Enhanced nonlinear interaction in a
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Abstract: The large field enhancement that can be achieved in high
quality factor and small mode volume photonic crystal microcavities
leads to strengthened nonlinear interactions. However, the frequency shift
dynamics of the cavity resonance under a pulsed excitation, which is driven
by nonlinear refractive index change, tends to limit the coupling efficiency
between the pulse and the cavity. As a consequence, the cavity enhancement
effect cannot last for the entire pulse duration, limiting the interaction
between the pulse and the intra-cavity material. In order to preserve the
benefit of light localization throughout the pulsed excitation, we report
the first experimental demonstration of coherent excitation of a nonlinear
microcavity, leading to an enhanced intra-cavity nonlinear interaction. We
investigate the nonlinear behavior of a Silicon-based microcavity subject
to tailored positively chirped pulses, enabling to increase the free carrier
density generated by two-photon absorption by up to a factor of 2.5 com-
pared with a Fourier-transform limited pulse excitation of equal energy. It
is accompanied by an extended frequency blue-shift of the cavity resonance
reaching 19 times the linear cavity bandwidth. This experimental result
highlights the interest in using coherent excitation to control intra-cavity
light-matter interactions and nonlinear dynamics of microcavity-based
optical devices.
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1. Introduction

The strong light confinement achieved in photonic crystal structures allows the enhancement
of light-matter interactions, including nonlinear effects [1]. Recent developments of all-optical
nonlinear functions, like optical switches [2], NAND gates [3] or all-optical random access
memories [4], based on photonic crystal cavitiesrely on their very high ratio between the quality
factor Q and the mode volume V. The consecutive strong enhancement of field intensity inside
the cavity allows the realization of nonlinear functions with very-low control energy [2, 4].
However, the field enhancement taking place inside high-Q microcavities necessarily restricts
the signal bandwidth and the amount of energy that can be transferred between the control pulse
and the intra-cavity material.

Asanillustration, we consider the operation of all-optical switches based on nonlinear pho-
tonic crystal microcavities under the control of aresonant pulse, which have been demonstrated
inSilicon[5], InP[6] (containing quantum wells), GaAs[7], InGaAsP[2], and GalnP[8]. These
all-optical devices based on semiconductor microcavities rely on nonlinear refractive index dy-
namic change induced by a control pulse, which in turns shifts the frequency of the cavity
resonance, inducing a modification of the cavity transmission for incoming optical signal. The
induced refractive index changes in these materials are mainly driven by optical Kerr effect and
by free carriers generated by either one-photon absorption or two-photon absorption. Although
nonlinear refractive effectsinduce the switching operation, the imparted frequency shift dynam-
ics of the cavity resonance, which is activated by the front edge of the control pulse, tends to
limit the coupling efficiency of the rest of the pulse. As aresult, the cavity enhancement effect
isnot maintained for the entire control pulse duration, even if the latter islonger than the cavity
photon lifetime, thereby limiting the energy transfer between the control pulse and the intra-
cavity material. In addition, the mismatch between the drifting cavity resonance frequency and
the frequency content of the control pulse leads to ringing behavior [9, 10], inducing temporal
distorsion on the signal pulse [11].

In order to better control the pulse excitation of an optical resonance, the ideas of controlling
either the coupling rel ationship into micro-resonatorsin relation with the pul se shape [12] or the
pulse shapeitself in relation with the temporal behavior of the intra-cavity amplitude field [13]
have been theoretically investigated. Thelatter consistsin transposing pulse shaping techniques
that are routinely used to coherently excite atomic or molecular transitions in order to control
light matter interactions [14-16]. In [13], the authors show with numerical simulations that a
pulse with a controlled spectral phase relationship, compensating for the linear dispersion of
the cavity resonance, can reduce the switching threshold power of a bistable Kerr microcavity.
A controlled two-pulse excitation scheme of a pure-Kerr microcavity has also been theoreti-
cally investigated in [17]. While these works deal with the behavior of cavities operating under
pure Kerr effect, theoretical investigations of coherent excitation of a semiconductor microcav-
ity operating under optical Kerr, two-photon absorption (TPA), free carrier refraction (FCR)
and free carrier absorption effects have been performed in [18]. In the case of silicon-based
microcavities, the optical resonance mainly experiences a frequency blue-shift driven by the
refractive index variation induced by free carriers generated by TPA. By delaying blue spec-
tral components, corresponding to a positive linear chirp, it is shown that the benefit of light
localization can be maintained throughout the pulsed excitation despite the cavity resonance
dynamic frequency shift.

Hereafter, we report the very first experimental demonstration of coherent excitation of a
nonlinear microcavity, leading to an enhanced intra-cavity nonlinear interaction. Based on the
simulations conducted in [18], we investigate the nonlinear behavior of a silicon-based micro-
cavity coherently excited with tailored positively chirped pulses. For afixed energy, an increase
of up to afactor 2.5 of the carrier density generated inside the cavity by TPA is demonstrated
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Fig. 1. Linear transmission measurement of the Fabry-Perot type microcavity (blue solid
line). The Lorentzian fit of the low-pass filtered linear transmission (black line) plotted in
red solid line givesaquality factor Q = 7275. Inset: SEM picture of the Silicon microcavity
made of two-symmetric Bragg mirrors engraved on a SOI ridge waveguide.

in comparison with Fourier transform limited pulses and negatively chirped counterpart. In ad-
dition, we show an enhanced nonlinear interaction alowing to induce a very large frequency
blue-shift of the cavity resonance reaching 19 times the linear cavity linewidth. Such a blue-
shift is achieved in a silicon microcavity with a Q factor close to 8 000, which is excited by a
rectangular spectral shape pulse with alinewidth equal to 6.5 nm, or 30 times the bandwidth of
the cold cavity. Thisresult highlightsthe interest of such acoherent excitation to manipulate the
optical bandwidth and the nonlinear dynamics of optical cavities, which could address future
trends in the development of integrated optical functions.

2. SOl microcavity

We chose to experimentally investigate the coherent excitation in a Fabry-Perot type microcav-
ity engraved on a Silicon-On-Insulator (SOI) ridge waveguide, commonly known as photonic
crystal nanobeam resonator. The cavity geometry is based on two-symmetric tapered Bragg
mirrors [19] engraved on a260 x 520 nm? SOI ridge waveguide, which offers small modal vol-
ume and quality factors Q of few thousands, compatible with few picoseconds pulse duration.
The high-reflectivity mirrors have been designed with Bloch-mode-engineering concepts [20].
They consist in a taper section with 4 holes and a periodic section made of 4 holes with a
200 nm diameter and a 370 nm periodicity constant. The parameters for the taper section have
been optimized in order to achieve a quality factor close to 8000. The taper hole diameters are
130, 160, 190 and 200 nm with the center-to-center hole distances set to 320, 340, 360 and
370 nm. For achieving this design, three-dimensional (3D) numerical calculations of the mirror
reflectivity have been performed with the aperiodic Fourier modal method (aFMM) [21]. The
distance between the centers of the two-inner holes of the cavity is set to 450 nmin order to lo-
calize the cavity resonance nearby A = 1580 nm. Using a3D FDTD simulation, the cal cul ated
modal volume of the designed cavity isV = 0.8(1/n)3, with n = 3.48 the refractive index of
silicon.

A SEM picture of the fabricated cavity is shown in the inset of Fig. 1. The SOI wafers have
been masked by a ZEP-520A resist and the samples have been written using e-beam lithogra-
phy (80 kV Nanobeam Ltd. nb4 system) followed by an inductive coupling plasmareactive ion
etching process using SF6 gas. TE-polarized light delivered by a tunable external cavity laser
diode isinjected into the access ridge waveguide by using a micro-lensed fiber connected to a
polarization-maintaining single mode fibre. The transmitted light is collimated using a micro-
scope objective followed by a TE polarizer, and sent to a sensitive power-meter. As expected
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Fig. 2. (a) Experimental set-up where femtosecond pulses of an Er-doped amplifier fiber
laser are sent into a grating-based pulse shaper prior to their injection into the sample by
means of a microscope objective. (b) Measured optical spectrum of the shaped pulse. (c)
Measured (blue line) and simulated (red line) autocorrelation traces of the shaped pulse for
¢@ = 0. (d) Evolution of the full width at half maximum (FWHM) of the autocorrelation
traces recorded for different stage positions of the pulse shaper (open circles) and compar-
ison with the calculated values for alinearly chirped rectangular shape pulse spectrum (red
line). () Relation between the dispersion coefficient and the stage position (open circles)
with alinear fit (red line).

from the simulations, the linear transmission measured by scanning the laser wavelength be-
tween 1530 and 1600 nm exhibits one peak shown in Fig. 1. The oscillations that are superim-
posed on the peak originate from the Fabry-Perot effects occurring between the cleaved facets
of the device and the cavity mirrors. The 0.14 nm oscillation periodicity is in agreement with
the Free-Spectral-Range for a 2.5 mm long cavity, considering that the cavity is situated at the
middle of the 5 mm long waveguide. The microcavity peak transmission plotted in black linein
Fig. 1 isobtained following low-pass filtering of the Fourier components of the recorded trans-
mission. The Lorentzian fit, red line in Fig. 1, gives a cavity resonance located at 1578.8 nm
with a full width at half maximum (FWHM) of A4p =0.217 nm. The quality factor of the mi-
crocavity is estimated to Q = 7275, close to the expected value, with arelated photon lifetime
7. = Q/w equal to 6 ps.

Because the experiment consists in evidencing different spectral transmission behaviors of
the cavity as afunction of input linear chirp of the excitation pulse, the dispersion of the access
waveguides must be taken into account. If we consider a 0.1 um? size SOI ridge waveguide,
the second-order dispersion coefficient for a TE polarized modeis about B, = 1 ps’/m [22]. For
the shortest pulse duration To = 1 psthat will be considered in the following, we verify that this
dispersion effect can be neglected since the dispersion length Lp = TOZ/ |B2| equal to 0.5 miis
much longer than the few millimeters waveguide length.

3. Pulseparameters

Using the linear parameters of the microcavity, we are now able to proceed with the deter-
mination of the shaped pulse parameters that are needed in order to demonstrate the coher-
ent excitation of the microcavity under the nonlinear regime. The experimental set-up scheme
shown in Fig. 2(a) consists in controlling, by means of a pulse shaper, the spectral phase re-
lationship and linewidth of pulses delivered by a laser prior to their injection inside the mi-



crocavity. In nonlinear regime, the injected pulses induce a refractive index variation An(t) of
the intra-cavity material, which dynamically modifies the cavity resonance through the relation
Ao (t)/wo = —An(t)/n. By controlling the spectral phase relationship of the pulse, we seek the
instantaneous pulse frequency to follow the cavity resonance drift and to maintain a resonant
excitation of the cavity throughout the pulse duration. In such a condition, the cavity is ex-
pected to experience alarger frequency shift, which would demonstrate the coherent excitation
of anonlinear cavity and its ability to control its nonlinear behavior.

For a silicon microcavity excited with a few ps pulse duration and at a low repetition time
around 20 ns, the nonlinear refractive index variation is predominantly governed by the free-
carrier density N(t) generated by two-photon absorption (TPA) [18]. Anticipating that the car-
rier lifetime is much longer than the cavity photon lifetime, the cavity frequenc%/ shift fol-
lows the time integral relation Aw(t) /e = G N(t)/n = —% [*_ brea (%) dr, which
depends on the intra-cavity pulse energy |u(t)|?, the effective volume of the free-carriers o and
the TPA coefficient Brpa. This relation shows that the cavity resonance exhibits, for a square
temporal pulse shape, alinear blue shift with timeand Aw(t) ~ ot with o the chirp parameter of
the nonlinear cavity resonance. We now assess pulse parameters that are optimal to coherently
excite a cavity exhibiting this resonance frequency shift, under the square temporal shape ap-
proximation. An order of magnitude for the optimal amount of second-order phase and energy
can be simply calculated by setting a target value for the cavity frequency shift Awy, covered
during the pulse duration 7,. The target we seek in this article would be to reach a nonlinear
shift equal to 30 times the linear cavity linewidth, meaning that Aw, = 30 w/Q. Under a pulse
duration equal to the cavity photon lifetime 1, = 7. = Q/w, the dispersion coefficient value is
estimated, through ¢ = 1, /A, = Q?/(30 w?), to avalue of +1.3 ps?. The amount of energy
required to reach such a blue shift range, or equivalently the amount of free-carrier density to
be generated inside the cavity, are obtained by using the temporal square pulse approximation

that leads to |u|? = —%1 / ;gﬁfgp This corresponds to a reasonable energy value of 0.4 pJ.
For al forthcoming estimations, the following nonlinear parameters Brpa = 0.8 cm/GW and
or = —1.35x 10~%" m3 have been considered for silicon [23].

4. Experimental set-up

We are now able to design the pul se shaper used to control the spectral shape of initially Fourier
transform-limited 150 fs pulses delivered by a mode-locked erbium-doped fibre laser at arepe-
tition rate of F = 50 MHz. It should include the possibility to adjust the outgoing pul se spectral
linewidth and chirp coefficient. To show the strong dependence of the nonlinear behavior of
the cavity with the spectral phase relationship of the pulse, we have designed a pulse shaper
enabling to cover a dispersion coefficient range of few ps® with the possibility to select either
a positive or a negative value. With these constraints, we chose to build a grating-based pulse
stretcher that includes an optical lensto modify the dispersion sign [24]. A detailed description
of the pulse shaper isgivenin Appendix A, which comprised an optical grating, an optical lens,
amirror and aroof prism to fold the set-up. The spectral bandwidth of the pulse is adjusted by
means of aslit. The dispersion coefficient ¢(2 is controlled by translating the distance between
the lens-mirror-dlit set-up and the grating using a translation stage.

The pulse spectrum of the outgoing pulse is plotted in blue curve in Fig. 2(b) showing an
almost rectangular-shaped spectrum with a bandwidth set to 6.5 nm, which matches with the
target nonlinear cavity shift Awp, = 30 @/Q. In order to characterize our pulse shaper, the out-
going pulse duration has been measured with an autocorrelator for different stage positions.
The full width at half maximum (FWHM) of the autocorrelation traces recorded for the stage
positions varying over 25 mm is plotted with open circles in Fig. 2(d). The symmetric shape



of the curve shows that the pulses do not suffer from any nonlinear phase distorsion that could
have been introduced in the fiber laser module. In order to determine the relation between the
stage position and the dispersion coefficient ¢(2), the curve has been fitted with the numerically

calculated auto-correlation traces of a linearly chirped pulse with a 32d order supergaussian
spectral shape. Thefitting curveisreported in the Fig. 2(d) with red solid line, which isachieved
with the 5.7 nm width spectral shape plotted with red curve in Fig. 2(b). The perfect adjustment
between the measured and the expected pulse durations proves that the pulses we generate re-
spect the Fourier limit. Especially, for ¢(? = 0 ps?, the measured and simulated autocorrel ation
traces plotted in Fig. 2(c), respectively in blue and red lines, show avery good overlap with an
autocorrelation pulse duration equals to 2 ps, which corresponds to a pulse duration of 1.1 ps.
Thelittle discrepancy between experimental and simulated spectral pulse linewidths can be ex-
plained by the dlight difference in their spectral shape. We are now able to connect the stage
position with the dispersion coefficient as shown in the Fig. 2(e), which exhibits a linear de-
pendence with a slope equal to 2.59+ 0.02 ps?/cm. The accuracy is limited by that of the stage
position measurement estimated to 100 ym.

Following the characterization of the pulse shaper, we have tested the injection of the shaped
pulses inside a ridge waveguide that is adjacent to the cavity and has exactly the same cross-
section and length. Two identical optical microscopes (x60) are used respectively to inject
the beam coming from the pulse shaper inside the waveguide, and to collimate the outgoing
light prior to its injection into a single mode fiber connected to an optical spectrum analyzer
(OSA). A half-wave plate is used at the entrance to select the TE-polarized guided mode, while
apolarizing cubeis placed at the output to filter undesired polarization states. We have verified
that the coupling loss dependence with the stage position of the pulse shaper remains low with
avariation of about 8 % in the transmission power (see Appendix B for details).

In order to evaluate the coupling efficiencies, and finally the pulse energy injected inside the
waveguide, we have characterized pul se transmission in nonlinear regime by recording a set of
transmission spectra for increasing averaged input power P, up to 9 mwW with ¢@ = 0 ps2.
The analysis of the nonlinear transmission curve, which is governed by the two-photon absorp-
tion effect, allows to estimate the coupling efficiency to 2.8 % and to measure the maximum
pulse energy of the injected pulsesto 5 pJ, which is sufficient to reach the 0.4 pJ preliminary
calculated in section 3 (see Appendix B for details).

5. Nonlinear behavior of a coherently excited microcavity

We next study the nonlinear behavior of the SOI microcavity, presented in section 2, under a
coherent excitation in order to demonstrate that a proper control on the spectral shape of the
excited pulse enables to control the intra-cavity nonlinear interaction. This experimental study
is performed by measuring the evolution of the transmission spectra for different dispersion
coefficients ¢(2) at afixed incident energy.

The angular position of the grating in the pulse shaper is adjusted to deliver pulses centered
around 1579 nm, the central wavelength of the microcavity (see Fig. 1). The incident average
pump power is measured equal to Py, =6.8 MW and its optical spectrum is plotted on top of
Fig. 3 in red line. At very low input power, the measured transmission spectrum is plotted
in Fig. 3in grey line (x20), which coincides with the linear transmission of the microcavity
previously depicted in Fig. 1. While the spectrum of the incident pulse is 30 times larger than
thelinear cavity resonance, with aspectral linewidth set to 6.5 nm, only the spectral components
that coincide with the cavity resonance are transmitted.

For a fixed average power P, =6.8 mW, the transmission spectra recorded for dispersion
coefficients varying between —3to +-3.5 ps” are plotted in Fig. 3. One can first notice that all the
transmission spectra are blue-shifted with respect to the linear cavity resonance. Considering a
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Fig. 3. Evolution of the transmission spectra of the cavity measured with varying the
chirped pulse excitation from ¢(2) = —3to +3.5 ps?. The spectral linewidth of the incident
pulse is plotted in red line. The transmission spectrum measured at low incident power is
shown in grey line.

Fabry-Perot type microcavity, a frequency shift in the transmission spectra coincides to that of
the cavity resonance, which in our case is driven by the refractive index change induced by the
free carriers generated by TPA. This nonlinear effect has been already employed to realize all-
optica switches on SOI microcavities[5, 25]. Although the transmission spectraremain almost
unchanged for negative chirps, they clearly exhibit an increasing blue-shifted content for values
of ¢ varying from 0 to +1.2 ps?. Beyond this value, the blue shift slightly decreases.

To give physical insights in the nonlinear cavity behavior, we compare in Fig. 4 the trans-
mission spectra, both in linear scale (a) and dBm scale (b), achieved with ¢(@ = 0 ps? and with
two opposite chirps + and -1.2 ps®. Under a Fourier-Transform limited pulse excitation, at zero
dispersion, the cavity resonance exhibits a 1.6 nm blue-shift as shown with the blue line spec-
trum. In the time domain, the pulse duration, which is about 1.1 ps, is shorter than the cavity
photon lifetime and the cavity resonance isexcited in aslightly transient regime. In contrast, the
two opposite chirped pulses +1.2 ps? exhibit an autocorrelation pulse duration of 8 ps, giving a
pulse duration (5.7 ps) equals to the cavity photon lifetime. Compared with the -1.2 ps® chirped
pulses (green curve), the transmission spectrum for ¢(2 = +1.2 ps? (red curve) leadsto alarger
blue-shift and a remarkably broader transmission spectrum, which almost matches the input
pulse bandwidth. In comparison, the blue-shift achieved with ¢(@ = —1.2 ps? coincides with
that obtained for the FT-limited pulses ¢(?) = 0 ps?. Whereas the two pulse excitations +1.2 ps?
give the same pulse duration, they differ in the sign of their spectral phase relation. Under the
positive chirp case, the cavity isfirst excited by the red components of the pulse. Although the
red side of the pulse spectrum is detuned from the centered wavel ength of the cavity resonance,
the transmission around 1580 nm is not null, meaning that the cavity resonance starts to store
some energy and to shift towards the blue. Owing to the linear time-frequency relation of the
pulse, the coupling efficiency to the drifted resonance can be maintained, increasing further the
blue-shift extension compared with the negative chirped pulse.

The unambiguous differences between the transmission spectra for the two chirped pulses
+ and -1.2 ps? signify that the nonlinear behavior taking place inside the microcavity clearly
depends on the delay between the spectral components of the excited pulse. We claim that
the +1.2 ps? chirped pulse excitation coincides with the situation where the delay between the
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Fig. 5. Measured cavity blue-shift achieved for the chirp coefficients ¢ (@ reportedin Fig. 3.
The shift in wavelength is measured with respect to the linear cavity resonance.

spectral components of the pulse matches the instantaneous cavity frequency drift, which, with
agood approximation, follows alinear time variation [18].

The broader transmission spectrum, and equivalently the larger spectral blue-shift of the
resonance achieved with the positively chirped pulse, are necessarily assisted by ahigher carrier
density generation and prove an enhanced nonlinear interaction between the pulse and the intra-
cavity material, i.e. abetter energy transfer between the incident pulse and the cavity resonance.
In Fig. 5, the measured nonlinear cavity blue-shift Adqy in wavelength (with respect to the
linear cavity resonance) is extracted from Fig. 3. As previously said, the cavity blue-shift is
maintained at a fixed value Al = 1.6 nm for negative dispersion coefficients, which tends
to signify that the amount of energy transferred from the incident pulse to the microcavity
remains unchanged. On the other hand, the cavity blue-shift behavior towards ¢ > 0 shows
an increase by afactor 2.5 between 0 and +1.2 ps?, meaning that TPA generated carrier density
is 2.5 times higher. For higher dispersion coefficients, the blue-shift experienced by the cavity
resonance decreases. A better transfer of energy between the incident pulse and the intra-cavity
material is achieved under the ¢(2) =+1.2 ps® excitation pulse, leading to a enhanced nonlinear
interaction.

To compare with the preliminary values we targeted in Section 3, the right axis of the graph
in Fig. 5 reports the ratio between the achieved experimental blue-shift Ao, and the cavity
resonance linewidth A4g measured in linear regime. While the cavity blue-shift is constantly
equal to Adoy = 7 X Adg for 9@ < 0, it reaches Adoyt = 19 x Adg at 9@ =+1.2 ps?, which is



very close to the dispersion coefficient previously anticipated in order to reach a cavity blue-
shift of 30 x Adg. Note that, experimentally, the red side of the pulse spectrum is red detuned
from the linear cavity resonance by 2 nm, or equivalently by 10 x AAp, which is not counted in
the evaluation of Adqy in Fig. 5.

Finally, the amount of absorbed energy achieved for ¢(? =+1.2 ps? can be estimated by sub-
stituting the frequency blue shift Adqy: = 4.1 nm into the relation given at the end of Section 3,
which gives an estimated energy of 0.3 pJ for arefractive index variation An/n = Adout /A =
2.5x 1073, This variation is about one order of magnitude higher than the values reported
in [25] in a SOI ring cavity with a quality factor of 3000, or in [26] in a SOI photonic crysta
cavity with Q = 7000.

6. Simulations

We next conduct a preliminary simulation of the nonlinear behavior of our cavity using the cou-
pled mode theory [18,23], which describes the time evolution of theintra-cavity field amplitude
u(t) and the free-carrier density N(t):

du noC Or
T = (1 2O R- EN Ju
wo | Preac? 2, OaC o
(Gt e WO+ SN Ju0 + [ @
N 1 Brea 4
T = N0+ ez MO @
where sin(t) is the incident pulse field defined as [Sine(t)|? = Pinc(t), with Ping(t) the incident

pulse peak power, wp the angular frequency of the linear cavity, ¢ the speed of light in vacuum,
and h the reduced Planck constant. The first term of the right hand side of Eq. 1 describes the
modification of the linear cavity resonance wg under the refractive index variation governed
by both the Kerr effect, with n, the nonlinear refractive index of Silicon, and the free-carrier
refraction effect proportional to N(t). The second term refers to the energy decay time in the
cavity related to the Q factor in the linear regime, which is modified by the TPA effect and
the free-carrier absorption (FCA) effect, with o, the FCA cross section of Silicon. The free-
carrier density N(t) evolution, described by Eq. 2, accounts for the lifetime 7. of the free-
carriers and for a generation term induced by TPA effect. The expressions for the effective
volumes related to optical Kerr and TPA effects Vk and free-carrier effects Vic are derived
from [27], and calculated by means of FDTD simulations, which give Vi = 2.3(2/n)® and
Vec = 1.7(A/n)3. Thelinear parameters of the cavity are determined by the smulationsinitially
performed in Section 2 and set to Q = 7 900 and Q. = 8 500, which is related to the coupling
between the incident field and the cavity. To complete the model, the nonlinear parameters of
Silicon are set to: Ny = 4.4 x 10718 m?/W, Brpa = 8 x 10722 m/W, oy = —1.35x 10727 m?,
0a = 14.5x 10722 m?, and the carrier lifetime was set to 7, = 0.4ns[23]. Asdiscussed in [18],
the nonlinear contributions issued from thermal effects can be neglected in our experiment.
Following the measurements of the optical spectra at the output of the SOI ridge waveguide
reported in Fig. 8(b) in Appendix B, the free carrier nonlinear effects occurring in the access
waveguide are negligible as we do not observe any significant blue-shift. However, our model
includes the accumulated nonlinear phase due to optical Kerr and the TPA power depletion
that are experienced by the incident pulse into the access waveguide prior to the microcavity
excitation. Asin the experience, the microcavity islocated at 2.5 mm from the input facet.

For the ssimulations, the input spectral shape in intensity is taken equal to the 32Nd order
supergaussian shape plotted in Fig. 2(b), whose 5.7 nm linewidth gives an autocorrelation trace
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Fig. 6. Simulated transmission spectra of the cavity under chirped pulse excitations varying

from ¢(2 = —3 to +3.5 ps2. The spectral linewidth of the incident pulse is plotted in red

line. The transmission spectrum calculated at low incident power is shown in grey line.

that matches with the experimental trace (as shown in Fig. 2(c)). The injected peak power
is set to 4.5 W coinciding with the pulse energy of 5 pJ estimated in Appendix B from the
nonlinear transmission of the SOI ridge waveguide. The transmitted spectra calculated under
various chirped pulse excitations, with dispersion coefficients varying between —3to +3.5 ps?,
isshown in Fig. 6. Despite a dlight discrepancy, the ssmulated spectra are in very good agree-
ment with the experimental results given in Fig. 3. Like in the experiment, the simulated trans-
mission spectra exhibit a larger blue-shift for positive ¢(2, with a maximum value reached at
0@ = 1.7 ps? that is very close to the reported experimental value of +1.2 ps?. Beyond this
value, the frequency shift of the cavity resonance decreases like for the measured spectra. Al-
though the simulated spectra for negative chirp do not perfectly match the measurements, they
clearly show alower blue-shift compared to the positive ¢(2) spectra. The nonlinear behavior
of the SOI microcavity under a coherent excitation experimentally reported in this article, is
confirmed by our preliminary simulations that reproduce the general trends for the transmis-
sion spectra. In order to further precise our model, additional simulation work isunder progress
to better fit with the experimental behavior taking into account, for instance the actual spectral
shape of the input pulse.

7. Conclusion

We have experimentally demonstrated for the first time, the coherent excitation of a nonlinear
SOI microcavity. By controlling the linear chirp of the excitation pulse, an enhanced nonlinear
interaction between the pulse and the intra-cavity silicon material is experimentally demon-
strated. Compared with a Fourier-transform limited pulse of equal energy, positively chirped
pulse excitation enables to increase the free carrier density generated by TPA by up to a factor
of 2.5. It is accompanied by a large frequency blue-shift of the cavity resonance reaching 19
timesthe linear cavity linewidth, corresponding to arefractiveindex variation An/n = 2.6103.
These experimental results were verified using a coupled mode theory model that includes all
Silicon nonlinearities.

This result highlights the interest of such a coherent excitation to manipulate the optical
bandwidth as the spectral pulse linewidth used to excite the silicon microcavity, with aQ factor
close to 8 000, is 30 times larger than the bandwidth of the cold cavity. Although our exper-
imental results do not include temporal measurements, one has to remind that the variations



in the transmission spectra are necessarily accompanied by differences in the intra-cavity field
dynamics, asillustrated in [18] for gaussian shape pulse excitations, underlying the interest of
coherent excitation in the purpose of controlling the nonlinear dynamics of optical cavities or
optical devices.

Thanks to a physical analysis of the nonlinear behavior of the microcavity, we were able to
predetermine the pulse shape, in particular the spectral phase relationship approximated to a
positively linear chirp. Such an approach refers to an open-loop coherent control scheme [14]
that do not require any experimental feedback. In contrary, close-loop scheme could be en-
visaged to excite optical resonators, as it is routinely achieved for atomic and molecular reso-
nances 28], which could be an interesting method to characterize nonlinear dynamics of optical
resonators and nonlinear parameters of intra-cavity materials.

Finally, thisillustration in the capability to manipulate the optical bandwidth and the nonlin-
ear dynamics of a cavity by means of a coherent excitation could be applied to more complex
structureslike coupled cavities. Thiscoherent control of on-chip resonator may open new routes
for low-power optical switches[2] and all-optical memories [29].

Appendix A: Pulse shaper design

Asshown in Fig. 7, the pulse shaper comprises a diffraction grating followed by a doublet lens
and a mirror located at the focal plane. A roof prism is used to fold the system. The spectral
bandwidth of the pulses is adjusted by means of a dlit set in front of the mirror. This set-up
is actually the folded version of the 4-f set-up introduced by C. Froehly et al. in [30]. The
2nd order dispersion coefficient ¢(? isintroduced by varying the distance L between the lens-
mirror-slit set-up and the grating around the focal distance f using a stage position. By doing
so, a curvature of the front wave is introduced at the mirror location with a sign varying for
the distance L set towards the focal distance. Because the spatial distribution of the beam at
the mirror mimics its spectral distribution, the wave front distorsion equivalently introduces a
spectral phase of the form g0@0?, By either using a ray-optics based calculation or the more
complete theoretical description given in [24], one can show that ¢(@ = %&;gg, where A
and 6 are respectively the grating period and the first-order diffraction angle. It isworth noting
that thisformulais similar to the dispersion achieved with a pair of gratings set-up separated by
adistance g (instead of L — f) [31]. The strong difference being that the sign of the dispersion
is always negative in the latter, whereas it can be adjusted in the former through the sign of the
quantity L — f.

We selected a 1200 linesymm grating for which we measured a diffraction efficiency in the
Littrow configuration higher than 85 % in the spectral range 1520-1580 nm and for a TE-
polarized light. The doublet lens has a focal distance f = 20 cm. Following these parameters,
few ps? dispersion coefficients are obtained by varying the distance L towards the focal plane
by a quantity around 10 mm.

Appendix B: Nonlinear characterization of a SOI ridge waveguide

Prior to the nonlinear characterization of a5 mm long SOI ridge waveguide, we first verify the
coupling loss dependence with the stage position of the pulse shaper by recording 25 optical
spectra at afixed low power but for different dispersion coefficients. The superimposed traces
of the transmission spectra measured for ¢(2 comprised between +3 and -3 ps? are plotted
in Fig. 8(a). Despite the stage trandation over 25 mm, one can see that the variation on the
coupling efficiency remains low with a variation of about 8 % in the transmission power. One
can aso note that the optical spectrum shapes are similar, signifying that the beam delivered by
the pulse shaper does not suffer from any spatial chirp effect.
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Fig. 7. Pulse shaper scheme: 3D (a) and top-view (b). It comprises a diffraction grating,
a doublet lens, a mirror located a the focal plane of the lens and a roof prism. The dlit
set in front of the mirror serves to adjust the spectral linewidth of the outgoing pulse. The
2nd order dispersion coefficient of the outgoing pulse isintroduced by trandating the lens-
mirror-dlit set-up using a stage position.
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Fig. 8. (8) Superimposed traces of 25 transmission spectra measured through a SOI ridge
waveguide, at low input power, and for ¢(? comprised between +3 and -3 ps2. (b) Trans-
mission spectra measured at low power (grey line, 20 times magnified) and at P, =9 mW
for ¢(2 = 0 (green line), 1 (red solid line) and 3 ps? (red dashed line). For increasing input
power, variation of Pyt (C) and Pin/Pout (d) with the related linear fit (red line).

Next, we record a set of transmission spectra for increasing averaged input power P,
up to 9 mwW with 9@ = 0 ps?. Our objective is to evaluate the coupling efficiencies from
the analysis of the nonlinear transmission. For each optical spectrum, we calculate the av-
erage output power Py that is related to the peak intensity inside the waveguide I(Lg) by
Pout/ (Aet 1 TpF) = Koutl (Lg), With xout the whole output coupling efficiency from the exit facet
of the waveguide to the OSA. Similarly, the injected pesk intensity 1(0) is connected to the
input power Py, through the relation 1(0) = kinPin/(Aet 1 7pF ), With iy the input coupling effi-
ciency. The measured Py for increasing Py, plotted in Fig. 8(c) deviatesfrom alinear variation,
attesting the presence of nonlinear absorption. Figure 8(d) reports the variation of Py, /Poy: for
increasing input power, which follows a linear variation in accordance with the expected non-



linear transmission governed by the two-photon absorption effect. The experimental datacan be
fitted by the relation [32, 33] Pin/Pout = @+ bPin = 1/ + KinBrealetPin/(KAett ToF), which
accounts for the effective waveguide length Le¢ = (1 — e*“gLG) /o, with g the linear attenu-
ation, and for the total linear 10sses k = Kkinkoute =%, The linear attenuation of the waveguide
has been measured equal to oy = 0.2 cm~ ! through the analysis of the modulation depth of the
Fabry-Perot fringes recorded on a spectral transmission of the waveguide. The linear fit plotted
with a solid red line in Fig. 8(d) gives a = 1250 and b = 198.3 mW 1, enabling to estimate
the coupling efficiency kin = b/a x AettF /(Brealerf) = 2.8% taking 7, = 1.1 ps the pulse
duration measured for ¢(® = 0 ps? . Finally, we can have access to the pulse energy injected
inside the waveguide, its maximum value is estimated to 5 pJ. Under such a condition, it is
worth noting that the transmission spectrum depicted in Fig. 8(b) in green solid line exhibits a
broadening effect by comparing with the transmission spectrum recorded at low input power
(grey solid line). The symmetric tails located at the two sides of the spectrum signifies that the
pulses mainly undergo self-phase modulation effect through the optical Kerr effect. Now, this
broadening tends to disappear when we increase the dispersion coefficient as can be seen from
the Fig. 8(b) where the two transmission spectrafor ¢ (2 = 1 and 3 ps? are reported respectively
in solid and dashed red lines, as the pulse duration increases and the peak power decreases.
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