n

Check for
updates

| A98

Vol. 36, No. 2 / February 2019 / Journal of the Optical Society of America B

Research Article

Journal of the

Optical Society

of America

OPTICAL PHYSICS

Dispersion trimming for mid-infrared
supercontinuum generation in a hybrid
chalcogenide/silicon-germanium waveguide

MiLan SinoBaD,"?

ALBerTO DELLA TORRE,"* BARRY LUTHER-DAvis,® PAN Ma,® STEPHEN MADDEN,®

SukanTA DesearmA,® KHu Vu,® Davib J. Moss,* ARNAN MiTcHELL,? JEAN-MICHEL HARTMANN,®
JEAN-MaRc FepEeLl,’ CHRISTELLE MoNAT,' AND CHRISTIAN GRILLET
"Université de Lyon, Institut des Nanotechnologies de Lyon (INL), 69131 Ecully, France

2School of Engineering, RMIT University, Melbourne, VIC 3001, Australia

3Laser Physics Center, Australian National University, Canberra, ACT 0100, Australia
“Centre for Microphotonics, Swinburne University of Technology, Hawthorn, VIC 3122, Australia

SUniversité Grenoble Alpes, CEA-Leti, 38054 Grenoble Cedex 9, France

*Corresponding author: alberto.della-torre@ec-lyon.fr

Received 15 October 2018; revised 2 December 2018; accepted 3 December 2018; posted 5 December 2018 (Doc. ID 348366);

published 8 January 2019

We report a simple post-process technique that harnesses a hybrid chalcogenide/silicon-germanium system for the
control of waveguide dispersion. By adding a chalcogenide top cladding to a SiGe/Si waveguide, we can substan-
tially change the dispersive properties, which underpin the generation of a supercontinuum. In our particular

example, we experimentally show that a shift from anomalous to normal dispersion takes place. We numerically
study the dispersion dependence on the chalcogenide thickness and show how to use this additional degree of
freedom to control the position of the zero dispersion wavelengths and hence the spectral span of the supercon-
tinuum. Finally, we compare our approach with more traditional techniques that use geometry for dispersion

tailoring. ~ © 2019 Optical Society of America

https://doi.org/10.1364/JOSAB.36.000A98

1. INTRODUCTION

Broadband supercontinuum sources can be used advanta-
geously in a wide variety of fields, from high-bit-rate commu-
nications and wavelength multiplexing [1] to biophotonics [2].
The mid-infrared (mid-IR) spectral region (covering the
3-20 pm wavelength range) is of great interest because of
the large number of potential applications from biomedical im-
aging and medical and environmental sensors to food quality
analysis and security [3-9]. Indeed, many chemical compounds
have strong spectral fingerprints in this region due to their res-
onant frequencies associated with the vibrational and rotational
modes of molecules. In this context, on-chip broadband mid-
IR light sources, like supercontinua, are key for the develop-
ment of efficient compact mid-IR spectroscopic platforms.
Mid-IR supercontinuum generation has already been
demonstrated using different integrated platforms, e.g., chalco-
genide [10], silicon-on-insulator waveguides [11,12], and
silicon-on-sapphire waveguides [13,14]. Recently, the (theoreti-
cally foreseen) strong nonlinear properties [15], wide transpar-
ency window from 3 to 15 pm, and CMOS compatibility of
germanium [6,16,17] have generated increasing interest in
germanium-based platforms. Generally, SiGe alloys are used
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to combine the superior nonlinear properties of germanium
with an additional design parameter (the germanium content
of the alloy) for a better control of the nonlinear properties of
the waveguide (nonlinear index, multiphoton absorption, and
dispersion) and to limit the waveguide/substrate lattice mis-
match. The first demonstration of nonlinear effects in a SiGe
waveguide was reported by Hammani ez /. in 2014, showing
mid-to-near-infrared conversion by four-wave mixing in a
graded-index SiGe on a silicon waveguide [18], followed by
the demonstration of supercontinuum generation from 1.45
to 2.79 pum on the same platform [19]. Low propagation losses
have been reported in graded-index SiGe waveguides [20,21],
and a complete characterization of the nonlinear optical
response of step-index SijsGey4 on Si waveguides was per-
formed by Carletti ez 4l in 2015 [22,23]. The latter work
eventually led to our recent demonstration of the first super-
continuum generated across more than one octave (from 3
up to 8.5 pm) in SiGe waveguides [24]. In that work, an
air cladding was used to achieve low anomalous dispersion
in spite of the low index contrast between the SiGe core and
the Si substrate. Controlling the waveguide dispersion is key to
governing the nonlinear dynamics and hence the properties
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(bandwidth, coherence etc.,) of the generated supercontinuum.
Sophisticated waveguide geometries have been proposed to that
end. For instance, Bao e /. numerically studied a double-slot
waveguide to obtain a flat and low dispersion [25] and a notch
waveguide enabled Nader ez 2/ to tune the zero-dispersion
wavelength (ZDW) [14]. In all these demonstrations, however,
the dispersive properties are set at the design stage and cannot
be adjusted once the device has been fabricated [11-14,24,25].
Hence, they are subject to fabrication inaccuracies, surface
contamination, and the presence of defects. Post-process
tuning mechanisms are therefore of great interest to adjust
or correct a posteriori the waveguide dispersion to match the
target value.

Here we show that it is possible to fine-tune the dispersion
profile a posteriori by adding a chalcogenide cladding layer on
top of a highly nonlinear SiGe waveguide, introducing a simple
post-processing tool to control the supercontinuum dynamics
and its properties.

Several approaches have been proposed for post-process tun-
ing of optical properties in optical fibers [26,27] and photonic
crystals [28-31]. However, the restricted number of design
parameters makes post-process dispersion control of wave-
guides trickier. In this regard, the addition of a chalcogenide
top cladding appears as a simple and elegant tool for post-
trimming the dispersion, depending on the actual structure
produced by fabrication. Chalcogenide glasses have been used
for post-tuning distributed feedback lasers [32], quantum
cascade lasers [33], photonic crystal cavities [34—36], and pho-
tonic crystal waveguides [37]. Here we report a proof of con-
cept demonstration in which the deposition of a chalcogenide
top cladding on nonlinear SiGe/Si waveguides enables us to
tune the group velocity dispersion of the fundamental mode.
In our example, the group velocity dispersion changes from
anomalous to normal at the pump wavelength, enabling us
to observe supercontinuum generation from 3.1 up to
5.5 pm in the normal dispersion regime. This demonstrates
that the heterogeneous integration of materials can be used
as a post-processing technique to tune the waveguide dispersive
properties and therefore control supercontinuum generation.
We numerically show that the dispersion can be further
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adjusted by setting the thickness of the deposited chalcogenide
layer within a reasonable 100 nm resolution tolerance. The
related effect on dispersion is equivalent to enlarging the
waveguide by about 15% but without degrading the waveguide
nonlinear response.

2. DESIGN AND FABRICATION

A 3.75x 2.7 pm? cross section, 5 cm long SiysGey4 on a
Si waveguide (see [24] for details on the fabrication process)
was coated with a 1.26 pm thick layer of a chalcogenide
Gej15Asy4Segs5, deposited by thermal evaporation [38].
The chalcogenide refractive index is considered constant and
equal to 2.6 [39]. The waveguide is operated as a trans-
verse-clectric  (TE) single-mode  structure at the pump
wavelength of 4.15 pm. Figure 1(a) shows scanning electron
microscope (SEM) and atomic force microscope (AFM) images
(top and bottom, respectively) of the waveguide surrounded by
the chalcogenide layer. The top parts of Figs. 1(b) and 1(c)
show the schematic of the waveguide before and after the dep-
osition of the chalcogenide, respectively, while the correspond-
ing simulated mode profiles (log scale) at 4.15 pm are shown in
the bottom parts. Table 1 summarizes the key parameters of the
waveguide, with and without the chalcogenide top cladding,
simulated by a finite-difference mode solver. Due to the low
refractive index difference between the core and top cladding,
the effective area of the mode slightly increases by ~10% when
the chalcogenide cladding is added; however, the mode confine-
ment in the core of the waveguide remains unaffected and
high (~949%). In principle, this allows us to maintain a high
nonlinear efficiency, as dictated by the strong light interaction
with the nonlinear SiGe core material.

Even though the influence of the cladding on the linear
optical properties of the waveguide was not experimentally
investigated, the relatively low mode energy overlap with the
chalcogenide top cladding (0.52% at 4.15 pm, see Table 1)
suggests that the impact of the chalcogenide surface roughness
[Fig. 1(a)] on optical losses is limited. Scattering losses are dom-
inant in high-index contrast waveguides and have less impact in
the mid-infrared as they scale as 274 [7]. Indeed, numerical
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(a) SEM (top) and AFM (bottom) images of the waveguide after the deposition of chalcogenide. Schematic (top) and simulated mode

profile at 4.15 pm for the waveguide before (b) the deposition of chalcogenide and for the (c) chalcogenide-clad waveguide. Simulations were

performed using Lumerical and are represented with a logarithmic scale.
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Table 1. Cutoff Wavelength, Group Velocity Dispersion,
Effective Area, Mode Energy Confinement, and Effective
Index at the Pumping Wavelength (4.15 pm) of the 3.75 x
2.7 pm? Cross-Section Waveguide with an Air-Clad or a
1.26 um Thick Chalcogenide-Top Cladding

Chalcogenide
Parameter Air Clad Clad
Cutoff wavelength (um) 6 6.52
GVD (ps/nm/km) at 4.15 pm  11.6 (anomalous) -12.1 (normal)
Ay (um?) at 4.15 pm 6.35 6.9
Mode confinement (%) in the 94.3 94.4
SiGe core at 4.15 pm
Mode confinement (%) in the 0.0032 0.52
top cladding at 4.15 pm
Effective index at 4.15 pm 3.496 3.504

simulations, taking into account the roughness measured
by AFM [rms = 15 nm, see Fig. 1(a) bottom] at both the
core/chalcogenide cladding and top chalcogenide interfaces,
show that the impact of scattering is negligible (~0.2 dB/cm
of extra loss).

Figure 2(a) shows the spectral dependence of the effective
area and the mode confinement factor in the core of the wave-
guide with and without the chalcogenide layer. The dispersion
profile and the effective index are shown in Fig. 2(b).
Considering the initial dimensions of the air-clad waveguide,
the related anomalous dispersion at the pump wavelength
shifts from anomalous to normal when the chalcogenide clad-
ding is added. At the same time, the waveguide cutoff wave-
length, which is characteristic of these vertically asymmetric
waveguides [24], is slightly increased from 6 to 6.52 pm.
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Fig. 2.

3. SUPERCONTINUUM GENERATION

We used the same setup, as described in Ref. [24], to couple
light into the waveguide and collect the output spectra. The
waveguide was pumped at 4.15 pm with ~200 fs pulses deliv-
ered by a 200 mW tunable OPA laser source (MIROPA-fs,
Hotlight Systems) with a repetition rate of 63 MHz. Optical
waveplates and polarizers were used to control the power and
polarization of the optical pulses, which were coupled to the
waveguide with a set of chalcogenide lenses. The coupling loss
was assumed to be the same at each facet and equal to those
inferred in Ref. [24] (4.9 dB). The output spectrum was
recorded by a liquid-nitrogen-cooled MCT (HgCdTe) photo-
detector positioned at the output of the spectrometer. A lock-in
detection technique was used to minimize the impact of
thermal noise.

Figure 3 shows the experimental output spectra for increas-
ing coupled peak power between 50 and 2.35 kW (correspond-
ing to up to 50 mW of laser average power) obtained by
pumping an air-clad waveguide [Fig. 3(a)] or a chalcoge-
nide-clad waveguide [Fig. 3(b)], with the same SiGe core cross-
section dimensions. The air-clad waveguide is slightly longer
(7 cm) than the one with the chalcogenide cladding (5 cm).
In both cases, a relatively broad supercontinuum was generated,
spanning from 2.63 up to 6.18 pm (with a -30 dB bandwidth
of 3.55 pm) and from 3.1 to 5.5 pm (with a -30 dB bandwidth
of 2.4 pm) for the air cladding and chalcogenide cladding
case, respectively. Some differences can be observed, which
illustrate the changes to the dispersion caused by the addition
of the chalcogenide top cladding. First, the spectrum is broader
for the air-clad case as compared to the chalcogenide-clad
case. This is expected for supercontinuum generated in the
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(a) Calculated effective area (continuous lines) and mode confinement (dashed lines) for the air-clad (black) and chalcogenide-clad (blue)

waveguide. (b) Calculated group velocity dispersion (continuous lines) and effective area of the mode (dashed lines) for the air-clad (black) and

chalcogenide-clad (blue) waveguide. The red dashed line indicates the pump wavelength (4.15 pm).
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Fig. 3. Spectra measured out of the (a) 7 cm long air-cladded and (b) 5 cm long chalcogenide-cladded SiGe/Si waveguide with the same 3.75 x

2.7 um? SiGe core cross-section dimensions for increasing coupled peak power.
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Fig. 4. Simulated spectra out of the (a) 7 cm long air-cladded and (b) 5 cm long chalcogenide-cladded waveguide for increasing coupled peak

power.

anomalous dispersion rather than in the normal dispersion
regime. Second, the supercontinuum amplitude is quite uneven
in the long wavelength regime for the air-clad case, while the
longer wavelength region of the supercontinuum spectrum
generated by the chalcogenide top cladding device appears
comparatively more regular.

This contrast in the long wavelength spectral signature is
also a characteristic difference between the supercontinuum
generation primarily in the anomalous dispersion regime
(driven by soliton fission) and the normal dispersion regime
(driven by self-phase modulation and optical wave breaking).
We stress that the 2 cm difference in waveguide length should
not be the cause of the observed differences between the super-
continua, as the spectrum of the air-clad anomalous dispersion
case does not evolve much beyond the soliton fission length
(~1.4 cm), as was investigated in Ref. [24].

The supercontinuum generation process was simulated
for both waveguides by numerically solving the nonlinear
Schrédinger equation using the split-step Fourier method
(see supplement in the Ref. [24] for more information). The
Taylor expansion coefficients of the propagation constant were
considered up to the tenth order. As a reasonable approxima-
tion, we used the same parameters for the linear loss, the non-
linear effects (Kerr and four photon absorption), the free-carrier
absorption and dispersion, self-steepening, and the Raman
effects as those used in Ref. [24] for the simulation of the
air-clad waveguide pumped at 4.15 pm. Indeed, the chalcoge-
nide compound is transparent deep into the mid-infrared,
and its nonlinear contribution was neglected, as only 0.5%
of the mode field energy overlaps with the chalcogenide clad-
ding (see Table 1).
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The experimental results of Fig. 3 are in good agreement
with the simulations shown in Fig. 4; the bandwidth in par-
ticular is relatively well reproduced by the simulations. Some
of the discrepancies, like the lobes at shorter wavelengths in
the measured spectra on Fig. 3(b), are likely due to the coupling
of light with higher-order modes and absorption to CO2
(around 4.2 pm) and hydrocarbons (around 3.2 pum) that
are not taken into account in our simulation. These effects
indeed equally affect the short wavelength spectral signature
for both waveguides.

4. RESULTS AND DISCUSSION
A. Dispersion Tailoring

We have shown experimentally that by adding a chalcogenide
layer on top of a SiGe/Si waveguide, a change in the dispersion
occurs, shifting, in this particular example, from an anomalous
to normal dispersion at the pump wavelength. To expand on
our findings, we performed a numerical analysis of the impact
of the chalcogenide layer thickness on the group velocity
dispersion [see Fig. 5(a)]. As the chalcogenide thickness in-
creases, the overall dispersion gradually decreases, shifting
towards normal values when depositing more than 500 nm
of chalcogenide. This change is accompanied by a variation
in the ZDWs and the flattening of the dispersion profile. The
last trend is better observed in Fig. 5(b), which plots the
corresponding third-order dispersion (f3). The third-order
dispersion becomes smaller as the chalcogenide thickness
increases, decreasing by more than a half (from 21.4 to
9.8 x 1070 ps? /um) from the air-clad case to the 1.26 pm
thick chalcogenide-clad case, indicating that a flatter profile

5 %107
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— Teng=1.0 pm
- - Teng=1.26 um

38 4 42 44 46 48 5

b) Wavelength (um)

Fig. 5. (a) Calculated group velocity dispersion (GVD) for different thicknesses of the chalcogenide layer. (b) Corresponding third-order
dispersion. The inset shows a schematic of the SiGe waveguide with chalcogenide cladding.
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of the group velocity dispersion is obtained. Moreover, the
dispersion profile converges as the chalcogenide thickness
approaches 1 pm, in agreement with the confinement of the
mode in the waveguide core. As a flat profile of the dispersion
is generally targeted for supercontinuum generation, both in
the anomalous and in the normal dispersion regime, the pos-
sibility of controlling the dispersion profile and the position of
the ZDWs by simply changing the thickness of the chalcoge-
nide layer is a convenient post-process dispersion engineering
tool. When supercontinuum generation in the anomalous
dispersion regime is targeted, the position of the ZDWs deter-
mines the spectral location of the dispersive waves, which are
located at the extreme parts of the spectrum. Therefore, the
dispersive waves and thus the supercontinuum bandwidth
and center wavelength can be selectively tuned by changing
the thickness of the chalcogenide cladding.

The most common technique to tailor the dispersion profile
of a waveguide with a given thickness is to change its width at
the design stage. Figure 6 shows the group velocity dispersion
of an air-clad 2.7 pm thick SiGe/Si waveguide for different
widths. By increasing the width, we observe, similarly to the
hybrid case, that the group velocity dispersion decreases, while
the ZDWs are pushed toward longer wavelengths. However,
the dispersion profile is less sensitive to the change of the wave-
guide width than to the thickness of the additional chalcoge-
nide layer. For instance, a wide waveguide (~25% larger)
is needed in order to substantially flatten the dispersion.
Increasing the waveguide width could lead to a multi-mode re-
gime and significantly increases the effective area, which may
negatively impact the strength of nonlinearities, expressed
through the factor y = 27n, /AAg, where n, is the nonlinear
index and A is the effective area. By contrast, we have shown
that the additional chalcogenide layer only moderately affects
the effective area (see Table 1).

As a comparison example, the black dashed curve in Fig. 6
shows the dispersion profile of a 3.75 pm wide waveguide with
a 250 nm thick chalcogenide top cladding. The dispersion
curve is similar to the one of a 4.3 pm wide air-clad waveguide
(green curve). The maximum group velocity dispersion shifts
from 11.6 ps/nm/km down to 7.53 ps/nm/km by widening the
air-clad waveguide and down to 7.67 ps/nm/km by adding the
chalcogenide layer, while the ZDWs shift from 3.8 and

50
— W=3.75um
W=43um
25 — W=48um

- - Chalcogenide cladding 250 nm
-

Fig. 6. Calculated group velocity dispersion for different waveguide
widths (the thickness is fixed to 2.7 pm) and for a 3.75 pm wide wave-
guide with 250 nm thick chalcogenide top cladding (dashed black
curve). The dashed black line indicates the zero dispersion. The
out inset shows a schematic of the air-clad waveguide.
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4.89 pm to 4.07 and 5.03 pm and to 4.02 and 4.94 pm,
respectively.

While the tuning of the dispersion properties is very similar
with the two techniques, the effective area of the mode is lower
in the 250 nm thick chalcogenide-clad case (6.77 pm?, com-
pared to 7.14 pm? in the 4.3 pm wide air-clad case), leading to
a higher y factor. The undesirable increase in the effective area
of the air-clad waveguide is even more severe when targeting
normal dispersion for which a waveguide width of more than
5 pm is needed, resulting in a y factor of less than
0.45 (Wm)~!, compared to y = 0.57 (Wm)~! for the chalco-
genide-clad waveguide. Importantly, we reemphasize that the
chalcogenide layer can be added as a post-process, and the
thickness of the layer could be chosen to trim the dispersion
properties after the fabricated waveguide is characterized. A
thickness resolution of the chalcogenide layer around 100 nm
is easily achievable.

B. Outlook

Besides the potential for adjusting the waveguide dispersion by
controlling the thickness of a chalcogenide top cladding, the
high photosensitivity of chalcogenide glasses [38] can be used
to locally change their refractive index, density, and thickness
through simply illuminating this material with light energy
above their band gap. Exploiting the photosensitivity of these
glasses is thus, in principle, an additional tool for post-
trimming the properties of individual waveguides not only to
relax the fabrication constraints but also to tailor the dispersion
along the waveguide and to optimize the design of individual
structures for different environments and applications [40].
Finally, although it was not exploited here, chalcogenide glasses
possess a third-order optical nonlinearity up to a thousand
times higher than silica glasses, [41] minimizing the potential
negative impact that an additional top cladding might have on
the effective nonlinear parameter.

5. CONCLUSION

We presented a simple post-process technique to fine-tune the
dispersion profile of a nonlinear SiGe on an Si waveguide
through adding a top chalcogenide layer for changing the prop-
erties of a chip-based generated supercontinuum. We demon-
strated the utility of this approach through the generation of a
mid-IR supercontinuum and have compared it with more
traditional geometric changes of the waveguide dimensions.
Supercontinuum generation in both the normal and anoma-
lous dispersion regimes requires group velocity dispersion pro-
files that are as low in magnitude and as flat as possible.
Nanowaveguides that are used in integrated platforms can fulfill
these strict requirements through design adjustment. They are,
however, very sensitive to fabrication inaccuracies, surface
roughness, surface contamination, and the presence of defects,
resulting in deviations of the final device from the targeted
dispersion profile. Therefore, a post-process approach that al-
lows us to trim the group velocity dispersion depending on the
actual structure produced by fabrication is a highly attractive
complementary tool for optimizing chip-based supercontin-
uum generation. Finally, the wide transparency window of

both the SiGe core and the chalcogenide cladding makes this
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platform well suited to extend mid-IR coherent supercontin-
uum generation toward longer wavelengths, covering a great
part of the mid-IR region, with potential applications in bio-
medical imaging, medical and environmental sensors, food
quality analysis, and security.
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