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ABSTRACT: We demonstrate experimentally ultrafast all-
optical switching in subwavelength nonlinear dielectric
nanostructures exhibiting localized magnetic Mie resonances.
We employ amorphous silicon nanodisks to achieve strong
self-modulation of femtosecond pulses with a depth of 60% at
picojoule-per-disk pump energies. In the pump—probe
measurements, we reveal that switching in the nanodisks can
be governed by pulse-limited 65 fs-long two-photon
absorption being enhanced by a factor of 80 with respect to
the unstructured silicon film. We also show that undesirable
free-carrier effects can be suppressed by a proper spectral
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positioning of the magnetic resonance, making such a structure the fastest all-optical switch operating at the nanoscale.
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ll-optical signal processing is one of the important

directions of photonics aimed toward fast optical
communications and high-performance optical computing.
Because of the generally weak optical nonlinearities, all-optical
Kerr-type effects require macroscopic propagation lengths. On
the other hand, in nanophotonics it has been suggested that
strong optical field enhancement by means of spatial confine-
ment effects can result in smaller mode sizes and larger
modulation depths. Photonic crystals," plasmonic structures,””
metamaterials,”* and micropillar cavities’ have been employed
for ultrafast all-optical switching. However, many of such
structures suffer from low efficiency and losses, especially when
metallic elements are used for the nanoscale light confinement.
On the other hand, high-quality-factor resonators””® have also
shown great promise for reducing the energies required for
optical switching; however, because the bandwidth of such
resonators is narrow their switching speed is limited to
nanosecond-scale time frames.

Recently, high-permittivity all-dielectric nanoparticles and
nanostructures have emerged as a promising alternative to
metallic structures for a wide range of nanophotonic
applications. These nanoparticles utilize localized magnetic
resonant Mie modes, which were observed experimentally in
the entire visible spectral range.”'’ Nanostructures and
metasurfaces fabricated of all-dielectric nanoparticles benefit
from both very low intrinsic losses and localized Mie-type
modes that make them favorable candidates for improving

-4 ACS Publications  © 2015 American Chemical Society

6985

nonlinearities.' "> The study of the third-harmonic generation
from silicon nanodisks revealed that the field localization at the
magnetic resonance can result in 2 orders of magnitude
enhancement of the harmonic intensity with respect to the
unstructured bulk silicon.'”'* Despite the apparent prospects of
utilizing all-dielectric Mie-resonant nanostructures for ultrafast
all-optical switching, neither pump—probe nor self-action
experiments have been reported.

In this Letter, we study experimentally for the first time to
our knowledge the ultrafast nonlinear response of all-dielectric
nanostructures based on amorphous silicon nanodisks. We
demonstrate low-power, 65 fs all-optical switching due to the
strong localized magnetic Mie resonances in the subwavelength
(4°/100) regime and the pronounced self-modulation of
femtosecond (fs) pulses with a depth of 60%. We also
demonstrate that undesirable free-carrier effects can be
suppressed by a proper spectral positioning of the magnetic
resonances, making these dielectric structures the fastest
nanoscale all-optical switches so far.

The idea of the proposed nanoscale all-optical switch is
presented in Figure la. The ultimate goal is to design and
fabricate a subwavelength cavity with an ultrafast response,
preferably pulse-limited, and a reasonable modulation depth at
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Figure 1. (a) Hlustration of ultrafast all-optical switching in resonant
silicon nanodisks. (b) A scanning-electron micrograph of one of the
samples. (c) Experimental transmittance spectrum of one of the
samples (solid curve) measured using the femtosecond pulses (shaded
area). Insets show the cross-section local field distributions
corresponding to the electric dipolar resonance at 710 nm and
magnetic dipolar resonance at 755 nm mapped over the calculated
transmittance (dashed curve).

moderate deposited pulse energies. At first, silicon is chosen to
be the constituting material; this decision takes advantage of its
CMOS technology compatibility, production simplicity, and
high refractive index. The latter is a property necessary to gain
access to strong Mie-type resonances and in particular to the
highly localized magnetic dipolar resonance, which was
previously used for the enhanced nonlinear response.”’ Here,
we also make use of nanodisks'>'® instead of other shapes for
their two degrees of geometrical freedom and lateral isotropy.
In order to fully analyze the effect of optical switching in our
nanostructures, one requires two types of experiments: (i)
femtosecond pump—probe experiments for determining the
lifetimes of the involved transient processes and measuring the
switching times and (ii) z-scan and I-scan experiments for
exploring the magnitude of the fs pulse self-modulation.
Overall, these experiments will define the applicability of our
nanoscale optical switching to applications as pulse limiters,
saturable absorbers, and so forth.

Building on the vast knowledge in the field of nonlinear
silicon photonics, we fabricate dielectric nanodisks made of
hydrogenated amorphous silicon (a-Si:H). a-Si:H is known to
exhibit large nonlinearities'”'® and fast carrier recombination
times,'® which makes it a great nonlinear material. We fabricate
arrays of a-Si:H nanodisks using a standard five-step procedure:
electron-beam exposure of a negative resist spin coated over a
130 nm a-Si:H film grown by plasma-enhanced chemical vapor
deposition, followed by development and reactive ion etching
(see Supporting Information, Section I). The radii of the disks
are kept in the range of 105—140 nm in order to ensure that
the magnetic resonances, having strongly confined optical
modes as shown in Figure 1a, overlap with the spectrum of the
femtosecond pulses at a central wavelength of about 780 nm
used in this study. Figure 1b shows the scanning-electron
microscope image of a nanodisk array sample with a radius of r
125 nm. In the transmission spectrum taken for smaller
nanodisks given in Figure lc, we observe two distinct dips at
710 and 750 nm, which we relate to the eigenmodes of each
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nanodisk by performing finite-difference time-domain (FDTD)
calculations. As seen from the local field maps given in the inset
of Figure lc, the short- and long-wavelength minima of the
spectrum correspond to the electric dipolar (ED) and magnetic
dipolar (MD) resonances, reslpectively, which is in good
agreement with previous works. '

In order to explicitly show frequency-degenerate non-
linearities of our nanodisk resonators, we perform regular
apertureless z-scan”’ and spectroscopic z-scan measurements;
the results are given in Figure 2ab, respectively. The data
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Figure 2. Self-modulation of fs pulses in a-Si:H nanodisk metasurfaces.
(a) Experimental z-scan trace of the sample (black dots) and its best fit
to eq 1 with an effective nonlinear absorption constant of f,,, ~ 5.6
cm/kW (red curve). For the reference, a z-scan trace obtained for the
initial a-Si:H film is given in light blue with the best fit to eq 1 with
Piim = 0.07 cm/kW. The inset shows a schematic of the z-scan setup
used in the experiments. (b) Spectroscopic z-scan: sample trans-
mission spectra as a function of z. Self-modulation is found to vary
from —50% at 775 nm to +21% at 757 nm together with a magnetic
resonance shift of 6 nm. Open circles denote the best-fit-based
positions of the transmittance minima.

unambiguously demonstrate how light modulates itself when
passing through the array of nanodisks, in particular that the
transmittance drops by about 60% when the sample is
illuminated by a near-resonant focused laser beam. As a
consequence, the z-scan transmittance strongly depends on the
sample position z on the o%)tical axis of the focusing system, as
given for a Gaussian pulse™’

T( )=1_LM
z Zﬁl‘(i)z (1)

where f,,., is the effective nonlinear absorption constant; I is
the estimated focal point intensity of 27 GW/cm? L is the
sample thickness of 130 nm; z, is the focal depth with the best
fit value of 52 ym. The focal beam waist is estimated at 2.2 +
0.5 pum. Using eq 1 we can deduce the effective nonlinear
absorption constant to be 5.6 cm/kW, which is almost 2 orders
of magnitude larger than that of a bulk a-Si:H film of the same
thickness we measure using the same setup, being B, & 0.07
cm/kW. Note that no nonlinear signal was detected from the
SiO, substrate. Replacing the photodiode with a spectrometer
in z-scan measurements yields a spectrally dependent trace
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found in Figure 2b. Applying an intense pulsed field can both
increase (+21% at 757 nm) or decrease (—50% at 775 nm)
transmission, which is caused by a redshift of the magnetic
resonance of AA = 6 nm.

Explaining the red shift of the MD resonance requires the
analysis of the physics behind the photoinduced processes
taking place in the nanodisks. In general, there are three types
of nonlinear processes that affect the optical switching: (i) Kerr
type processes, including nonlinear refraction and two-photon
absorption (TPA). These are the fastest nonlinear processes
exhibiting femtosecond characteristic times. (i) Free-carrier
(FC) effects with characteristic times on the picosecond time
frame. (iii) Thermal processes, which have the strongest effect,
however also the longest (nanosecond) time scale. Speaking of
the former contribution, we will see below that the real part of
the third-order susceptibility, which corresponds to the Kerr
effect, is less pronounced than its imaginary part responsible for
TPA. In can also be shown that the observed MD resonance
shift cannot be explained by the Kerr refraction alone, as given
in the Supporting Information, Section VI. We expect that the
TPA process plays a major role in the optical switching because
our Ti:sapphire oscillator (@ = 1.6 eV) is tuned to the band
gap-edge regime (Eg 1.7 eV in amorphous silicon'”*").
However, the TPA also induces FCs that are known to affect
the refractive index of the a-Si:H, too. The contribution of FC
generation to the refractive index of silicon for small An is
known as”'

~
~

2
.

An=——-—"t

2n(w0® + 777) )
where 7, is the Drude damping time, @, = (42Ne/m*n*)"/? is
the FC-induced plasma frequency, N is the photoinduced
density of the electron—hole plasma, e is the electron charge,
m* = 0.12my is the reduced carrier mass expressed as a fraction
of the electron mass m,, and n is the refractive index of silicon.
Here, losses are neglected for the sake of simplicity; for an exact
treatment refer to Supporting Information, Section V. For any
given N, FC-induced An is negative. Upon recombination, the
FC relaxation energy is dispersed to the phonon bath. This
process heats the sample and leads to slow changes in the
refractive index of silicon with a thermo-refractive coeflicient of
dn/dT = 4.5 X 107 K" as calculated according to ref 19;
therefore, FC dissipation leads to a positive An. It follows from
Mie theory that the spectral position of the magnetic dipolar
resonance can be estimated as”'%** 1, ~ nd, where d is a
characteristic dimension of the nanoparticle. Taking the
positive thermal An, negative FC-induced An, and small Kerr
contributions, we conclude that the red shift present in Figure
2b is mainly due to the sample heating.

In order to distinguish between different self-modulation
regimes at different pump powers, we perform I-scan
measurements™ on three different samples with different
position of the transmission dip with respect to the spectrum of
the pump beam. The results are provided in Figure 3. For the
TPA process, transmission is expected to decline linearly with
the intensity of the pump beam. For all the three samples, we
see that this is the case only up until a certain fluence value. It is
important to note that the behavior of T(I) after this critical
fluence is different for different samples. Surprisingly, the on-
resonance case (red dots and curve) demonstrated the lowest
switching depth. The reason for this effect lies in the finite
spectral width of the pulses. Indeed, the overall transmittance of
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Figure 3. (a—c) Experimental I-scan traces of nanodisk arrays. Three
shaded areas in each panel correspond to three different regimes: two-
photon absorption (TPA), thermorefractive with TPA, and the one
above the irreversible damage threshold. The tilted dashed curves
represent linear guides to the eye denoting the TPA-type behavior.
(d—f) Corresponding linear transmission spectra (color curves) and
the pulse spectrum (gray shaded areas) as a function of detuning from
the pulse carrier wavelength. The values of the nanodisks radii are
provided.

the pulses consists mostly of the left and right parts of the pulse
spectrum as shown in Figure 3e. Those are the less powerful
parts of the pulse spectrum, and they do not induce any
significant self-modulation.

Microscopically, more peculiar are the cases of the right slope
of the resonance shown in Figure 3a and at the left slope of the
resonance shown in Figure 3c. Looking at the curves at lower
powers, one can conclude that we are indeed addressing the
imaginary part of the cubic susceptibility, Im[)((3)], that is, the
TPA. If present, the real part of %) should have manifested
itself in blue a red shift of the resonance and AT of a different
sign for the cases (a,c). Having negative AT for both cases
grants Im[)((s)] > Re[}((3)], which is expected at the resonant
near-band gap transitions. Such a strong condition can be found
in other resonant nonlinear systems, for example, polymer
films.”* The deviation from the linear law has a different
tendency for different slopes due to thermorefraction and the
consequent red shift of the MD resonance. We can conclude
that up until the irreversible damage occurs at certain fluence
values (1, 0.25, and 0.4 mJ/cm? for Figure 3a—c, respectively),
thermal and TPA contributions may add up both constructively
or destructively, depending on the part of the transmittance
spectrum considered.

In order to straightforwardly separate the instantaneous TPA
process from possible transient FC contributions not seen in
static I- and z-scan measurements, a frequency degenerate
pump—probe experiment was set up as shown in the inset of
Figure 4. We used the same femtosecond laser source with 45 fs
pulses (time-bandwidth product ~0.4). After a beam splitter,
the pump and probe channels were formed with an intensity
proportion of about 25:1. The beams were focused at the
sample plane to 30 pm wide spots leading to modest pump
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Figure 4. Ultrafast all-optical switching in a-Si:H nanodisks. The
purple curve shows the modulation of the probe pulse transmittance as
a function of time delay between the probe and pump pulses at low
pump powers. An ultrafast, pulse-limited TPA-induced spike is visible
as zero delays dominating over the thermal background. Inset: the
pump—probe setup used in this study. Precomp is a chirped-mirror
pulse precompressor, HWP is a broadband half-wave plate, “pol” are
polarizers.

fluences of 30 yJ/cm® The horizontally polarized pump beam
was modulated by an optical chopper, and the probe beam
passed through a delay line. In order to eliminate unwanted
scattering of the pump beam to the detector, the probe beam
was transformed to be vertically polarized. In addition, a
vertically oriented analyzer was added in front of a reversely
biased photodiode (see Supporting Information, Section III).
The pump-induced modulation AT of the probe beam was
demodulated using a lock-in amplifier at the chopper frequency.

In an example pump—probe trace in Figure 4, there are two
main contributions, the thermal one and the one from the TPA
with the latter dominating over the former. The shaded gray
area shows the cross-correlation trace as measured by replacing
the sample with a beta barium borate crystal and measuring the
intensity of the phase-matched sum-frequency beam as a
function of the pump—probe delay. The full width at half-
maximum (fwhm) of the cross-correlation coincides with the
fwhm of the pump—probe trace, and we can infer that the
ultrafast contribution to the all-optical switching is an
instantaneous two-photon process.

Reaching switching times as low as 65 fs was made possible
by the fact that a nanodisk is essentially a low-Q cavity with the
Q-factor of the MD resonance of about Q & 15. The estimated
lifetime of a photon inside such a cavity is approximately 40 fs,
which is far below the response times of all the conventional
silicon-based photonic devices (see a comparative table in the
Supporting Information). This lifetime could be the reason for
the slight delay of the pump—probe trace with respect to the
cross-correlation, as observed in analogous experiments on
surface plasmons.”

Figure 4 shows no postpump tail in the pump—probe trace
that one could expect from the FC relaxation process.
Generally, FC effects are considered disadvantageous for all-
optical switching in semiconductor-based photonic devices. As
long as silicon is concerned, its crystalline form lacks necessary
recombination sites, and it may take hundreds of picoseconds
for the free-carriers to relax.’® The situation is better in
amorphous silicon; because of the high-order processes,
including bimolecular and Auger relaxation, it takes a shorter
time for the charges to recombine at larger carrier densities. At
critical, subdamage fluences, relaxation times of hundreds of
femtoseconds were achieved for FC plasma as dense as 10*'
em™3*' However, it is not possible to enter the sub-100 fs
optical switching regime using FCs, especially at low pump
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fluences. In order to remove the unwanted FC contribution, we
exploit the ability to tailor the dispersion of our metasurfaces
and the fact that the FC concentration affects both probe
absorption and the MD resonance position. In Figure Sa, we
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Figure 5. Tailoring the all-optical switching in silicon nanodisks. (a)
Pump—probe traces for different samples with corresponding
transmittance spectra provided in (b), thermal contribution subtracted.
If the pulse spectrum is located at the left slope of the resonance (red
curve), a considerable postpulse contribution from free carriers is
observed (decay time ~30 ps). Moving the pulse toward the right
slope of the resonance brings the postpulse FC contributions to zero
(purple curve). (c) Calculated transmittance spectra of the metasur-
face in the equilibrium state (dashed curve) and right after the pump
pulse has left the medium (solid red curve) at a free carrier density of §
x 10" cm™>. The shaded areas in (b,c) denote the fwhm of the fs
pulses spectrum used for the measurements.

present the pump—probe traces for seven different samples
with the thermal contribution removed for better readability;
the respective transmittance spectra are given in Figure Sb A
strong indication of the FC relaxation could be found at
pump—probe delay times 7 > 150 fs as given by curves (i)—(iii).
The FC relaxation time averages at ~30 ps, as fitted by the
exponential decay law at FC concentration estimated of ~10'®
cm ™ (see Supporting Information, Section V). This time
constant is consistent with the previously reported data®' for
low free-carrier concentrations. However, as the pump and
probe beams approach the red-wavelength slope of the
resonance, the FC contribution to the pump—probe trace
diminishes with respect to the TPA spike for samples
represented by (v)—(vii).

In order to demonstrate that exciting Mie-type resonances in
the nanodisks can zero FC contributions out, in Figure Sc¢ we
provide FDTD transmittance spectra of the nanodisks in two
cases. First, the disks are supposed to be at their equilibrium
state and silicon is described by our ellipsometry data with n =
3.65 and k = 0.002 (dashed curve). Second, the nonequilibrium
addends to the refractive index from the excited FCs are taken
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into account (An = —0.02 and Ax = 0.01, solid red curve) in
accordance with the Supporting Information, Section V. Here,
n and k are the real and imaginary parts of the complex
refractive index, respectively, and the FC concentration is taken
to be 5 X 10" cm™ for a straightforward illustration of the FC
contribution reduction; the value we took is moderate and
could be increased by a couple of orders of magnitude before
the single-pulse ablation is initiated.”’ One can see from
comparing the two cases that, upon FC injection, the
transmission curve undergoes both blue shift and reduction.
As a consequence, while the leftmost part of the spectrum is
considerably affected by FCs, there are wavelength values in the
rightmost part for which no changes are detected. Therefore, by
tuning the position of the Mie-type resonances in silicon
nanodisks with respect to the excitation laser wavelength allows
tailoring the FC contributions. In particular, one can zero the
FC effects in order to benefit from ultrafast, sub-100 fs TPA-
induced nonlinearities.

The silicon nanodisks under study incorporate the
advantages of low footprint, ultrafast switching times and low
operating power. In our pump—probe experiments, the
observed switching of approximately 1% is operated by roughly
E ~ Pd*/uw* ~ 13 ] per disk. Here, P ~ 20 mW is the average
pump power detected before the sample, d & 0.22 um is the
disk diameter, v = 80 MHz is the repetition rate of the
oscillator, and w & 30 pm is the pump beam-waist diameter.
Extrapolating the linear TPA trend to larger fluences, one might
expect the complete switching at picojoule-level energies, which
is at the level of contemporary Si microring resonators.”””**
The latter, however, have exceedingly larger footprint of 10—
10004* and slower response times of more than 10 ps.
Moreover, we can elevate the ultrafast TPA nonlinearity above
the thermal contributions by working below the band gap and
using heat-dissipating materials like BeO”” instead of SiO,.
With this in mind, one can consider incorporating these
nanocavities into existing CMOS-compatible on-chip silicon
photonics circuitry.

One of the biggest advantages of metasurfaces is the ability to
spatially vary the parameters of the surface.’”*' Such spatial
variations enable new opportunities for the observed ultrafast
switching, namely to construct ultrafast displays that can switch
between two or more different images at the femtosecond time
scale. Indeed, the differential transmission curves shown in
Figure 5 indicate positive or negative modulation values for
different times on the scale sub-100 fs. For example, if one
constructs a set of pixels using metasurfaces represented by (vi)
and (vii), the linear transmission contrast would be low because
the samples possess somewhat similar transmittance. On the
other hand, it is straightforwardly concluded that a certain
degree of contrast could be reached at 50 fs delay due to AT
having different signs for these samples. Such opportunity
remains out of reach for other technologies and might find
exciting future applications.

In conclusion, we have demonstrated all-optical switching of
fs laser pulses passing through subwavelength (13/100) silicon
nanodisks at their magnetic dipolar resonance. In z-scan
experiments, we have observed a modulation of up to 60% and
a spectral resonance shift of 6 nm when pumping the
nanostructure at picojoule-per-disk powers. We have conducted
both I-scan and pump—probe measurements to unambiguously
separate the two-photon absorption contributions from the
photogenerated free-carrier and thermal contributions. We have
shown that the pump-induced modulation of the probe beam is
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a pulse-limited instantaneous process with the modulation time
of 65 fs due to the two-photon absorption. Finally, we have
provided a recipe to suppress undesirable contributions from
free carriers by tailoring the Mie-type resonance position, thus
making such dielectric structures the fastest nanoscale switches
reported so far. We believe that our results may be useful for
applications in novel on-chip optical limiters, switches and
modulators, switchable nanoantennas,®”>’ femtosecond dis-
plays, and other nonlinear optical metadevices based on low
loss subwavelength dielectric resonant nanoparticles.
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