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Abstract: We report on experimental demonstration of all-optical
switching in a silicon-on-insulator photonic wire nanocavity operating at
telecom wavelengths. The switching is performed with a control pulse
energy as low as ~ 0.1 pJ on a cavity device that presents very high signal
transmission, an ultra-high quality-factor, almost diffraction-limited modal
volume and a footprint of only 5 um?. High-speed modulation of the cavity
mode is achieved by means of optical injection of free carriers using a
nanosecond pulsed laser. Experimental results are interpreted by means
of finite-difference time-domain simulations. The possibility of using this
device asalogic gate is a'so demonstrated.
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1. Introduction

One of the mgjor topics of interest in recent photonic research is the study and development
of micro- and nano-structures for fast signal processing in the telecom window. These struc-
tures are required to be compact and compatible with monolithic integration into a single
CMOS chip. The combination of one-dimensional photonic crystal (PhC) structures with nar-
row waveguides in high refractive index contrast materials, such as silicon-on insulator (SOI),
can satisfy al the requirements[1, 2].

Switching devices are essential components for processing of the signal when designing an
all-optical integrated circuit (1C). Although afew proposals have been demonstrated based on
non-optical modulation mechanisms, such as thermo-optic [3-5] or electro-optic [6-10] con-
trol, it iswidely acknowledged that all-optical switching isthe most promising technology to-
wards the achievement of faster response timesin signal processing. Unfortunately, the optical
nonlinearities commonly used to modulate the signal are weak in Silicon, thus requiring large
interaction lengths, as in devices like Mach-Zehnder interferometers [11], or sizeable opera-
tional powers. Asit has been shown in a number of papers [12-14], the problem can be solved
by using optical resonators, which are able to enhance light-matter interaction. This strength-
ened interaction makes it possible to exploit weak optical pump pulses to induce a significant
resonance shift for a probe beam, thus achieving al-optical switching operation. For this pur-
pose, PhC cavities are very promising, thanks to their high quality factors (Q) and small modal
volumes (V), which allow for strong light-matter interaction on sub-wavelength length scales.
On one hand, the maximum light intensity inside the cavity is proportional to the ratio 1/V,
on the other, the required wavelength shift to obtain full switching is proportional to 1/Q. The
overall effect is areduction of the power required to switch the signal by afactor Q/V, which
can be very large in a PhC nanocavity. The switching power can be even proportional to Q?/V
if both probe and pump beams are resonant with the cavity modes[15]. It thus becomes feasible
to achieve an all-optical switching component working with alow enough control power to be
integrated on a chip. The physical volume of the cavity has an important effect on the device
commutation speed as well, because the relaxation time depends on the size when dealing with
carrier-induced refractive index variations [16]. Furthermore, it is very important to achieve
such interaction strengths in a system that presents the highest possible transmission, together
with reduced losses, which is required for efficient processing of the signal. As compared to
earlier pioneering work on this subject [12-14], a device having all these characteristics at the
sametimeis still being devel oped.

Recently, high-Q PhC nanocavities in photonic wire (PhW) waveguides made of SOI were
successfully demonstrated [17-19]. Photonic wire waveguide mirrors, that consist of a peri-
odic array of holesrealized in asilicon wire on a silicon dioxide cladding layer, have very low
propagation losses in a mechanically more robust system as compared to air-bridge structures.
Nanocavities in photonic wires yield very high quality factors with low modal volumes: they
are, therefore, good candidates for applications as integrated photonic devices with small foot-
print, high mechanical stability, and strong enhancement of radiation-matter interaction. In the
present work we show all-optical switching in PhC/PhW nanocavities, in which large abso-
lute transmission and low switching power can be obtained simultaneously in a very compact,
integrable and CMOS compatible nano-structure. After a preliminary characterization of the
linear optical response by means of waveguide transmission, in which we show transmittance
values as high as ~ 40%, all-optical switching is demonstrated with a very low control power
of ~ 120 fJ. One-photon free-carrier generation in a configuration similar to that of [12, 20, 21]
isthe physical mechanism employed to modify the optical response of the high-Q cavity mode.
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Fig. 1. Sketch and scanning electron micrograph (SEM) image of the tapered PhC cavity
embedded in a PhW waveguide with two mirrors composed by periodically spaced holes
and aperiodic taper region inside and outside the cavity. The cavity in SEM picture has
6 holes in each mirror spaced by 350 nm and identical aperiodic taper region inside and
outside. The spacings between adjacent holes are 300, 315, and 325 nm respectively. The
corresponding hole radii are 65, 80, 85 nm.

Finally, we also demonstrate the possibility of performing various gate operations by carefully
tuning the probe wavel ength with respect to the cavity resonance.

The paper is structured asfollows: In Sec. 2 we describe the design and the fabrication of the
device. In Sec. 3 we report the FDTD simulations. In Sec. 4 the linear, the resonant scattering
characterization and the all-optical switching of the device is reported. We also describe the
all-optical logic operation that can be performed with our sample. In Sec. 5 we summarize the
main results of the work.

2. Sampledescription

The samples employed in the present work were fabricated by using electron beam lithogra-
phy and reactive ion etching techniques on SOI wafers (obtained from SOITEC™) having a
260 nm silicon core layer supported by a1 um silicalayer. The device is realized within a 1D
PhC/PhW nanocavity structure consisting of a single row of circular holes embedded in a 500
nm wide PhW waveguide with a lattice constant a = 350 nm and r/a = 0.28. The photonic
crystal mirror is designed to exhibit a large stop band center around 1550 nm for TE polar-
ization. To reduce the out-of-plane scattering, i.e. to increase simultaneously the cavity mode
Q-factor and the absolute transmittance of the system, the mismatch between the waveguide
modal effective index (nwg = 2.9) and the Bloch mode index (ng = 2.07) is adiabatically re-
duced through proper cavity design. The regions within the cavity and between the mirrors
and the waveguide are carefully tapered by means of holes with different diameters and signif-
icantly aperiodic spacings [22, 23], which makes it possible to reduce and recycle the mirror
losses due to out-of -plane scattering induced by optical impedance mismatch. Different cavity
lengths with different mirror hole numbers and taper geometries have been realized in order to
enhance the Q factor, while simultaneously maintaining a useful optical transmission level. A
sketch of the cavity with the two mirrors and tapers is presented in Fig. 1 with a scanning elec-
tron micrograph (SEM) image of afabricated device. The figure shows a’ 500 nm wide photonic
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Fig. 2. Simulated transmission spectra of the device without (black curve) and with (red
curve) the pump pulse. The simulated blue-shift is0.12 nm. In the right inset, a broad-band
spectrum is given, showing the cavity resonance within the 1D photonic band gap.

wire nanocavity formed by two mirrors, each of which includes a periodic array of six holes
with the same diameter. Gradually tapered hole arrangements with different spacing and diam-
eters are used inside and outside the cavity (three holes in each taper region, yielding a total
of 12 holes in each mirror). The whole structure is very compact and we can estimate the total
device footprint to be 10um (length of the cavity plusthe mirrors) x0.5 um (waveguide width)
—= 5 um?. Simulations show that the resonant modal area is much smaller than the footprint
(see next paragraph).

The waveguide patterns were defined using a hydrogen silsesquioxane (HSQ) negative-tone
resist spun at 3000 rpm to give 200 nm in thickness. The devices were fabricated using single-
step direct-write electron beam lithography in a Vistec VB6 machine at 100 keV electron en-
ergy, with proximity correction at a base dose of 1500 pC/cm? [18]. This VB6 beam writer has
the capability of writinga 1.2 mm by 1.2 mmfield at 1.25 nm resolution. In addition, extra care
has to be taken to reduce the potentially significant impact of field stitching errors on the pattern
produced - i.e. to ensure the flatness of the sample during the writing process. The patternswere
finally transferred into the silicon guiding layer by using an inductively-coupled plasma (ICP)
etching machine from the STS company. SFs/C4Fg combined chemistry was used to etch the
silicon layer, leading to the creation of silicon waveguides with smooth side-walls. The silicon
layer is etched for 49 seconds with a silicon etching rate of 5 nm/s and Si/SiO, selectivity of
~10.

3. Simulations

The simulated linear transmission spectra and spatial distribution of the electromagnetic field
for the structure presented in Fig. 1 are shown in Fig. 2, as obtained by using a 2D Finite
Difference Time-Domain (FDTD) solver. In particul ar, this structureis made of a6 holesmirror,
together with 3 holes to taper both the mirror and the cavity, which has 425 nm long spacer
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Fig. 3. The calculated field intensities at resonance (1502.3 nm) and off resonance (1500
nm) are shown for the \Ey|2 and |H, |2 component, respectively. Notice the change in scales
from off to on resonance.

section (taken from edge-to-edge of the side holes). The spacing between adjacent holes and
the holeradii in thetaper region are 300, 315, 325, 65, 80, 85 nm, respectively. The fundamental
transverse-electric (TE) guided mode of the PhW waveguide is used as an input propagating
pulse to study the device transmittance. We first estimated the propagation waveguide mode in
the wire waveguide (3D mode solver) and we obtain an effectiveindex of ngs 1 = 2.915. Wethen
used such ng¢¢ for the 2D FDTD simulation of the transmission experiment. A local changein
the refractive index of the silicon material around the cavity region is used to simulate the
effects of free carrier injection induced by laser pumping at frequencies above the silicon gap.
The calculated spectrain Fig. 2 display a high-transmission (~ 90%) resonance at 1502.3 nm
for the unperturbed structure, and a 0.1 nm blue-shifted one for the pumped structure. The latter
has been simulated with the silicon refractive index reduced by 0.01% (corresponding to afree
carriersinjection of 4.8-10%cm~3) in a 10 um-wide linear region centered around the cavity
(tomimic the focused laser spot onto the silicon wire). In both cases, the cal culated Q-factor can
be estimated to approach 10°. Thefield intensity for the \Ey|2 and |H,|? componentsis reported
in Fig. 3 for off- and in- resonance case, respectively. Out of resonance, at the wavelength of
1500 nm, the light traveling into the guide penetrates the first holes composing the mirror and it
is completely reflected backwards. For the resonance case light passes through the mirror and
the field is localized in the cavity region. Also the field intensities at resonance are enhanced
by ~ 10* as compared to the off-resonance case, asit can be seen from the figure. A 3D FDTD
simulation of the cavity mode profile, with excitation by an internal dipole source, gives an
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effective mode volume Ve = [&(r)|E(r)[2dr /max{e(r)|E(r)[?} ~ 0.1um? ~ 1.24(2/n)3,
i.e., the mode volumeis very small and close to the diffraction limit, implying strong reduction
of power density required for all-optical switching.

4. Experimental results

Experimental linear transmission is measured with a continuous wave tunable laser delivered
onto the optical set-up by a single-mode polarization maintaining fibre. The incident probe
beam is polarized along the plane of periodicity (TE polarization). It is focussed into and col-
lected from the access ridge waveguides by a pair of high numerical aperture objective lenses.
The collected signal is then spatially filtered by a single mode optical fiber and by an analyzer
to remove spurious substrate guided light. The light is then detected by an amplified InGaAs
photodiode connected to a lock-in amplifier. The experimental results were normalized with
respect to an identical, but unpatterned, 500 nm wide wire waveguide. The cavity is also char-
acterized by means of crossed-polarization resonant scattering technique [24, 25]. Light from
the tunable laser islinearly polarized by a polarizer and focused on the cavity by a high numeri-
cal aperture objective. Thereflected beam isanalyzed by asecond polarizer with its polarization
axis orthogonal to the first one.

InFig. 4(a), we show the measured linear transmittance of afabricated PhC/PhW nano-cavity
sample having the same nominal parameters as the structure smulated in Fig. 2. The spectrum
shows a strong resonance for the wavelength A=1483.16 nm with a high signal/background
ratio. The inset shows a higher resolution spectrum of the resonance that was used to deter-
mine the Q-factor. From the Full-Width Half-Maximum of 16.6 pm we can estimate a |oaded
Q-factor value of 89,300 corresponding to a photon lifetime of ~67 ps. Normalizing the trans-
mission to the unstructured guide, we estimate a transmission coefficient of about 38%. The
same cavity was also characterized by the resonant scattering technique, i.e. normal incidence
reflectance with crossed polarizations [24]. The measured spectrum is reported in Fig. 5. The
Spectrum presents a very sharp resonance at the same wavelength as observed in the transmis-
sion experiment, due to the change in polarization induced by the coupling of the incident light
with the cavity [26]. By fitting the resonance with a Fano lineshape [25] (red curvein Fig. 5) we
can estimate an cavity Q factor of about 120,000 corresponding to a photon lifetime of ~97 ps.
The different values of the quality factor are mainly due to two—photon absorption in the cav-
ity in the transmission experiment. In fact the amount of light power coupled to the cavity is
higher in the transmission experiment than in resonant scattering one. So in the transmission
experiment the two—photon absorption mechanism plays the role of aloss channel, reducing
the resonance quality factor.

In Fig. 4(b) we show the linear transmittance of a second device with identical geometrical
parameters, except for the cavity length, which is 425 nm. Also in this case we can observe a
strong resonance at a slightly different wavelength (1502.3 nm) with roughly the same trans-
mission level (about 39 %). From a lorentzian fit we can estimate a FWHM of 23.8 pm that
corresponds to a Q-factor of about 63,000, slightly lower than in the first device. By changing
the cavity length it is possible to tune the resonance without significant changes in the trans-
mission behavior.

For the switching experiments, optical pumping is performed with a frequency doubled Q-
switched Nd:YAG laser at awavelength of 532 nm with a pulse width of 2.5 nsand a repetition
rate of 11 kHz. The pump beam is focused normally to sample surfacein a5 um spot around
the optical cavity using a microscope objective. The pump impinging on the surface generates
free carriers optically, which lowers the refractive index of the silicon backbone [12, 27-31].
The pump beam modifies the optical response of the sample only very close to the cavity
region, hence reducing the required power to control the transmittance. The transmitted probe
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signal collected by the avalanche InGaA s detector when pumping the sampleisamplified with a
voltage amplifier and registered by an oscill oscope operating with 1 GHz bandwidth. Part of the
original pump beam is diverted from pump line and used to trigger the oscilloscope. In order
to record the switching of the resonance, we track the temporal evolution of the probe beam
transmittance at a fixed wavelength (4,) as afunction of the pump pulse delay. This operation
is repeated for different wavelengths around the cavity mode resonance. Although a pumping
scheme with a frequency below that corresponding to the silicon bandgap energy and a pump
beam propagating in the waveguide [13] are more suitable for the realistic operation of afully
integrated functional device, the present setup also has definite advantages since thereisno need
for the cavity design to support more than one resonance. Moreover the time-resolved cavity
response can be linked directly to the pump pulse, which does not suffer from possible delay
and broadening in waveguide propagation. Notice that in the present pumping configuration
the cavity enhancement is proportional to Q/V and that a similar pumping configuration has
been used in [12, 21] for the study of optical switching and adiabatic tuning of cavity modes,
respectively.

In Fig. 6(a) we show the switching behavior of the sample of Fig. 4(a) driven by the pump
beam, with the probe beam set on resonance (AA = 0 nm) and with the cavity mode amplitude
normalized at the cavity transmission. For atime shorter than the rise time of the pump pulse, no
change is observed in the transmitted intensity. In coincidence with the arrival of the pulse, we
see adramatic drop in transmission that is a consequence of the resonance blue shift induced by
the change of the refractive index in the cavity region. The temporal width of the transmission
drop equals that of the pump pulse (2.5 ns), as shown in Fig. 6(c), indicating that all generated
free carriers recombine in atime scale that is shorter than our experimental temporal resolution.
Thisis compatible with the recovery time reported in previous work on silicon PhC waveguide
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Fig. 6. Time evolution of switching logic operation: (a) NOT operation: the output is high
(on-condition) when the control level islow and it switches to low (off-condition) when
the control level becomes high. (b) AND operation: the output is low (off-condition) when
the control level islow, and it is high (on-condition) when the control is high. (¢c) Pump
intensity as a function of time. The pulse width is 2.5 ns. (d) Scheme of the applied probe
and control beam.

devices [14, 16, 32-35]. Notice that a photon lifetime 7 =67 ps in the present transmission
configuration is much below experimental resolution. Together with the free carrier lifetime,
the cavity photon lifetime sets alimit for the switching speed in the present device.

Thelatter configuration, i.e. when the probeistuned on resonance, correspondsto performing
aNOT logic operation, where the control pulse actsasalogic 1 input. The output signal islow
only when the control pulse beam is high, i.e. the output is exactly the reciprocal signal of the
pump control. Repeating the same procedure for a probe wavelength slightly lower than the
resonance wavelength (AA = —0.1 nm), we can recover the situation shown in Fig. 6(b). In
the latter case, the transmission is zero before the pulse occurs, due to the wavelength filtering
performed by the cavity. The transmission increasesin coincidence with the pulse due to ablue
shift of the cavity mode, yielding a resonance condition with the probe wavelength. After the
pulsethe signal dropsto zero, thereby restoring theinitial condition. In this situation we operate
a different logic operation that corresponds to an AND gate: only when both inputs are high
does the output turn high. A sketch of the logic signalsis shown in Fig. 6(d).

Furthermore, taking the temporal behavior at different probe wavel engths (same experimen-
tal conditions and normalization procedure as in Fig. 4) makes it possible to reconstruct fully
the time dependence of the spectra, as shown in Fig. 7(a) where the temporal transmission
change recorded at a fixed wavelength is added to the unperturbed transmittance value at the
same wavelength. We also observe, in this case, complete switching during the pulse peak,
dominated by the intrinsic time length of the pulse. We can appreciate this more clearly by
examining Fig. 7(b), where we trace the temporal shift behavior of the wavelength AAmax Of
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Fig. 7. (8) Time resolved evolution of the transmission spectrum when a pump with 2.5 ns

duration and 2 pJ energy is applied. The normalized intensity color scale isin linear units.
(b) Extracted shift AA of the resonance wavelength as a function of time.

the resonance maximum extracted from Fig. 7(a). The distinctly stepped behavior is further
evidence that all the processes involved (change in the refractive index, free carrier recombi-
nation) are faster than our time window. From both figures we can evaluate the shift of the
resonance, which is estimated to be ~ 0.12 nm.

The calculated carrier concentration produced by the laser pump fluence can be estimated
from the intensity profile of the pump laser beam in the material [37]:

NehZ/If(TZ)Tﬂ {a—k;ﬁl(z)} dz

ump

where 1(z) is the intensity profile calculated from the absorption of silicon (the penetration
depth is about 800 nm for light at 532 nm), « is the linear absorption coefficient, § the two-
photon absorption coefficient, tpump the pulse width and hapump the light energy. Solving the
integral on the silicon thicknesswe obtain acarrier density of 4.8 x 10'® cm~3. The correspond-
ing refractive index variation in the silicon material is calculated through the Drude contribu-
tion: [27,36]:

a)p)z 1
o) 1+G+TD

being 7p the Drude damping time. The carrier density enters the dielectric function variation

through the plasma frequency:
Nene?
wp = _Nen®
€0MeMopt

where e isthe electronic charge, Nen the free carrier density, me is the electron massand mqpt is
the optical effective mass of the carriersin units of the electron mass. If one assumes a density
of generated free carriers Nep, < 10?2 cm—2 , it can be shown [37] that the change in refractive
index of silicon is given by:

e(w) = eg(w) +Agen(w) = eg(w) — (

2

n=n Neh-

o~ 2NpEoMopt Me 2
In our calculations, the numerical values for myp: and 7p were taken from Ref. [37]. The cal-
culated index variation is n=-0.01%. The energy required for all-optical switching is estimated
as follows. The pump laser beam focused onto the nano-cavity has an average power of 21 nW
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and a pulse energy E=2 pJ. It isfocused to a spot of approximately 10 um diameter, which cor-
responds to an power density of 0.97 kW/cm?. However, only a fraction of the incident beam
excites free carriers in the Si wire. Estimating an excited area of 10 um x 0.5um, and taking
the ratio between the excited area and the wire areg, the incident energy in thewireis ~ 124 fJ.
This value should be considered as a conservative estimate, since significant amounts of the
power incident on the wire will be either reflected at the silicon-air interface or transmitted at
the silicon core-silica cladding interface. Please note that the light penetration depth at 532 nm
is about 800 nm, larger than the thickness of the device. The shift observed in Fig. 7 is very
well reproduced by an FDTD simulation with the same index reduction as previously shown in
Fig. 2, thereby validating the previous estimation.

While the present experiments are performed in a configuration with a control beam incident
from the top surface and with a cavity designed for asingle resonance, it isinteresting to explore
the possibility of employing a cavity supporting two resonances (especially with both modesin
the telecom window) and designing the whole device for in-plane control beam configuration.
This can be done by designing a longer cavity and/or coupled photonic cavities. In both cases
the device footprint is expected to increase by at most a cavity length or a few periods of the
Bragg mirrors, i.e., by alength of the order of a micron. The dlight increase in mode volume
would be more than compensated by the scaling of the switching power like Q2/V (rather than
like Q/V in the present experiment). Thus, the present high-Q cavities in silicon-on-insulator
photonic wires are very promising for the design of fully integrated all-optical switches with a
small footprint.

5. Conclusions

All-optical switching with a very low operating power has been demonstrated on high quality-
factor photonic crystal/photonic wire nano-cavities fabricated in silicon-on-insulator, with high
transmissivity and very low modal volume, at wavelengths in the telecom range. This sys-
tem, based on an SOI platform, is mechanically robust, since it does not employ suspended
membrane waveguides - and can provide full optical functionality within atotal footprint of
only 5 um?. The energy delivered to the silicon photonic wire that is required to obtain full
switching with at least a 10 dB on-off ratio is as low as 120 fJ. We have also demonstrated the
feasibility of operation as alogic gate with different functional configurations.
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