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ABSTRACT: Midinfrared spectroscopy is a universal way to identify Experimental: 2 =7.5 um
chemical and biological substances. Indeed, when interacting with a light

Input avg. power

—31mw
beam, most molecules are responsible for absorption at specific — 15mW
wavelengths in the mid-IR spectrum, allowing to detect and quantify ——7mw

. . . . ——3.6mwW
small traces of substances. On-chip broadband light sources in the mid- 10 mW

infrared are thus of significant interest for compact sensing devices. In that
regard, supercontinuum generation offers a mean to efficiently perform
coherent light conversion over an ultrawide spectral range, in a single and
compact device. This work reports the experimental demonstration of on-
chip two-octave supercontinuum generation in the mid-infrared wave-
length, ranging from 3 to 13 um (that is larger than 2500 cm™) and R B S e T T /I
covering almost the full transparency window of germanium. Such an A (um)

ultrawide spectrum is achieved thanks to the unique features of Ge-rich

graded SiGe waveguides, which allow second-order dispersion tailoring

and low propagation losses over a wide wavelength range. The influence of the pump wavelength and power on the supercontinuum
spectra has been studied. A good agreement between the numerical simulations and the experimental results is reported.
Furthermore, a very high coherence is predicted in the entire spectrum. These results pave the way for wideband, coherent, and
compact mid-infrared light sources by using a single device and compatible with large-scale fabrication processes.
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he mid-infrared (mid-IR) wavelength range has attracted supercontinuum generation (SCG) is extensively studied as a
substantial attention in the past two decades due to its mean to provide broadband and coherent light. SCG sources
great importance for spectroscopy and sensing applications, as present a compelling interest for the parallel detection of a
a wide variety of molecules features strong vibrational and myriad of molecules in a single, compact, and reliable system,
rotational resonances in this spectral region.1 Further at a reduced cost. Achieving an efficient SCG requires an
applications are related to free-space communications and integrated platform with (i) low propagation losses, (ii) a

imaging within the atmospheric transparency windows (from 3
to 5 um and 8 to 13 um wavelength).”” Over the past decade,
mid-infrared light sources, such as interband cascade lasers
(ICLs)* or quantum cascade lasers (QCLs),”° have reached an
impressive level of technological maturity. Recently, strain or
lattice engineering of group IV materials has also shown to be
an exciting emerging solution for silicon-compatible mid-IR
lasers.”® Even though these technologies can cover the wide
mid-IR spectrum range, the wavelength range covered by a
single device is strongly limited. While different techniques Received:  August 4, 2020 (Phétoncs
have been proposed to extend this wavelength range, based on Published: November 11, 2020
laser arrays”'® or external cavity lasers,'' the use of nonlinear

optical effects is a promising alternative solution, enabling light

emission over an ultrawide spectral range within a single and

compact photonic device.”””"> In this context, integrated

strong modal nonlinear coefficient, and (iii) a tailored modal
dispersion.

Ultrawide SCG has been demonstrated using specifically
engineered optical fibers. For instance, a wide spectral range
from 1.4 to 13.3 um wavelength has been covered thanks to a
high nonlinear chalcogenide step-index fiber, pumped at 6.3
pm with 2.29 MW peak power,'® and a 2 to 16 ym wavelength
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Figure 1. Waveguide properties. (a) Schematic of the waveguide profile and the field distribution of the fundamental TE mode at 8.5 ym
wavelength. (b) GVD for TE polarization mode. (c) Modal nonlinear coefficient (left y-axis) and effective area (right y-axis) as a function of the

wavelength.

spectrum broadening has been achieved with a low-loss
telluride fiber, pumped at 7 pm wavelength with 11.5 mW
average power. On another hand, in terms of photonics
integration, silicon (Si) photonics presents strong advantages,
as it is based on a mature and large-scale fabrication
technology. Hence, SCG has been demonstrated on Si-on-
insulator, ®'? Si-on-sapphire,zo silicon nitride (SiN),>'™** and
germanium (Ge)-based waveguides.m_26 Interestingly, Ge-rich
graded SiGe waveguides have been proposed as a promising
solution for mid-IR photonic circuits in which low-loss devices
have been experimentally demonstrated for a large wavelength
range.”” The use of SiGe graded-index layers is a unique
feature that minimizes the overlap with Si substrate, thus,
enabling the use of long-wave mid-IR wavelengths above Si
multiphonon absorption (starting at 8.5 um wavelength).
Moreover, a high material quality is obtained, providing low
threading dislocation density (TDD) and therefore allowing
low propagation losses over an unprecedented mid-IR
wavelength range. Furthermore, the use of SiGe graded-index
layers brings a simple yet effective approach for waveguide
dispersion engineering,”® while it also permits to pull the
optical mode toward the Ge-rich area, to benefit from a larger
nonlinear refractive index.”” It is also remarkable that this
platform is compatible with large-scale fabrication processes.
A two-octave SCG in the mid-IR regime is demonstrated in
this work, providing a compact and coherent light source that
covers an unprecedented wavelength range, from 3 to 13 um
wavelength. To that end, this work takes advantage of the
remarkable features of such a Ge-rich graded SiGe platform.
Noticeably, numerical simulations are provided, showing a
good agreement with the experimental results for different
pump wavelengths and injected optical power values, also
predicting a high coherence in the entire spectrum. Therefore,
these results pave the way for the realization of wideband and
coherent light sources, by using a single chip-scale compact
device. For instance, this demonstration offers a great
opportunity to perform on-chip mid-IR spectroscopy sensing
of a significant large number of molecules, thus, having a
compelling interest in many high-impact applications.

B RESULTS

Design and Fabrication of Graded-Index SiGe Plat-
form. The fabricated waveguides leverage on a Ge-rich graded
SiGe platform® where a constant composition layer of
Sip,Geyg is deposited on top of an 11 um thick Si,_,Ge,
buffer, with the Ge fraction x linearly increasing from x = 0
(pure Si) to x = 0.79.”” The photonic circuit fabrication relies
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on low-energy plasma-enhanced chemical vapor deposition
(LEPECVD) for the SiGe layer growth, followed by laser
lithography and inductively coupled plasma-reactive ion
etching (ICP-RIE) for waveguide fabrication. This platform
provides a smooth transition from the Si substrate to the Ge-
rich SiGe alloy, thus, minimizing the TDD due to lattice
mismatch. Interestingly, since the refractive index increases
linearly with the Ge content, the optical mode is pushed
toward the top layer, achieving a tight mode confined in the
Ge-rich region and far from the Si substrate, where the
multiphonon excitation is responsible for absorption at
wavelengths longer than 8.5 um.>' Moreover, the nonlinear
refractive index n, reaches the maximum value in the Ge-rich
region, thus, maximizing the modal nonlinear coefficient .
Finally, another remarkable aspect of the graded index
platform is its favorable anomalous dispersion condition over
a broad wavelength range, thanks to the combination of the
gradient effect in the vertical direction together with the
intrinsic low material dispersion in the mid-IR.***>

As it is illustrated in Figure la, the waveguides considered in
this work are 6.2 ym wide with a 6.1 ym etching depth. Single
mode operation is achieved in TE polarization for wavelengths
longer than 6.5 pm. Propagation losses between 0.5 and 1.2
dB/cm for wavelengths below 8 ym and lower than 3 dB/cm
for wavelengths longer than 9.5 ym have been previously
measured in such waveguides. The propagation loss measure-
ment and a detailed study of its origins are reported in ref 27.
To efficiently couple the incident optical beam to the chip, a
pair of 50 um wide and 1 mm long access waveguides are used
as the input/output of the integrated circuit, followed by a 2
mm long linear transition to the 6.2 ym wide waveguide. The
group velocity dispersion (GVD) of the fundamental TE mode
has been numerically calculated and is reported in Figure 1b.
For this calculation, the refractive indexes of Si and Ge are
obtained by the Sellmeier equation, while the gradient index
profile is calculated by a linear interpolation of Si and Ge
refractive index. The effective refractive index (n4) as a
function of the wavelength is calculated by a finite domain
elements solver and finite difference coefficient method is used
to obtain the second derivative to calculate the GVD. Low and
flat anomalous dispersion is achieved over a large mid-IR
wavelength, ranging from 6 to 13 pm. Finally, the modal
nonlinear coefficient y = wyn,/cA.¢ is reported in Figure lc,
where @, is the pump pulsation, A is the effective area
obtained through a finite difference eigenmode software, ¢ is
the light speed, and n, is the nonlinear Kerr refractive index,
taken to be 1 X 1077 m?/W for the wavelength range under
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study.”” As we can see in Figure lc, the nonlinear coefficient
varies by more than an order of magnitude depending on the
wavelength, mainly due to the variation of the effective area.
SCG Experimental Characterization. The experimental
setup shown in Figure 2 is used to demonstrate SCG in the
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Figure 2. Characterization setup scheme used for the SCG
experiments. A tunable femtosecond pulse is coupled into the
waveguide and the output spectrum is obtained for different pump
power values and wavelengths.

mid-IR range. A femtosecond laser emits pulses with a duration
of 220 fs and a repetition rate of 1 MHz. The pulses
wavelength can be selected in a wide range, thanks to an
optical parametric amplifier (OPA) system, and are coupled in

and out of the photonic circuit by butt coupling, using a pair of
aspheric ZnSe lenses. Then, the output beam is sent to a
monochromator followed by a Mercury Cadmium Telluride
(MCT) detector to construct the output spectra.

To evaluate the influence of the pump optical power on the
SCG, mid-IR optical attenuators are added at the output of the
femtosecond laser. The average input power before coupling to
the waveguide (P,,) is measured with a broadband, high-power
detector. To examine the influence of the pump wavelength in
the SCG, three different pump wavelengths have been selected
in the anomalous dispersion regime: 7.5, 8.5, and 9.4 ym. It
must be noted that, since the maximum power delivered by the
femtosecond laser decreases when the wavelength increases,
the three different pump wavelengths have been selected to
provide a good compromise between the delivered power and
the anomalous dispersion condition.

SCG Measurements. Experimental SCG results on 5.5
mm-long waveguides are reported in Figure 3a,b. For a pump
wavelength of 7.5 pm, the output spectrum widely extends
over two octaves, from 3 to 13 ym (at —30 dB of the maximum
value) for average input power values before coupling in the
waveguide higher than 15 mW (Figure 3a). For the pump
wavelength of 8.5 um (Figure 3b) the SCG is more efficient, as
an average input power of 8 mW is required to achieve an
output spectrum extending from 3 to 13 pm. It must be noted
that, since the characterization setup is based on a free-space
configuration, absorption lines of the different atmospheric
molecules are distinguishable in the experimental spectra. As
an example, in Figure 3a,b the absorption peak of carbon
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Figure 3. Experimental and simulated SCG. (a, b) Output relative power experimentally measured in a 5.5 mm long waveguide for different input
average power values and input pump wavelengths of 7.5 and 8.5 ym. For the sake of clarity, each trace has been shifted by 30 dB. A vertical dashed
line at 4.2 um wavelength is reported corresponding to CO, atmospheric absorption. (c, d) Simulated SCG spectra for the different pump
wavelengths and the corresponding peak power value, calculated from the average input power and assuming 14 dB coupling losses.
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Figure 4. Experimental SCG efficiency. (a) Bandwidth at —30 dB of the maximum value. (b) Integrated output power detected. The values are
plotted as a function of the average input power (bottom x-axis) or the calculated input peak power (top x-axis) for different pump wavelengths in

TE polarization: 7.5, 8.5, and 9.4 um.

dioxide near 4.2 um is clearly visible, highlighted by a dashed
vertical line.

The influence of pump wavelength and pump power on the
—30 dB-bandwidth is plotted in Figure 4a. Measurements are
reported for wavelengths of 7.5, 8.5, and 9.4 um. It must be
noted that, since the maximal power delivered by the laser
decreases with longer wavelengths, the bandwidth at 9.4 um
pump wavelength is limited to 4 ym. However, at 7.5 and 8.5
um pump wavelength, a maximal bandwidth of 10 um is
achieved. Interestingly, at low input power values, the optimal
conversion efficiency is experimentally obtained at 8.5 ym (red
data points). Furthermore, the integrated output power is
reported in Figure 4b for the different pump wavelengths. A
slight decay of the output power as a function of the input
power is observed when the input peak power achieves values
higher than 3 kW. Since the pump wavelength is beyond the
limit for 2 and 3 photons absorption of SiGe waveguides, it is
expected that this decay is in fact explained by the spectral
limitation of the waveguide and experimental setup at large
wavelengths, as described below, meaning that the signal
generated on-chip reaches a wavelength range broadening even
larger than 10 pm, that is not experimentally measured.

SCG Simulation and Modeling. Numerical modeling has
been implemented to have a better understanding of the
experimental results and to get insights of the SCG limiting
factors. The modeling is based on the resolution of the
generalized nonlinear Schrodinger equation (GNLSE)**** by
using a 4-order Runge—Kutta algorithm.”* For such simu-
lations, the pump pulse shape is assumed to be a squared
hyperbolic secant (sech?), the nonlinear Kerr refractive index”’
(n,) is taken to be 1 X 107'” m*/W, and the dispersion profile
is calculated through an eigenmode solver software (Figure
1b). The Raman contribution is expected to be very low in the
wavelength range under study and is neglected in the
theoretical model. Finally, as there is no currently available
experimental data for propagation losses beyond 11.2 ym and
below S ym wavelength, the values experimentally measured at
112 and 5 um are assumed to be a good approximation
outside of this range.

Simulated SCG spectra for the different pump wavelengths
and for a 5.5 mm long waveguide are reported in Figure 3c,d.
The wavelength range has been chosen to be the same as in the
experiments, i.e. from 2 to 16 ym. The peak power values used
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for the simulations are consistent with the average optical
power values measured in the experiments (Figure 3a,b) when
taking into account the laser pulse repetition rate and 14 dB
free-space to waveguide coupling losses, which is compatible
with insertion losses estimated by cut-back method. Interest-
ingly, the shapes of the simulated spectra for the different
pump wavelengths and power values are in good agreement
with the experimental data. For a 7.5 ym pump wavelength, a
wide spectrum from 3 to 13 pm is obtained for a peak power of
4.6 kW (corresponding to 15 mW average input power), while
at 8.5 pm pump wavelength, such a wide spectrum is obtained
at 2.6 kW peak power (8 mW average power). In order to
locate the dispersive waves (DW) on the generated spectrum,
the integrated dispersion (f,,,) is calculated for a 7.5 ym pump
wavelength at different pump peak power values, as shown in
Figure S. The crossing with zero (horizontal dashed line)

A=7.5um
00151 Peak power
—— 9.8 KW
0.010 4.6 KW
—~ 0.0051 ——22KW
5, — 1.1 KW
E 0.000] 0.3 KW
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»
o

Figure S. Integrated dispersion profile as a function of the wavelength,
for a pump wavelength of 7.5 ym and different peak powers. The
cross with zero indicates the phase-matching condition.

indicates the phase-matching condition that promotes the DW
generation.”” The wide anomalous dispersion profile achieved
leads to a large separation of the DW from the pump
wavelength (near 3.5 and 19 ym), thus, enlarging the output
spectrum up to more than two octaves. The generated DW
near 3.5 um for the pump wavelength of 7.5 ym is visible in
both experimental and simulated spectra (Figure 3a,c), while
the noise level prevents seeing experimentally any signal
beyond a 14 um wavelength. Indeed, while the upper DW
should be centered around a 19 ym wavelength, the extension
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Figure 6. Pulse propagating evolution. (a) Wavelength spectrum evolution along propagation length for a pump signal at 7.5 ym wavelength with
9.8 KW peak power. A white dashed horizontal marker indicates the 5.5 mm waveguide length. (b) Corresponding temporal envelope as a function
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Figure 7. First-order degree of coherence plotted as a function of wavelength (blue color, right y-axis) and superposition of the 40 simulated
spectra used for the statistical calculation (black color, left y-axis) after 5.5 mm propagation length and for pumps at (a) 7.5 ym wavelength and 6.5

kW peak power and (b) 8.5 ym wavelength and 2.6 kW peak power.

of the spectrum measurement at large wavelengths is limited
by the contributions of (i) the atmospheric absorption above
13 pm wavelength, (ii) multiphonon absorption of Ge beyond
14 pym, and (iii) an spectral responsivity of the MCT detector
(DSS-MTC(14)020L, Horiba) nearly limited at 15 um
wavelength. Therefore, as seen in Figure 4a, the SCG extension
at —30 dB is limited to a maximal range value of 10 ym (from
3 to 13 um wavelength).

To better understand the SCG in SiGe graded waveguides,
the generated spectrum and temporal envelope of the
propagating pulse across the waveguide length is reported in
Figure 6, for a 7.5 ym wavelength and 9.8 kW peak power
pump. Spectrum expansion is seen around 2 mm propagation
distance (Figure 6a), corresponding to a pulse temporal
compression at the same propagation length (Figure 6b).
Then, the perturbation of the compressed soliton due to high
order dispersion is responsible for soliton fission. The overlap
of a high-power soliton bandwidth with the normal dispersion
region leads to the generation of DW in the normal dispersion
regime that are combined with broadband solitons. Further-
more, it can be seen, that the final spectrum is reached after 8
mm propagation length while the device under characterization
are 5.5 mm long.
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Finally, we investigate the coherence of the supercontinuum
light source, which can be decisive for free-space communi-
cations or imaging purposes, among others.

To that end, the first order degree of mutual coherence g, is
calculated according to the following equation:>’

|<Ai*(w)Aj (a))>i;éj|

V4, (0)PI1A; (o))

where the angle brackets denote an ensemble average over 40
independently generated pairs of supercontinua A(w) with
random input noise. The spectra A(w) is obtained from the
Fourier transform of the temporal pulses A.(t), including the
quantum shot noise such that

g, (@

A (t) = Ay(t) + a(t)e®

The amplitude a(t) follows a Gaussian distribution with a
variance value of hf,/(2T,), as described in ref 35 and 36 (h is
the Plank constant, f is the central frequency of the pulse, and
T, is the sampling time). The phase ¢(t) also follows a
Gaussian distribution with variance value of 7.

The simulations have been performed for pump wavelengths
of 7.5 and 8.5 um, with a peak power of 6.5 and 2.6 kW,
respectively, and for a propagation length of 5.5 mm. The first-
order degree of mutual coherence (g1,) is plotted in Figure 7,
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where the black line is the superposition of the 40 different
spectral simulated and the blue line is the calculated g;,. It can
clearly be seen that, when considering only the quantum shot
noise, a high degree of coherence is predicted over the entire
SCG

B CONCLUSION

In this work we have shown the huge potential of using graded-
index SiGe waveguides to exploit nonlinear processes through
the experimental demonstration of SCG. First, the graded-
index platform can be used for second-order dispersion
engineering in a simple yet effective way while providing low
propagation losses in a wide wavelength range. Furthermore,
the use of Ge-rich SiGe waveguides is compatible with large-
scale fabrication processes, hence, allowing compact, reliable
and low-cost devices. Moreover, the use of a Ge-rich approach
benefits from a large Kerr coefficient (compared to silicon) and
tight confinement, thus, enhancing the nonlinear processes.
Finally, this work experimentally validates the high potential of
this approach to perform SCG over an unprecedented
wavelength range in the mid-IR regime, achieving a two-
octave expansion (covering from 3 to 13 um wavelength). A
detailed study of the phenomena is carried out, pumping at
different wavelengths (7.5, 8.5, and 9.4 ym) in the anomalous
dispersion regime and different input power values. Our
experimental results indicate that the optimal pump wave-
length is 8.5 um, providing the maximal spectrum expansion at
lower pump power. Numerical simulations show a good
agreement with the experimental results. The output spectrum
coherence is also numerically evaluated, demonstrating a very
high first-order degree of coherence over the entire SCG range,
which is crucial for many mid-IR applications. In summary,
these results pave the way toward an efficient ultrawide mid-IR
light source implementation by using a single and compact on-
chip device.
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