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We demonstrate a fully coherent supercontinuum spectrum spanning 500 nm from a silicon-on-insulator photonic wire
waveguide pumped at 1575 nm wavelength. An excellent agreement with numerical simulations is reported. The simulations
also show that a high level of two-photon absorption can essentially enforce the coherence of the spectral broadening process
irrespective of the pump pulse duration. © 2014 Optical Society of America
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Supercontinuum generation is a well known phenomenon that
leads to the generation of broadband light through the nonlin-
ear spectral broadening of narrowband sources [1]. It has been
studied and demonstrated in a plethora of materials and plat-
forms, and is now a key process for the design of broadband
light sources for many applications, such as high-precision
frequency metrology [2], optical coherence tomography [3],
telecommunication [4], or short pulse synthesis [5].

For many applications, however, bandwidth is not every-
thing, and the coherence of the generated light is also im-
portant [6–8]. In photonic crystal fibers (PCFs), which have
proved very popular for supercontinuum generation, a general
criterium to obtain coherent spectra has been developed. The
coherence is highly dependent on the fiber dispersion, and
on the duration and peak power of the input pulse which can
be seen as a high-order soliton [9]. A simple distinction can
be made between the “long” pulse regime (with input soli-
ton orderN > 16) where noise-induced modulation instabil-
ity (MI) dominates, leading to incoherent supercontinua, and
the “short” pulse regime (withN < 10) where the process is
driven by initial pulse compression followed by soliton fis-
sion [10], and in which the coherence of the pump is pre-
served [11].

Supercontinuum generation has also recently been investi-
gated experimentally in several chip-scale integrated nonlin-
ear optical platforms [12–17]. In some of these experiments
using short pump pulses, soliton fission was experimentally
demonstrated [14, 17]. In particular, soliton dynamics has
been observed in silicon-on-insulator (SOI) waveguides at
telecom wavelengths, suggesting that the same mechanisms
as that responsible for supercontinuum generation in PCFs
can explain broadband emission in silicon waveguides despite
the inherently strong two-photon absorption (TPA) [17]. Al-
though the occurrence of soliton fission would suggest good
coherence properties, only limited studies of the coherence of
supercontinua from integrated devices have been performed
so far, based on beat note measurements [18,19]. A complete
characterization of the coherence of such a supercontinuum

is however still lacking. In this Letter, we address this point,
and we demonstrate the generation of a supercontinuum with
high optical coherence across its whole spectrum in an SOI
integrated waveguide pumped at telecom wavelengths.

Our experiment is based on a 4 mm-long SOI waveguide
with a standard height of 220 nm, a width of 700 nm, and a
zero dispersion wavelength located at 1425 nm. It is pumped
with an optical parametric oscillator (OPO; Spectra Physics
OPAL) generating 150 fs pulses (full width at half maximum,
FWHM) at 1575 nm wavelength with a repetition rateνrep

of 82 MHz. Chip incoupling is performed with a microscope
objective while the output light is collected by a lensed fiber,
as shown at the top of our experimental setup in Fig. 1. With a
coupled peak power of 37 W, we observe [Fig. 2(a)] a broad-
band supercontinuum spectrum covering more than 500 nm
of bandwidth. As reported in [17], the spectral broadening is
mainly driven by soliton fission and the subsequent emission
of dispersive waves. The latter are emitted around 1200 nm
wavelength, in the normal dispersion regime [20,21], but their
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Figure 1. Experimental setup: the SOI waveguide on a chip
is pumped by an OPO. The output light is collected by a
lensed fiber and sent to an asymmetric Michelson interfer-
ometer. The resulting interferogram is recorded on an optical
spectrum analyzer (OSA). BS: beam splitter, PC: polarization
controller, M: mirror.
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Figure 2. (a) Experimental spectrum (1 nm spectral resolu-
tion) at the output of our SOI waveguide, normalized to a
peak level of 0 dBm. (b)–(d) Spectral fringes measured at the
output of the asymmetric Michelson interferometer with cou-
plings optimized to maximize transmission in, respectively,
the 1150–1250 nm, 1400–1500 nm, and 1500–1650 nm spec-
tral windows. The deeply contrasted fringes indicate strong
phase coherence.

precise spectral position highly depends on the dispersion
profile of the waveguide [17].

In order to study the coherence properties of our super-
continuum spectrum, we resort to the approach pioneered by
Bellini and Hänsch [8], and which is based on the observa-
tion of spectral interferometric fringes between two indepen-
dently generated supercontinua. This method has been heav-
ily used for PCF-based supercontinuum generation, first nu-
merically [9] and then experimentally [22–25]. It providesin-
formation about the coherence across the whole generated
spectrum at once. In our experiment, we use a single SOI
waveguide as the supercontinuum source, and the two in-
dependently generated supercontinua come from subsequent
pump pulses as initially proposed for PCFs in [23]. Accord-
ingly, the light collected at the output of our waveguide is sent
to an asymmetric Michelson interferometer (see Fig. 1) with
a delayτ = 1/νrep+ δ t close to the time period between two
subsequent pump pulses. The extra delayδ t is chosen to have
a reasonable density of spectral fringes, but not so high as to
be limited by the resolution of the optical spectrum analyzer
(OSA). The visibility of the spectral fringes recorded on the
OSA was maximized by introducing a polarizer at the output
of the interferometer.

Our coherence measurements have been taken separately
over three spectral windows (1150–1250 nm, 1400–1500 nm,
and 1500–1650 nm) because light is delivered and col-
lected into and out of our bulk interferometer through optical
fibers, and the coupling efficiencies depend on wavelength.
Figs. 2(b)–(d) show spectral interferograms in these three

spectral windows, in each case measured after re-optimizing
the couplings. The vertical axis in Figs. 2(b)–(d) directlyre-
flects the actual power density at the output of the interfer-
ometer, showing how the OSA noise floor (at−95 dBm) lim-
its our measurements. Spectral fringes spaced by about 10–
15 nm are clearly visible in all three windows. The fringe con-
trast is excellent throughout the spectrum, typically exceeding
20 dB, indicating excellent phase coherence with the pump
across the span of our supercontinuum. In particular, we note
that the dispersive-wave peak around 1200 nm wavelength is
coherent too, despite being effectively separated from therest
of the spectrum.

The coherence of the generated light can be quantified
by extracting the fringe visibility as a function of wave-
length from our measurements,V = (Imax− Imin)/(Imax+
Imin), whereImax andImin correspond to the maxima and min-
ima of each of the fringes. The results of these calculations
are plotted as red dots in Fig. 3(a), where the corresponding
wavelength has been set for each point halfway between the
maximum and the minimum of the fringe. Note that the high
density of points in that figure results from taking measure-
ments from four independently recorded interferograms in
each spectral window. For comparison, Fig. 3(a) also shows
the overall generated supercontinuum spectrum [same as in
Fig. 2(a)]. We can see that the coherence is very high across
the whole spectrum, with an average visibility of 97 % which
appears to be limited only by the noise floor of the OSA.
Our analysis therefore proves that broad coherent supercon-
tinua can be generated in a silicon photonic wire pumped at
telecom wavelengths. We must note that the input soliton or-
der is relatively large in our experiment,N ≃ 20. Supercon-
tinua generatd in PCF’s are typically incoherent for such large
values ofN [11]. Here, we believe that coherence can be ob-
tained for largerN because of the large TPA of silicon, which
effectively limits the number of solitons that can exist after
fission as described in [17].

To understand our results better, we have compared our ex-
perimental measurements with stochastic numerical simula-
tions. Our model is based on a nonlinear Schrödinger equa-
tion with a complex nonlinear parameter accounting for TPA
[γ = (234+44i)W−1m−1], and also includes free carrier ab-
sorption (FCA) and free carrier dispersion (FCD). That model
was shown in [17] as appropriate for supercontinuum gener-
ation in silicon with short pump pulses. Note that apart from
the parameters explicitly listed here, we have used the same
parameter values as in that earlier work. The degree of first-

order coherenceg(1)12 of the generated light can be evaluated
from the classical formula [9,22]

g(1)12 (λ ) =
〈E∗

1(λ )E2(λ )〉
√

〈|E1(λ )|2〉〈|E2(λ )|2〉
, (1)

where the angle brackets denote ensemble averages over su-
percontinuum spectraE1,2(λ ) obtained from separate simu-
lations with different realizations of input noise. In practice,
input noise is taken into consideration by adding one photon
per mode with random phase to the initial condition. We have
performed 20 independent simulations, and the averages were
calculated over each pair of calculated output fields. The vis-
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Figure 3. Comparison of (a) experimental and (b) numerical
results. Blue: Spectrum at the output of the waveguide. Red:
Visibility of spectral fringes, in (a) as observed at the output
of our asymmetric Michelson interferometer, and in (b) ob-
tained with stochastic numerical simulations.

ibility of spectral fringes can then be obtained as

V(λ ) =
2
√

I1(λ )I2(λ )
I1(λ )+ I2(λ )

∣

∣

∣
g(1)12 (λ )

∣

∣

∣
(2)

whereI1,2 correspond to the averaged spectral intensities of
each arm of the interferometer. Note that the fringe visibility
constitutes a lower bound of the modulus of the coherence
function, and that they are equal only if the powers retrieved
from both arms of the interferometer are balanced, which was
nearly the case in our experiment.

Our numerical simulation results are presented in Fig. 3(b),
in which we show both the average spectral intensity at the
waveguide output (blue) and the visibility of spectral fringes
(red). Both curves are in excellent agreement with the experi-
mental results [Fig. 3(a)], confirming that spectral broaden-
ing in our conditions is independent from input noise. We
believe this is the first clear demonstration of supercontin-
uum coherence in the presence of carrier dynamics. Carriers
are well known to highly affect the nonlinear dynamics of
silicon wires pumped at telecommunication wavelengths in
the case of longer pulses, through both FCD and FCA [26].
As the effect of carriers is much weaker in the femtosecond
regime [27], our results allow to envision the use of silicon
waveguides to extend frequency combs generated for exam-
ple by Erbium doped fiber lasers.

To understand further the influence of the nonlinear losses
and the pump pulse duration on the coherence of supercontin-
uum generation in silicon, we have performed additional nu-
merical simulations whose results are summarized in Fig. 4.

Here we used 20 W peak power pump pulses and a 1 cm-
long waveguide, slightly longer than in our experiment, but
otherwise with the same width, thickness, and dispersion pa-
rameters as before. The pump pulse duration (FWHM) in-
creases from 150 fs (top, as in our experiment) to 250 fs
(middle), and 500 fs (bottom). In the left column, we have
used the same nonlinear parameterγ as in Fig. 3, and that
corresponds to our experimental conditions. In contrast, re-
sults in the right column have been obtained for a reduced
TPA, γ = (234+15i) W−1m−1, corresponding to a better fig-
ure of merit like that found at longer pump wavelengths or in
other materials like amorphous silicon [15,28].

The results shown in the top-left of Fig. 4, with 150 fs
pump pulses and high TPA, are similar to our current ex-
periment, i.e., a broad supercontinuum with perfect coher-
ence across the whole bandwidth. We note that the coher-
ence is maintained here despite the longer waveguide consid-
ered (1 cm versus 4 mm) and it indicates that the supercon-
tinuum spectrum observed in [17] was also likely fully co-
herent. As the pump pulse duration increases (left of Fig. 4,
middle and bottom graphs), the spectral width of the super-
continuum shrinks, but an excellent coherence is neverthe-
less maintained across the generated bandwidth. This is in
stark contrast with supercontinuum generation in PCF where
the coherence is observed to collapse for long pulse dura-
tions [11]. As the TPA is reduced (right column), the super-
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Figure 4. Simulated supercontinuum spectra (blue) and their
coherence (visibility, red) for increasing pump pulse dura-
tions (from top to bottom,T0 = 150 fs, 250 fs, and 500 fs) and
for two different TPA strengths [Im(γ) = 44 and 15 W−1m−1

in the left and right column, respectively]. Waveguide length:
1 cm; Pump peak power: 20 W.
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continuum appears broader for all pump pulse duration con-
sidered, which is a simple consequence of the lower losses en-
abling higher power throughout the waveguide. However, in
this case, the coherence does severely degrade for the longer
pump pulses, with almost no coherence preserved with 500 fs
pump pulses.

Overall, TPA seems to enforce the coherence of the super-
continuum generation process. If a spectrum broad enough
for one’s application can be obtained despite the strong non-
linear losses, it will be coherent, irrespective of pump pulse
duration or input soliton order. Our experiment [Fig. 3(a)]hits
that sweet spot. However, the spectral broadening quickly sat-
urates with the peak power, and using longer pump pulses
lead to a collapse of the spectral width. We can relate these
observations to the increase of the fission length for longer
pump pulse durations. As the fission is delayed, other mech-
anisms take over the spectral broadening. In PCF, or waveg-
uides with weak TPA, Modulation instability (MI) kicks in
but, being noise driven, leads to poor coherence. High TPA
quenches MI, leaving only self-phase modulation, which is a
coherent process, but then spectral broadening is limited by
the fast nonlinear drop of peak power.

In conclusion, we have studied experimentally and numer-
ically the coherence properties of supercontinuum generation
in a silicon wire waveguide pumped at telecommunication
wavelengths where the two-photon based nonlinear losses are
significant. We have demonstrated a fully coherent 500 nm-
wide supercontinuum spectrum, spanning from 1200 nm to
1700 nm. Numerical simulations agree very well with exper-
imental observations and explain the role of TPA. Coherence
appears to be preserved because the supercontinuum mainly
arises through soliton fission despite the high value of the in-
put soliton order, which is in practice reduced by TPA. Our
results also reveal that in our experimental conditions, with
relatively short 150 fs pump pulses, free carriers do not sig-
nificantly affect the spectral broadening nor the coherenceof
the process.
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8. M. Bellini and T. W. Hänsch, “Phase-locked white-light con-
tinuum pulses: toward a universal optical frequency-comb syn-
thesizer,” Opt. Lett.25,1049–1051 (2000).

9. J. M. Dudley and S. Coen, “Coherence properties of super-
continuum spectra generated in photonic crystal and tapered
optical fibers,” Opt. Lett.27,1180–1182 (2002).

10. A. V. Husakou and J. Herrmann, “Supercontinuum generation
of higher-order solitons by fission in photonic crystal fibers,”
Phys. Rev. Lett.87,203901/1–4 (2001).

11. J. M. Dudley, G. Genty, and S. Coen, “Supercontinuum genera-
tion in photonic crystal fiber,” Rev. Mod. Phys.78,1135–1184
(2006).

12. I.-W. Hsieh, X. Chen, X. Liu, J. I. Dadap, N. C. Panoiu, C.-Y.
Chou, F. Xia, W. M. Green, Y. A. Vlasov, and R. M. Osgood,
“Supercontinuum generation in silicon photonic wires,” Opt.
Express15,15242–15249 (2007).

13. M. R. Lamont, B. Luther-Davies, D.-Y. Choi, S. Madden, and
B. J. Eggleton, “Supercontinuum generation in dispersion en-
gineered highly nonlinear (γ = 10 /W/m) As2S3 chalcogenide
planar waveguide,” Opt. Express16,14938–14944 (2008).

14. R. Halir, Y. Okawachi, J. S. Levy, M. A. Foster, M. Lipson,
and A. L. Gaeta, “Ultrabroadband supercontinuum generation
in a CMOS-compatible platform,” Opt. Lett.37, 1685–1687
(2012).

15. J. Safioui, F. Leo, B. Kuyken, S.-P. Gorza, S. K. Selvaraja,
R. Baets, Ph. Emplit, G. Roelkens, and S. Massar, “Supercon-
tinuum generation in hydrogenated amorphous silicon waveg-
uides at telecommunication wavelengths,” Opt. Express22,
3089–3097 (2014).

16. D. Y. Oh, D. Sell, H. Lee, K. Y. Yang, S. A. Diddams, and
K. J. Vahala, “Supercontinuum generation in an on-chip silica
waveguide,” Opt. Lett.39,1046–1048 (2014).

17. F. Leo, S.-P. Gorza, J. Safioui, P. Kockaert, S. Coen, U.
Dave, B. Kuyken, and G. Roelkens, “Dispersive wave emis-
sion and supercontinuum generation in a silicon wire waveg-
uide pumped around the 1550 nm telecommunication wave-
length,” Opt. Lett.39,3623–3626 (2014).

18. C. R. Phillips, C. Langrock, J. S. Pelc, M. M. Fejer, J. Jiang,
M. E. Fermann, and I. Hartl, “Supercontinuum generation in
quasi-phase-matched LiNbO3 waveguide pumped by a Tm-
doped fiber laser system,” Opt. Lett.36,3912–3914 (2011).

19. B. Kuyken, T. Ideguchi, S. Holzner, M. Yan, T. W. Hänsch,J.
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