absorption threshold
around 4 pm [25]. The inset of Fig. 3(b) also indicates the
on-chip output power, which is inferred from the measured
transmission and the —4.7 dB coupling loss at the output facet,
reaching a bright 6 mW SC signal for the 22 mW coupled aver-
age power. Several measured spectral transmission curves are
plotted in Fig. 4(b) for the wide waveguide pumped at the 4 pm
wavelength with 210 fs pulses. Broad SC generation is achieved
in the narrow waveguide with a 10 dB bandwidth of 2.2 pm and
230 dB bandwidth 0f 2.8 pum at 22 mW coupled average power.
The slightly broader ANDI of the wide waveguide enabled the
generation of a broader, octave-spanning SC from 2.8 up to
5.7 pm (i.e.,a —30 dB bandwidth of 2.9 pm at 40 mW coupled
average power). In addition, both experimental SCs exhibit
the characteristic features expected in ANDi waveguides, i.e.,
a relatively smooth and flat spectrum across a very wide band-
width, in contrast to typical measurements for anomalous
dispersion waveguides [21]. These features directly result from
the different driving mechanisms of the spectral broadening
of sub-picosecond pulses in the ANDI regime, i.e., self-phase
modulation and optical-wave breaking.
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Fig.2. Measured propagation losses and fits with Lorentzian func-
tions (dashed curves) for 4.25 um (red) and 5 um (blue) wide, 2.7 pm
thick SiGe/Si air-clad waveguides. The insets show scanning electron
microscopy images of the waveguides.
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Fig. 3. (a) Simulated and (b) measured SC spectra for the narrow

waveguide in the TM polarization for various coupled average powers.
The top red curve in (a) shows the SC spectra’s calculated coherence at
the highest (3.14 kW) peak power. The black arrows in (b) indicate the
10 dB and 30 dB limits of the spectrum. The measured coupled input
and on-chip output average powers are given in the inset (b) and the
estimated coupled peak powers in the inset (a).

‘We model the nonlinear pulse propagation in our waveguides
by solving the generalized nonlinear Schrodinger equation.
The equation includes the nonlinear Kerr effect, four-photon
absorption, Raman effects, dispersion, loss, and free-carrier
effects. The wavelength dependence of the propagation loss is
included by fitting the measured loss with a Lorentzian function
(see Fig. 2). The waveguide dispersion is modeled by including
dispersion terms up to B12. The dispersion of the nonlinearity
is also taken into account, as in Ref. [27], assuming a linear
increase of the effective refractive index and the effective area.
The Raman response is modeled as in Si waveguides [28].

The first-order coherence degree, gilz) , of the simulated SC is
calculated with the following formula [27]:

(B3 () E2(V)
VUIE P E WP |

where angular brackets denote an ensemble average over fifty
independently generated pairs of SCs, E; (), with random
input noise. Noise was modeled by adding one photon per
mode, according to our pump repetition rate f, =63 MHz,
with a Gaussian distribution of both amplitude and phase of
variance 20 equal to /v/2 and 7, respectively [29].

The simulated spectra are plotted for the narrow waveguide
in Fig. 3(a), with extremely flat and smooth spectra, again a
signature of the AND] regime. We had the best agreement
between experiments [Fig. 3(b)] and simulations with a Kerr
index 7, = 4.0 x 1078 m?/W and a four-photon absorption
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Fig. 4. (a) Simulated and (b) measured SC spectra for the wide

waveguide in the TM polarization and various coupled average powers.
The top red curve in (a) shows the calculated coherence of the SC
spectra at the highest (5.72 kW) peak power. The coupled peak powers
and average powers are given in the insets (a) and (b), respectively.

agpa = 1.16 x 1074 m’ /W3 ac4.15 um (y =0.8 W' m™).
Fitting the transmission spectra of this single mode waveguide
yielded reliable nonlinear parameters, which were tested for
the wide, multimode waveguide. The corresponding simu-
lated spectra are shown in Fig. 4(a) for the wide waveguide and
the same material parameters. The agreement with measured
spectra [Fig. 4(b)] was good. For both waveguides, a small
discrepancy is observed in the red part of the spectra, which is
most likely due to water vapor absorption at around 5.5-6 pm
[30]. In addition, some slight discrepancies in the spectral shape
might be due to the modeling of the slightly asymmetric input
pulse (see low power spectrum in Fig. 4). From simulations, we
inferred a 15 mW on-chip output power from the 2 cm long
wide waveguide at 40 mW coupled average power.

The degree of coherence calculated from the simulated spec-
traat the largest input power is shown for narrow and wide wave-
guides in Figs. 3(a) and 4(a), respectively. Those figures confirm
that the spectra are fully coherent across the entire SC band.

To further illustrate the advantages of generating SC in the
ANDI regime, we show in Fig. 5 the simulated spectrograms of
the input pulse, the numerically generated SC at the waveguide
output, and the compressed pulse after numerically compen-
sating the second- and third-order dispersion for the narrow
waveguide (top figures) and the wide waveguide (bottom fig-
ures). Pulse compression by second- and third-order dispersion
compensation can, in principle, be implemented on-chip by
using arrayed-waveguide gratings [26,31]. Our simulations
show that it is possible, in principle, to exploit our SC to com-
press the pump pulses by factors of 3.5 to 9.3, yielding 60 and
22 fs for the narrow and wide waveguides, respectively [see
Figs. 5(c) and 5(f)]. More generally, the capability to preserve
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Fig. 5.  Simulated pulse spectrograms for the narrow (top) and
the wide (bottom) waveguides at the input (left), generated SC at the
output (middle), and compressed SC (right) at the highest 4 kW peak
pump. The white dashed lines give FWHM pulse durations.

the pulse integrity in the time domain stems from the physical
processes under pinning ANDi SC. The maintenance of high
quality pulses with on-chip SC generation and pulse compres-
sion could enable compression of picosecond pulses from an
on-chip mode-locked laser to femtosecond pulses. As the latter
are required for octave-spanning coherent SC generation but
have remained elusive from on-chip lasers so far, a two stage fully
integrated architecture (including the pump) to first compress
the pulse could be envisaged to benefit from very broad SC on a
chip.

In conclusion, we demonstrated a mid-IR octave-spanning
SC in ANDI SiGe-on-Si waveguides. Good agreement was
found between measurements and simulations, enabling us to
numerically confirm the coherence of the generated SC across
itsentire bandwidth, from 2.8 up to 5.7 um. The waveguide dis-
persion was engineered to exhibit low AND] across a wide band.
The broad spectra generated in this regime were smooth and
flat, with a high power spectral density. The fully coherent SC
that is generated in this regime lends itself to efficient on-chip
pulse compression schemes. It should enable us, in principle, to
obtain 22 fs pulses from 205 fs pump pulses. Such chip-based,
fully coherent SC sources can enable many useful applications
such as optical coherence tomography (OCT) and coherent
anti-Stokes Raman spectroscopy (CARS) to be conducted in a
robustand highly deployable format.
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