
HAL Id: hal-02461162
https://hal.science/hal-02461162

Submitted on 29 Jul 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

High Coherence at f and 2 f of Mid-Infrared
Supercontinuum Generation in Silicon Germanium

Waveguides
Milan Sinobad, Alberto Della Torre, Remi Armand, Barry Luther-Davies, Pan
Ma, Stephen Madden, Arnan Mitchell, David Moss, Jean-Michel Hartmann,

Jean-Marc Fedeli, et al.

To cite this version:
Milan Sinobad, Alberto Della Torre, Remi Armand, Barry Luther-Davies, Pan Ma, et al..
High Coherence at f and 2 f of Mid-Infrared Supercontinuum Generation in Silicon Germanium
Waveguides. IEEE Journal of Selected Topics in Quantum Electronics, 2020, 26 (2), pp.1-8.
�10.1109/JSTQE.2019.2943358�. �hal-02461162�

https://hal.science/hal-02461162
https://hal.archives-ouvertes.fr


IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 26, NO. 2, MARCH/APRIL 2020 8201008

High Coherence at f and 2f of Mid-Infrared
Supercontinuum Generation in Silicon

Germanium Waveguides
Milan Sinobad , Alberto Della Torre, Remi Armand, Barry Luther-Davies, Pan Ma, Stephen Madden,
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Abstract—Absorption spectroscopy based on supercontinuum
generation in the mid-infrared is a powerful technique to analyze
the chemical composition of samples. Furthermore, phase-coherent
supercontinuum sources can enable fast data acquisition with
coherent, stable pulses that allow single-shot measurements. We
report here a numerical study of the coherence of an octave-
spanning mid-infrared supercontinuum source that was experi-
mentally obtained in an air-clad SiGe/Si waveguide. We show that
engineering two closely spaced zero-dispersion wavelengths that
enclose an anomalous dispersion band centered around a fixed
pump wavelength can produce supercontinuum pulses with high
spectral density and full coherence at the extreme ends of the
spectrum. This work is important for absorption spectroscopy,
on-chip optical frequency metrology, and f-to-2f interferometry
applications.

Index Terms—Optical waveguides, silicon germanium, silicon
photonics, supercontinuum (SC) generation.

I. INTRODUCTION

SUPERCONTINUUM (SC) sources are of great interest
because of their high spectral brightness over a large spec-

tral bandwidth. In particular, mid-infrared (mid-IR, 3–20 μm)
sources, due to the strong molecular fingerprint in this spec-
tral region [1], are well suited for environmental and toxic
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vapors sensing in atmospheric, security and industrial appli-
cations [2]. Broadband integrated sources can achieve sensing
with high throughput thanks to the parallel detection of several
species [3]. Their integration in a complementary metal-oxide-
semiconductor (CMOS) compatible integrated platform would
lead to high volume, low cost sensing technology. Mid-IR SC
was first demonstrated in fibers [4]–[7], in a chalcogenide based
platform [8] and recently in CMOS compatible platforms [9],
[10]. Among the different CMOS compatible platforms that have
been proposed for mid-IR SC generation, silicon germanium-
on-silicon waveguides are very promising thanks to the wide
transparency window up to 8.5 μm [11]–[13] and good nonlin-
ear properties [14]–[16], with the recent demonstration of SC
generation from 3 to 8.5 μm [17].

The SC bandwidth is maximal when pumping the nonlinear
waveguide structure in the anomalous dispersion regime [18].
For many applications however, a wide bandwidth is not the
only requirement. High coherence across the spectrum is also
needed. Locking of the fundamental and second harmonic of
coherent broadband sources spanning more than one octave
(termed f-to-2f self-frequency referencing) has played a major
role in the fields of frequency metrology and optical clocks [19]–
[21]. Coherent SC sources have also been used for precision
spectroscopy, high resolution optical tomography [22], [23] and
Raman spectroscopy [24]. In the anomalous dispersion regime,
however, the mechanism underlying SC generation is generally
dominated by soliton fission triggered by noise-seeded modu-
lation instability leading to shot-to-shot fluctuations and degra-
dation of coherence [18]. To effectively transfer the coherence
properties of the pump to the generated SC, several strategies
have been used. F. Leo et al. demonstrated that coherence could
be enforced by a high level of two-photon absorption (TPA).
This effectively reduces the soliton number in the waveguide. A
high coherence was reported in a 1 cm long silicon-on-insulator
waveguide pumped at 1.6 μm with 150 fs pulses [25]. However,
this approach typically restricts the SC bandwidth at the output.
More frequently, coherence is preserved by using a waveguide
only slightly longer than the soliton fission length to alleviate
coherence degradation due to modulation instability. Using this
approach, A. R. Johnson et al. demonstrated coherent SC when
pumping silicon-nitride waveguides at 1 μm [26]. Alternatively,
extremely short pump pulses can be used, in order to increase the
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Fig. 1. (a) Waveguide schematics and scanning electron microscope (SEM)
image with the superimposed TE fundamental mode electric field profile.
(b) β1 (black, left y-scale) and β2 (blue, right y-scale) dispersion curves. The
grey area indicates the anomalous dispersion regime. The dispersion length
(LD) is calculated for the minimal value of β2 represented by the blue dashed
vertical line.

soliton fission length. For instance, N. Singh et al. generated a
SC with a coherence higher than 90%, on average, by pump-
ing a silicon-on-insulator waveguide with sub-100 fs pulses
in the short wave infrared (SWIR). This approach is however
constraining from the technological point of view [27]. These
strategies were recently used to numerically demonstrate high
coherence of the supercontinuum in mid-IR generated from the
germanium-on-silicon waveguide [28].

Here, we numerically study the coherence properties of a
mid-IR supercontinuum (extending from 2.63 to 6.18 μm) that
was experimentally generated in a 3.75 μm × 2.70 μm cross-
section, 7 cm long silicon germanium-on-silicon (Si0.6Ge0.4/Si)
waveguide pumped by∼200 fs pulses at λ= 4μm [17]. We show
that a broad and highly coherent SC can be obtained by pumping
the waveguide at a wavelength enclosed in a narrow anomalous
dispersion band. Through analysis of the spectrograms and the
coherence properties of the SC generated at different locations
along the waveguide, we study the dynamics of the underlying
mechanism generating the SC in this particular regime. We show
that, with this approach, it is possible to achieve a broadband SC
with a high degree of coherence irrespectively of the waveguide
length and without the need for sub-100 fs pump-pulses or
multi-photon absorption.

II. WAVEGUIDE DESIGN AND NUMERICAL MODEL

Our device consists of a 7 cm long Si0.6Ge0.4 on Si (001)
air-clad waveguide with a 3.75 μm × 2.70 μm cross-section
[see Fig. 1(a)]. We demonstrated in [17] that by pumping
such a waveguide with ∼200 fs pulses at 4 μm wavelength,

TABLE I
NUMERICAL VALUES OF THE PARAMETERS USED IN THE MODEL

we were able to generate high intensity SC signal across a wide
bandwidth, with extreme wavelengths (at 2.63 μm and 6.18 μm)
separated by an octave. SC is limited by mode cutoff at long
wavelengths (λ ∼ 6 μm) which is induced by the asymmetry
of the waveguide with respect to the vertical plane. The first
and second order dispersions of the waveguide, calculated by a
finite-difference mode solver, are shown in Fig. 1(b) as a func-
tion of the optical wavelength. The waveguide dispersion thus
exhibits two zero-dispersion wavelengths (ZDW) at 3.84μm and
4.96 μm, respectively, which enclose an anomalous dispersion
band highlighted in grey in Fig. 1(b).

The propagation of short optical pulses in a waveguide can
be described by the generalized nonlinear Schrodinger equation
(GNLSE) under the slowly varying envelope approximation:
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where A(z, t) is the electric field envelope, α is the attenuation
coefficient, βm is the m-th order derivative of the propagation
constant with respect to the angular frequency, γ(ω0) is the
nonlinear parameter at the central frequency of the pulse, R(t
– t′) is a function that takes into account Raman contributions,
α4PA is the four-photon absorption coefficient, Aeff is the
effective area at the central frequency of the pulse,Nc is the free-
carrier density in the waveguide, σ is the free-carrier absorption
cross-section and μ = 2kck0/σ is a dimensionless parameter
that encompasses the impact of free-carrier dispersion, with
k0 being the wavenumber and kc the free-carrier dispersion
parameter [16]. High-order dispersions βm are included up to
β10 (see Table I). Here, we consider that the propagation loss is
constant and equal to 0.38 dB/cm, as measured at 4μm [17]. The
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nonlinear Raman response function (t) is taken equal to that of
crystalline silicon [29]. The fractional contribution of the Raman
response to the third-order nonlinearity fR, the Raman response
time τ1 and the phonon lifetime τ2 are given in Table I.

The temporal variation of the free-carrier density in the wave-
guide is modeled by the following rate equation:

∂Nc

∂t
=

α4PA

4�ω

(
|A|2
Aeff

)4

(2)

The recombination lifetime is neglected in (2), as the reported
value in silicon based waveguides (∼10 ns) [30] is (i) much
longer than our pulse duration (TFWHM = 205 fs) and (ii) much
shorter than the time period between subsequent pulses. The
nonlinear parameter and effective area of our waveguide are γ
= 0.63 (W·m)−1 and Aeff = 6.25μm2, respectively [17]. The
GNLSE was numerically solved using the split-step Fourier
method. The numerical values of the parameters used in the
model are summarized in Table I.

The degree of first-order coherence g(1)
12 of the generated

supercontinuum is calculated from the following formula [18]:

g
(1)
12 (λ) =

∣∣∣∣∣∣∣∣
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1 (λ)E2 (λ)〉√〈

|E1 (λ)|2
〉〈

|E2 (λ)|2
〉

∣∣∣∣∣∣∣∣
(3)

where the angle brackets denote an ensemble average over forty
independently generated pairs of supercontinua E1,2(λ) with
random input noise. Noise was modelled by adding one photon
per mode (according to our pump repetition rate fr = 63 MHz)
with a Gaussian distribution of both amplitude and phase of
variance 2σ equal to hν/2 and π, respectively [31]. A similar
approach has been used to model noise in SC generated in
silicon-on-insulator [27] and silicon-on-sapphire platforms [10].

III. RESULTS AND DISCUSSION

A. Experimental Supercontinuum Generation and
Calculated Coherence

The waveguide was pumped in the Transverse Electrical (TE)
polarization by a 200 mW tunable OPA laser (MIROPA-fs,
Hotlight Systems) delivering 205 fs pulses centered at 4 μm
(75 THz frequency) with a repetition rate of 63 MHz [17].

Fig. 2 (bottom) shows the measured (blue curve) and sim-
ulated (black curve) spectra resulting after propagation of a
pulse with a 2.35 kW coupled peak power. The experimentally
generated SC spans over more than one octave, from 2.63 up
to 6.18 μm, with a 3.55 μm bandwidth at −30 dB. The on-chip
power spectral density at λ = 5.8 μm (f) is −52 dBm·nm−1. At
λ = 2.9 μm (2f), it is greater than −37 dBm·nm−1.

The overall bandwidth of the simulated SC agrees relatively
well with that measured experimentally. One striking difference
though is that the signals generated by simulations at both f
and 2f exhibit greater power than the average one (−32.6 dBm)
calculated over the -30 dB bandwidth. This lower power spectral
density on the long wavelength side for the experimental SC is
most likely due to water vapor absorption at around 5.5–6 μm
[32], which takes place along the free-space path from the

Fig. 2. Calculated coherence at the output of the waveguide (top), experimen-
tal (blue) and simulated (black) spectra (bottom) for λp = 4μm, TFWHM =
205 fs and Pp = 2.35 kW. The spectrum is simulated with added noise, i.e one
photon per mode with random phase and amplitude.

chip output to the spectrometer. The lower signal measured
at short wavelengths comes from an increase of the measured
propagation loss (below λ = 3.5 μm) that is not considered in
our simulations. Fig. 2 (top) shows the calculated coherence,
which remains high at the extreme parts of the spectrum. The
apparent loss of coherence in the central part of the spectrum,
where the signal is lower, is due to the low signal to noise ratio.

Fig. 3 shows the evolution of the pulse, as calculated from
simulations, in the time domain (a), the spectrum (b) and the
coherence (c) as a function of the propagation distance up to
7 cm.

After a few centimeters of propagation along the waveguide,
the central part of the spectrum, close to the pump wavelength
appears to be depleted relative to the normal dispersion bands
towards the high and low wavelengths [Fig. 3(b)]. Full coher-
ence is achieved at the extreme parts of the SC spectrum at
all propagation distances [Fig. 3(c)]. Moreover, by choosing
the waveguide length slightly shorter (∼2 cm), it is possible
to maintain high coherence across the entire spectrum without
affecting the spectral bandwidth, as the spectrum is already fully
broadened [see red line in Fig. 3(c)]. In contrast to the strategies
that have been pursued in references [25], [27], the coherence
is not degraded here by the use of a pump pulse duration longer
than 100 fs nor by the low multi-photon absorption. Finally, we
do not observe on Fig. 3(a) the temporal pulse compression
that typically governs the dynamics of SC in the anomalous
dispersion regime and leads to soliton fission. We investigate
the origin of these features in the next section.

B. Supercontinuum Generation Dynamics

In this section, we numerically investigate the dynamics of SC
generation in our waveguide pumped in an anomalous dispersion
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Fig. 3. Evolution of the simulated pulse in the (a) time domain, (b) spectrum,
and (c) coherence at different propagation distances for λp = 4μm, TFWHM

= 205 fs, and Pp = 2.35 kW.

band surrounded by two closely spaced ZDWs (here, at 3.84
and 4.96 μm). The dynamics of SC generation when pumping
in a narrow anomalous dispersion band has been explored in
optical fibers [33]–[35]. Different explanations have been raised,
discussing the interplay of self-phase modulation (SPM) and
four-wave mixing (FWM) as well as the formation of solitons,
soliton annihilation and the generation of dispersive waves.
The bandwidth of the central anomalous dispersion window
with respect to the pump characteristics critically governs the
mechanisms that drive the SC dynamics. Furthermore, although
the potential for pulse recompression was numerically shown
in [33], none of these papers explicitly studied the coherence
properties of the spectra.

To get more insights into the underlying phenomena that
dominate the generation of our mid-IR SC, we simulate the
pulse evolution in both the spectral and time-domain at in-
termediate distances along our waveguide length. Considering
our waveguide dispersion and pump characteristics, the soliton
fission length given by Lfiss = T0/(γP0|β2|)1/2 is equal to
Lfiss = 1.38 cm and the input soliton order is N = 20. Fig. 4
shows the spectrum, time-domain and spectrogram of the SC
signal generated at 8 intermediate steps along the 7 cm long
waveguide due to a pump pulse with a peak power equal to
2.35 kW at 4μm (75 THz frequency). The spectrogram provides
simultaneous information about the temporal and spectral profile

Fig. 4. Calculated spectrogram with superimposed group delay (white curve),
pulse in time domain, spectrum (black curve) and coherence (blue curve) at
(a) 2 mm, (b) 6 mm, (c) 8 mm, (d) 1 cm, (e) 1.2 cm, (f) 1.6 cm, (g) 2 cm and
(h) 7 cm length. The frequency shift is calculated with respect to the input pump
frequency (75 THz). The white dashed lines in (d) to (g) present the boundaries
of the anomalous dispersion band.

of the pulse, and its related chirp. It is mathematically described
as:

Σ(ω, τ) =

∣∣∣∣
∫ ∞

−∞
E (t) g (t− τ) e−iωtdt

∣∣∣∣
2

(4)

with g(t – τ ) being a variable-delay Gaussian shape gate function
with ∼130 fs duration [18].

Up to 0.6 cm distance propagation, the spectrum shows the
typical features of SPM, with 3 lobes that are roughly sym-
metric around the pump wavelength and a positive linear chirp
[see Fig. 4(b)]. The effect of dispersion in the vicinity of the
pump wavelength is indeed negligible after this short distance
(LD = 27.6 cm for our 205 fs pulses). This is indicated by the
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Fig. 5. (a) Linear phase mismatch for degenerate four-wave mixing around
the pump frequency vp. The black dotted line represents the frequencies corre-
sponding to a zero linear phase mismatch. The dashed blue and green lines point
out the frequencies with the maximum negative phase mismatch for a pump at
75 and 70 THz frequency (vp) respectively. (b) Phase matched frequencies to
a soliton of frequency varied across the anomalous dispersion band for 1 kW
(red) and 2.35 kW (black) of soliton peak power. The dashed green lines point
out the frequencies that are phase matched to a soliton of 1 kW peak power at
70 THz.

group delay, close to zero around the pump, represented by the
white solid curve superimposed to the spectrogram. At the same
time, some signal appears from noise in frequency bands at
±16 THz from the input frequency, corresponding to 3.3 and
5.1 μm wavelengths [see Fig. 4(a) and (b)].

To better clarify the origin of these sidebands, we calculated
the spectral dependence of the linear phase mismatch asso-
ciated with degenerate four-wave mixing (FWM) pumped at
the angular frequency ωp and given by the following equation
[36], [37]:

Δβ = 2β (ωp)− β (ωs)− β (ωi) (5)

where ωs and ωi are the angular frequencies of the signal and
the idler respectively. The result associated with our wave-
guide dispersion is plotted on Fig. 5(a) as a function of the
FWM pump frequency νp (bottom axis), and the frequency
shift (top axis) with respect to the 75 THz (input) frequency.
For νp = 75 THz, this curve exhibits two minimum (negative)
linear phase mismatch values equal to −3.4 cm−1. They are
reached for symmetric frequencies νs at ±16 THz from the
75 THz pump (blue dashed line). The value of the nonlinear
phase mismatch 2γPp, which counterbalances the linear one, is
equal to 15 cm−1 close to the entrance of the waveguide. Hence,
the spontaneous generation of a probe and an idler signal by

degenerate FWM of the pump signal will be more effective
at the two frequencies (±16 THz), for which the total (linear
and nonlinear) phase mismatch is closer to zero. We therefore
attribute the symmetrically positioned side bands observed in
the SC spectrum close to the entrance of the waveguide to noise
seeded spontaneous FWM. As expected, this signal is not fully
coherent (g12 < 0.8) [see blue curve in Fig. 4(a)] and exhibits
a relatively broad bandwidth.

Between 0.8 cm and 1.2 cm along the waveguide length,
dispersion starts being substantial (see the negative group delay
presented with white curve in Fig. 4(c) and (d) around the
pump wavelength). Yet, due to continued SPM and the limited
bandwidth of the central anomalous dispersion window, a sig-
nificant amount of power has been already pushed outside of the
anomalous dispersion band [see Fig. 4(d) and (e)]. The depletion
of the anomalous dispersion region results in an apparent loss of
coherence in the central part of the spectrum, which is however
only a consequence of the low signal to noise ratio. From the
spectrograms, two high energy pulses appear and split in the
spectral (and time-) domain, lying very close to the two ZDWs.
The pulse on the low wavelength trailing edge, in particular,
strongly overlaps with the normal dispersion regime (L = 1 and
1.2 cm) and seems to undergo some SPM on its own with a
positive linear chirp growing between 1.2 and 2 cm, generating,
in turn, more side lobes in this part of the spectrum. These new
components generated by SPM in a normal dispersion regime
are highly coherent, as seen in Fig. 4(f)–(g).

At around 1 cm, some part of the pump energy, which is
redshifted by around −5 THz from the input frequency, remains
in the middle of the anomalous dispersion band. Subsequent
transfer of energy occurs from this band to both sides of the
spectrum [Fig. 4(e)–(g)]. The oscillations occurring in the
temporal domain at the leading edge of the pulse [for L = 1.2
and 1.6 cm in Fig. 4(e) and (f)], having a period of ∼50 fs, can
be seen as the result of the beating between frequencies with a
20 THz distance. At the low level, the observed energy transfer
might be attributed to degenerate FWM between the remaining
redshifted signal in the anomalous dispersion band (which could
act as a pump) and the tail of the low energy peak at ∼−20 THz
(which could act as an idler), leading to the generation of a
signal at higher frequencies and to an enhancement of the idler
[38]. This interpretation roughly agrees with the frequencies
at which the calculated FWM linear phase mismatch is mini-
mum [Fig. 5(a), green dashed lines]. For a pump at 70 THz
(i.e., −5 THz from the input frequency), these correspond to
an idler at around −20 THz and a signal at around 10 THz
from the input frequency. Indeed, the estimated nonlinear phase
mismatch induced by the pump signal in the anomalous band
(estimation 6 cm−1) compensates for the maximum negative
linear phase mismatch values afforded by the waveguide dis-
persion (−6 cm−1), leading to more effective FWM at fre-
quencies corresponding to the minimum (negative) linear phase
mismatch.

As an alternative interpretation, the energy transfer around
the two ZDWs between 1 cm and 2 cm could be understood
as dispersive wave generation seeded by a soliton at −5 THz.
The corresponding phase matching condition is given by the
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following equation [37]:

β (ωsol) + β1 (ωsol) (ωd − ωsol) +
1

2
γPsol − β (ωd) = 0

(6)
where ωd and ωsol are the dispersive wave and soliton angular
frequencies, respectively, and Psol is the soliton peak power.
Fig. 5(b) plots the frequencies that are phase matched with the
soliton as a function of its frequency. As a rough approximation,
this calculation considers that the duration of the soliton is that
of the pump (TFWHM = 205 fs) and that its peak power is either
1 kW or 2.35 kW. The 1 kW peak power would correspond to a
soliton carrying 40% of the input pulse power [estimated from
the spectrogram on Fig. 4(d)] which would not experience pulse
compression. In this case, dispersive waves are expected to be
generated at around−24 and+25 THz from the input frequency
(i.e., about −20 and +30 THz from the redshifted signal in the
anomalous band). It is difficult to unambiguously attribute the
redshifted signal at−5 THz to a soliton. However, this dispersive
wave mechanism could explain part of the signal that is trans-
ferred spectrally further from the pump than the aforementioned
FWM mechanism at 1.6 and 2 cm [Fig. 4(f)–(g)]. In addition,
the ∼50 fs time-domain oscillation at the leading edge of the
pulse could be explained by the beating between the −5 THz
red-shifted signal and the low energy (−24 THz) dispersive
wave.

Considering the relatively broad generated features in the
spectrum though, we cannot rule out either of the two mecha-
nisms. We note that the high frequency band is slightly broader,
which might be due to the distinct frequencies that are created
in this range by each process (10 THz and 25 THz for FWM
and dispersive wave, respectively). We therefore conclude that
the observed spectrum is most likely the result of the interplay
between SPM, FWM and dispersive wave generation. Most
importantly, all these processes preserve coherence.

At 2 cm [Fig. 4(g)], following this energy transfer, the two
sidebands in the normal regime carry most of the power. Further
propagation [Fig. 4(h)] results in the attenuation of the pulse
around the pump wavelength due to linear and nonlinear loss
and in the temporal separation of the two side bands according
to the distinct group delay in these two bands (see white group
delay curve in Fig. 4)

From this analysis, we can understand the high degree of
coherence obtained for our supercontinuum. Its generation is
dominated by mechanisms that all preserve coherence, namely
SPM and energy transfer through FWM and/or dispersive wave
generation. We stress that, due to the high amount of energy
pushed out of the anomalous dispersion window in the early
stages of the propagation, the effective soliton number is prob-
ably less than 20, therefore limiting the detrimental impact of
soliton fission on coherence. As a result of its limited bandwidth,
the anomalous dispersion band cannot accommodate the entire
spectrally broadened spectrum before soliton fission occurs. We
thus do not observe the typical temporal pulse compression
leading to soliton fission nor clear evidence of soliton fission
in the time domain. Finally, we note that although the absolute
bandwidth of the anomalous dispersion region is relatively wide

in our case, i.e., 1160 nm compared to 165 nm in [33], the
bandwidth to pump wavelength ratio is comparable, as we pump
in the mid-IR region. We thus observe a similar dynamics to that
observed for fibers with a narrow anomalous dispersion band in
the near-IR [33]. This leads to high coherence over most of the
spectrum, in particular at frequencies distanced by one octave.

The high power spectral density and high degree of coherence
at the extreme parts of the octave spanning SC makes this
spectrum particularly interesting for f-to-2f interferometry [39].
A f-to-2f interferometer based technique has been proposed
in 1999 by H. R. Telle et al. [19] to measure and stabilize
the carrier-envelope offset of two-cycle lasers, a fundamental
requirement for high-harmonic generation applications [40].
Moreover, measuring the radio-frequency beats that can be
generated via f-to-2f self-frequency referencing using broadband
laser sources spanning over one octave can be used to stabilize
pulse for high precision spectroscopy and frequency metrology
applications. The coherence of dispersive waves at f and 2f is
not affected by the low multi-photon absorption, allowing us
to take full advantage of the extremely low nonlinear losses to
maximize SC bandwidth and output power. Furthermore, the
generated SC covers a great part of the molecular fingerprint
region, with potential applications for on-chip spectroscopy.

IV. CONCLUSION

We have shown that an on-chip mid-IR octave spanning
supercontinuum generated in an anomalous dispersion regime
surrounded by two closely spaced ZDWs maintained a high de-
gree of coherence at its extreme parts. The interplay between the
different mechanisms driven by this specific dispersion profile
ensures that coherence is achieved without requiring high TPA,
specific waveguide length, nor being constrained by the use of
sub-100 fs input pulses. Since the spectrum covers the molecular
fingerprint region, the reported SC is well suited for on-chip
sensing applications. Moreover, the high power spectral density
and the high coherence of the octave-distanced signals make
this supercontinuum source promising for f-to-2f interferometry,
with potential applications for high-precision spectroscopy and
frequency metrology.
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harmonic emission with ultrashort laser pulses,” Phys. Rev. Lett., vol. 81,
p. 1837, 1998.

Milan Sinobad received the B.Sc. degree in electrical engineering from Bel-
grade University, Serbia, in 2012, and the M.Sc. degree in nanoscale engineering
from the Université de Lyon, France, in 2014. He is currently working toward the
Ph.D. degree in engineering with the RMIT University, Melbourne, Australia.

His research interests include silicon photonics, mid-infrared photonics, laser
physics, and nonlinear optics.

Alberto Della Torre received the B.Sc. degree in engineering physics from the
Polytechnic of Milan, in 2015, and the M.Sc. degree in nanoscale engineering
from the Université de Lyon, Lyon, France, in 2017. Currently, he is working
toward the Ph.D. degree in engineering with the Institut des Nanotechnologies
de Lyon (INL), Ecole Centrale de Lyon, Ecully, France.

His research interests include nonlinear optics, mid-infrared photonics, silicon
photonics, and photonic crystals.

Remi Armand received the B.S. degree in electrical engineering from the Ecole
Normal Supérieur de Cachan, Cachan, France, in 2015, and the M.S. degree in
electrical engineering from the Université Paris-Saclay, Saclay, France, in 2018.
He is currently working toward the Ph.D. degree in physics with the Ecole
Centrale de Lyon, Ecully, France.

His research interests include the design of structure to generate mid-infrared
broadbrand sources, and fundamental study of nonlinear photonics.

Barry Luther-Davies received the B.Sc. and Ph.D. degrees in laser physics and
nonlinear optics from the University of Southampton, Southampton, U.K., in
1970 and 1974, respectively.

He is an Emeritus Professor of laser physics with the Australian National
University (ANU), Canberra, Australia, with experience in the diverse areas
of research including lasers, laser–matter interaction physics, photonics, optical
materials, and nonlinear optics. He joined the ANU in 1974, where he led a team
working on the physics of laser-produced plasmas, until the early 1990s, when
the research evolved into studies of laser-materials processing and pulsed laser
deposition of thin films. More recently, he has specialized in nonlinear optical
materials and devices and photonics with a strong interest in the development
of devices for optical signal processing as part of the Australian Research
Council’s Centre of Excellence for Ultrahigh-Bandwidth Devices for Optical
Systems (CUDOS). He has published more than 300 papers in scientific journals,
contributed several book chapters and many hundreds of conference papers.

Dr. Luther-Davies is a Fellow of the Optical Society of America and the
Australian Academy for Technological Sciences and Engineering. He was
awarded the Pawsey Medal of the Australian Academy of Science in 1986 for
his contribution to laser–plasma interaction physics and was an ARC Feder-
ation Fellow from 2003 to 2008. He serves as an Advisory Editor for Optics
Communications.



8201008 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 26, NO. 2, MARCH/APRIL 2020

Pan Ma, photograph and biography not available at the time of publication.

Stephen J. Madden received the B.Sc. degree in electronic engineering and
the Ph.D degree in integrated optics from Imperial College in London, London,
U.K., in 1985 and 1989, respectively.

He is Associate Professor and a Fellow with Laser Physics Centre, Australian
National University (ANU), Canberra, Australia. He has spent most of his career
in industry. In 1991, he joined the Telstra Research Laboratories, Melbourne,
Australia. In 1997, he became the Director of Research at ADC Telecommuni-
cations, Minneapolis, MN, USA, before leaving to become VP engineer with
the Sparkolor Corporation, Santa Clara, CA, USA, in 2001. More recently, he
led a research within CUDOS, a research consortium between seven Australian
universities, into photonics devices. He has published more than 200 papers.

Arnan Mitchell received the Ph.D. degree in engineering from RMIT Univer-
sity, Melbourne VIC, Australia, in 2000.

He is a Distinguished Professor with the School of Engineering, RMIT
University, Bundoora, Australia, and is Director of RMIT Micro Nano Research
Facility. He is a highly multidisciplinary researcher working in microchip
technologies combining light, sound, fluids, and electronics with applications
spanning radar systems for defence, high-speed fiber-optic communications,
and point-of-care diagnostic systems for biomedicine. He is enthusiastic about
translating technology into the hands of end-users and has dedicated much of his
career to building diverse teams and comprehensive micro and nanotechnology
infrastructure to enable breakthrough discoveries to achieve real-world impact.

David J. Moss (S’83–M’88–SM’09–F’16) received the B.Sc. degree in physics
from the University of Waterloo, Waterloo, ON, Canada, and the M.Sc. and
Ph.D. degrees in nonlinear optics from the University of Toronto, Toronto, ON,
in 1983 and 1988, respectively.

He is the Director of the Centre for Micro-Photonics with the Swinburne
University of Technology, Melbourne, Australia, leading research programs in
integrated nonlinear nanophotonics, microwave photonics, telecommunications,
quantum optics, biophotonics, renewable energy, and other areas. From 1988
to 1992, he was with the National Research Council of Canada, Institute for
Microstructural Sciences, Ottawa, Canada, working on III–V optoelectronic
devices. From 1992 to 1994, he was a Senior Visiting Scientist with the Hitachi
Central Research Laboratories, Tokyo, Japan, working on high-speed optoelec-
tronic devices for 10-Gb/s fiber-optic telecommunications systems. From 1994
to 1998, he was a Senior Research Fellow with the Optical Fiber Technology
Centre, University of Sydney, Australia. From 1998 to 2003, he was a Manager
with JDS Uniphase, Ottawa, Canada, leading a team developing products for
40-Gb/s telecommunications systems. From 2003 to 2013, he was with the
University of Sydney and the Centre for Ultra-High Bandwidth Devices for
Optical Systems working on ultrahigh bandwidth optical signal processing,
integrated nonlinear nanophotonic circuits, and photonic crystal devices. He has
about 600 journal/conference papers including a Nature, Science, eight Nature
Photonics, and five Nature Communications papers.

Dr. Moss received the 2011 Australian Museum Eureka Science Prize and the
Google Australia Award for innovation in computer science. He has been active
on many conference committees, including the General Program Chair of OSA
Integrated Photonics Research in Vancouver, July 2016, and the General Chair
in New Orleans, 2017. He is a Fellow of the IEEE Photonics Society, the Fellow
of the Optical Society of America, and the SPIE.

Jean-Michel Hartmann received the Ph.D. degree in physics from Université
Grenoble Alpes, France, in 1997.

He joined CEA, Leti, Grenoble, France, in 1999, as a SiGeC Epitaxy Research
Scientist. He was a Postdoctoral Fellow with the Imperial College, London, U.K.
He is currently coordinating group-IV epitaxy activities in Leti’s Technological
PlatForm Department. He has the rank of CEA Research Director.

Jean-Marc Fédéli received the Electronics Engineer Diploma from INPG
Grenoble, Grenoble, France, in 1978.

He was involved in the development of various magnetic memories and
magnetic components as Project Leader, Group Leader, and Program Manager
with the CEA-LETI, Grenoble, France. For two years, he was Advanced Program
Director with the Memscap Company, France, for the development of RF-
MEMS, then with the CEA-LETI in 2002 as a Coordinator of silicon photonic
projects until 2012. Under a larger research partnership, he works on many
technological aspects on photonics on CMOS (Si rib and stripe waveguides,
a-Si waveguides, slot waveguides), Si modulators, Ge photodetectors, and InP
integrated sources on Si. He has been participating in different European projects
such as EPIXFAB for MPW circuit fabrication and has coordinated the FP7
PLAT4M project on Silicon Photonics Platform. Since 2014, he has moved to
sensing activities with photonics, and he is currently the Technical Manager of
the H2020 MIRPHAB pilot line on liquid and gas systems sensors. His H factor
is around 35 with more than 200 publications and 50 patents. He is the author of
three book chapters (one on magnetic recording and two on silicon photonics).

Christelle Monat (M’08) received the Ph.D. degree in electronic integrated
devices from the Ecole Centrale de Lyon, Ecully, France, in 2003.

She was with the École Polytechnique Fédérale de Lausanne, Switzerland,
for two years, where she was involved in research on single-photon sources.
She joined the Centre for Ultrahigh-bandwidth Devices for Optical Systems
(CUDOS), School of Physics, University of Sydney, Australia, in late 2005
and led the research on slow light-enhanced nonlinear optics between 2007 and
2010. Since late 2010, she has been an Associate Professor with the Institut des
Nanotechnologies de Lyon, Ecole Centrale de Lyon, and was awarded an ERC
consolidator grant on graphene-based nonlinear photonic integrated circuits in
2015. Her current research interests include slow light, photonic crystals, III–V
Si hybrid photonics, microlasers, and nonlinear optics in the near- and mid-IR.

Christian Grillet received the Ph.D. degree in electronic integrated devices
from the Ecole Centrale de Lyon, Ecully, France, in 2003.

In 2004, he joined the Centre for Ultrahigh-bandwidth Devices for Optical
Systems (CUDOS), University of Sydney, Sydney, Australia. He then joined
Centre national de la recherche scientifique (CNRS), Paris, France, in 2013. He
leads the International Associated Laboratory in Photonics between France and
Australia (LIA ALPhFA). His research interests include integrated nonlinear
optics, mid-infrared integrated optics, photonic crystals, and slow light.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


