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We demonstrate a fully coherent supercontinuum spectruamrspg 500 nm from a silicon-on-insulator photonic wire
waveguide pumped at 1575 nm wavelength. An excellent agreemith numerical simulations is reported. The simulation
also show that a high level of two-photon absorption canreisly enforce the coherence of the spectral broadeninggss
irrespective of the pump pulse duration. © 2014 Optical &yadf America

OCIS codes:(130.4310) Integrated optics, Nonlinear; (190.5530) Maar optics, Pulse propagation and temporal solitons

Supercontinuum generation is a well known phenomenon thas however still lacking. In this Letter, we address thismnpi
leads to the generation of broadband light through the nenli and we demonstrate the generation of a supercontinuum with
ear spectral broadening of narrowband sources [1]. It hais be high optical coherence across its whole spectrum in an SOI
studied and demonstrated in a plethora of materials and plaintegrated waveguide pumped at telecom wavelengths.
forms, and is now a key process for the design of broadband Our experiment is based on a 4 mm-long SOI waveguide
light sources for many applications, such as high-pregisio with a standard height of 220 nm, a width of 700 nm, and a
frequency metrology [2], optical coherence tomography [3] zero dispersion wavelength located at 1425 nm. It is pumped
telecommunication [4], or short pulse synthesis [5]. with an optical parametric oscillator (OPO; Spectra Phg/sic
For many applications, however, bandwidth is not every-OPAL) generating 150 fs pulses (full width at half maximum,
thing, and the coherence of the generated light is also imFWHM) at 1575 nm wavelength with a repetition ratgp
portant [6-8]. In photonic crystal fibers (PCFs), which haveof 82 MHz. Chip incoupling is performed with a microscope
proved very popular for supercontinuum generation, a géner objective while the output light is collected by a lensedifibe
criterium to obtain coherent spectra has been developes. Ttas shown at the top of our experimental setup in Fig. 1. With a
coherence is highly dependent on the fiber dispersion, andoupled peak power of 37 W, we observe [Fig. 2(a)] a broad-
on the duration and peak power of the input pulse which cafand supercontinuum spectrum covering more than 500 nm
be seen as a high-order soliton [9]. A simple distinction carof bandwidth. As reported in [17], the spectral broadensg i
be made between the “long” pulse regime (with input soli-mainly driven by soliton fission and the subsequent emission
ton orderN > 16) where noise-induced modulation instabil- of dispersive waves. The latter are emitted around 1200 nm
ity (MI) dominates, leading to incoherent supercontinu a wavelength, in the normal dispersion regime [20,21], beirth
the “short” pulse regime (wittN < 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- Lens Lensed
served [11]. fier
Supercontinuum generation has also recently been investi- Chip

gated experimentally in several chip-scale integratedimon

ear optical platforms [12-17]. In some of these experiments M
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 M # OSA
telecom wavelengths, suggesting that the same mechanisms le Polarizer

as that responsible for supercontinuum generation in PCFs

can explain broadband emission in silicon waveguides tespi M
the inherently strong two-photon absorption (TPA) [17]- Al ) i i
though the occurrence of soliton fission would suggest goodigure 1. Experimental setup: the SOI waveguide on a chip
coherence properties, only limited studies of the coharenc 'S Pumped by an OPO. The output light is collected by a
supercontinua from integrated devices have been performd@nsed fiber and sent to an asymmetric Michelson interfer-
so far, based on beat note measurements [18, 19]. A comple?é“eter- The resulting interferogram is recorded on an aptic

characterization of the coherence of such a supercontinuufPectrum analyzer (OSA). BS: beam splitter, PC: polanrati
controller, M: mirror.
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Wavelength (nm) spectral windows, in each case measured after re-optigizin
the couplings. The vertical axis in Figs. 2(b)—(d) directy
flects the actual power density at the output of the interfer-
ometer, showing how the OSA noise floor {85 dBm) lim-
its our measurements. Spectral fringes spaced by about 10—
15 nm are clearly visible in all three windows. The fringe €on
trast is excellent throughout the spectrum, typically exiieg
: : : : 20 dB, indicating excellent phase coherence with the pump
ol - WvW . . ¢ | across the span of our supercontinuum. In particular, we not
3 : K that the dispersive-wave peak around 1200 nm wavelength is
S o S . coherent too, despite being effectively separated fromdse
(b) (©) (d) of the spectrum.
-60 The coherence of the generated light can be quantified
by extracting the fringe visibility as a function of wave-
length from our measurement€, = (Imax — Imin)/(Imax +
Imin), Wherelmax andlmin correspond to the maxima and min-
-90 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
Figure 2. (a) Experimental spectrum (1 nm spectral resolumaximum and the minimum of the fringe. Note that the high
tion) at the output of our SOI waveguide, normalized to agensity of points in that figure results from taking measure-
peak level of 0 dBm. (b)—(d) Spectral fringes measured at thgyents from four independently recorded interferograms in
output of t.he.asymmetrlc. M.|chelson m_terlfero.meterwnh_cou each spectral window. For comparison, Fig. 3(a) also shows
plings optimized to maximize transmission in, respecivel the overall generated supercontinuum spectrum [same as in
the 1150-1250 nm, 1400-1500 nm, and 1500-1650 nm Spegjqy. 2(a)]. We can see that the coherence is very high across
tral windows. The deeply contrasted fringes indicate €ron ipe whole spectrum, with an average visibility of 97 % which
phase coherence. 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
precise spectral position highly depends on the dispersiof¢lecom wavelengths. We must note that the input soliton or-
profile of the waveguide [17]. dpr is relatlvely large in our experimeN,~ 20. Supercon-

In order to study the coherence properties of our superiinua generatd in PCF's are typically incoherent for suegda
continuum spectrum, we resort to the approach pioneered pjalues ofN [11]. Here, we believe that coherence can be ob-
Bellini and Hansch [8], and which is based on the observatined for largeN because of the large TPA of silicon, which
tion of spectral interferometric fringes between two inglep ~ €ffectively limits the number of solitons that can existeaft
dently generated supercontinua. This method has been hedigSion as described in [17].
ily used for PCF-based supercontinuum generation, first nu- 10 understand our results better, we have compared our ex-
merically [9] and then experimentally [22—25]. It providas ~ Perimental measurements with stochastic numerical simula
formation about the coherence across the whole generaté@ns- Our model is based on a nonlinear Schrodinger equa-
spectrum at once. In our experiment, we use a single SA{on with a complex nonlinear parameter accounting for TPA
waveguide as the supercontinuum source, and the two ity = (234+44) W—m~], and also includes free carrier ab-
dependently generated supercontinua come from subsequéift’Ption (FCA) and free carrier dispersion (FCD). That niode
pump pulses as initially proposed for PCFs in [23]. Accord-Was shown in [17] as appropriate for supercontinuum gener-
ingly, the light collected at the output of our waveguidedsts ~ &tion in silicon with short pump pulses. Note that apart from
to an asymmetric Michelson interferometer (see Fig. 1) withthe parameters explicitly listed here, we have used the same
a delayT = 1/vrep+ St close to the time period between two Parameter values as in that earlier work. The degree of first-
subsequent pump pulses. The extra déliaig chosen to have order coherencg(llz) of the generated light can be evaluated
a reasonable density of spectral fringes, but not so high as from the classical formula [9, 22]
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be limited by the resolution of the optical spectrum analyze EX (A)E-(A
: Wy (Ef(A)E2(A))
(OSA). The visibility of the spectral fringes recorded oe th Oi3(A) = e T (1)
OSA was maximized by introducing a polarizer at the output VIEM)P) ([EA)1?)
of the interferometer. where the angle brackets denote ensemble averages over su-

Our coherence measurements have been taken separatpBrcontinuum spectr; »(A) obtained from separate simu-
over three spectral windows (1150-1250 nm, 1400-1500 nmations with different realizations of input noise. In ptiae,
and 1500-1650 nm) because light is delivered and colinput noise is taken into consideration by adding one photon
lected into and out of our bulk interferometer through ogitic per mode with random phase to the initial condition. We have
fibers, and the coupling efficiencies depend on wavelengttperformed 20 independent simulations, and the averages wer
Figs. 2(b)-(d) show spectral interferograms in these threealculated over each pair of calculated output fields. The vi
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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 dispersien 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 parameateaas in Fig. 3, and that
corresponds to our experimental conditions. In contrast, r
sults in the right column have been obtained for a reduced
TPA, y = (234+15) W~'m™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-

Figure 3. Comparison of (a) experimental and (b) numericaless maintained across the generated bandwidth. This is in
results. Blue: Spectrum at the output of the waveguide. Redstark contrast with supercontinuum generation in PCF where

Visibility of spectral fringes, in (a) as observed at thepuit

of our asymmetric Michelson interferometer, and in (b) ob-

tained with stochastic numerical simulations.

ibility of spectral fringes can then be obtained as

vin) - 2 g
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wherelq, correspond to the averaged spectral intensities of

each arm of the interferometer. Note that the fringe vigipil

constitutes a lower bound of the modulus of the coherence

function, and that they are equal only if the powers retideve

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 frés
(red). Both curves are in excellent agreement with the exper
mental results [Fig. 3(a)], confirming that spectral broade

ing in our conditions is independent from input noise. We

believe this is the first clear demonstration of supercentin
uum coherence in the presence of carrier dynamics. Carrie
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

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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waveguides to extend frequency combs generated for exanfrigure 4. Simulated supercontinuum spectra (blue) and thei

ple by Erbium doped fiber lasers.

coherence (visibility, red) for increasing pump pulse dura

To understand further the influence of the nonlinear lossefons (from top to bottomTp = 150 fs, 250 fs, and 500 fs) and

and the pump pulse duration on the coherence of superconti
uum generation in silicon, we have performed additional nu

for two different TPA strengths [lify) = 44 and 15 W'm~!
in the left and right column, respectively]. Waveguide lémg

merical simulations whose results are summarized in Fig. 41 cm; Pump peak power: 20 W.



continuum appears broader for all pump pulse duration con-
sidered, which is a simple consequence of the lower losses en 5.
abling higher power throughout the waveguide. However, in
this case, the coherence does severely degrade for therlonge
pump pulses, with almost no coherence preserved with 500 fs 6-
pump pulses.

Overall, TPA seems to enforce the coherence of the super-7'
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 pumpspul
duration or input soliton order. Our experiment [Fig. 3(@}$
that sweet spot. However, the spectral broadening quickly s
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 longerio.

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 M, leaving only self-phase modulation, which is a14.

coherent process, but then spectral broadening is limiged b

the fast nonlinear drop of peak power. 15.

In conclusion, we have studied experimentally and numer-
ically the coherence properties of supercontinuum geioerat
in a silicon wire waveguide pumped at telecommunication
wavelengths where the two-photon based nonlinear losses ar.
significant. We have demonstrated a fully coherent 500 nm-
wide supercontinuum spectrum, spanning from 1200 nm to;g
1700 nm. Numerical simulations agree very well with exper-

6

imental observations and explain the role of TPA. Coherence;g.

appears to be preserved because the supercontinuum mainly
arises through soliton fission despite the high value ofrthe i

put soliton order, which is in practice reduced by TPA. Our 20.
21.

results also reveal that in our experimental conditionsh wi
relatively short 150 fs pump pulses, free carriers do not sig

nificantly affect the spectral broadening nor the cohererfice 22

the process.
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