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ABSTRACT: Optically and vibrationally resonant nanophotonic
devices are of particular importance for their ability to enhance
optomechanical interactions, with applications in nanometrology,
sensing, nano-optical control of light, and optomechanics. Here, the

optically resonant excitation and detection of gigahertz vibrational =

modes are demonstrated in a nanoscale metasurface array fabricated 4o _Optical Spectrum

on a suspended SiC membrane. With the design of the main optical g r |El-field
S

and vibrational modes to be those of the individual metamolecules, < g, —,I: 7 _Vibrational Spectrum

resonant excitation and detection are achieved by making use of @, % M
direct mechanisms for optomechanical coupling. Ultrafast optical £,,| /3 g =

pump—probe studies reveal a multimodal gigahertz vibrational 0 a oy 0 5 10 15 20 25 30
response corresponding to the mechanical modes of the suspended So&avé?gr%th1(2'$nq) 1400 Frequency (GHz)

nanoresonators. Wavelength and polarization dependent studies
reveal that the excitation and detection of vibrations takes place
through the metasurface optical modes. The dielectric metasurface pushes the modulation speed of optomechanical structures closer
to their theoretical limits and presents a potential for compact and easily fabricable optical components for photonic applications.
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O ptomechanics, the use of optically induced forces to
control mechanical vibrations, is seeing wide interest for
its potential in achieving new quantum entangled states,
improved optical sensors,” and on-chip data processing.””
Rapid progress in fabrication technology is resulting in high
quality devices with precisely controlled vibrational and optical
resonant responses. > ° Nanometer-scale mechanical move-
ments can be used to actuate MEMS-type plasmonic and
dielectric nanostructures using thermal, electrostatic, magnetic,
and optical forces””™'" with a speed governed by the
dimension of the supporting structure and by the dynamics
of underlying physical processes, typically in the kHz to few-
MHz range.

Metamaterials and metasurfaces offer a platform to engineer
the nonlinearity associated with their on-demand optical
properties. Nano-optomechanical metasurface arrays are a
class of nonlinear photonic metamaterials designed with
subwavelength features, “metamolecules”, that mechanically
oscillate as a response to optical forces."' ~'* The optomechan-
ical response of the metasurface array (MSA) has been shown
to result in giant nonlinear modulation of absorption,
transmission, and reflection of incident electromagnetic
waves. A. Karvounis et al.'' have demonstrated optomechan-
ical resonances in silicon-based MSA with a mechanical
frequency response of up to 154 MHz.
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Optomechanical driving of resonators at higher frequencies
requires a correspondingly reduced mass of the device. Small
colloidal nanoparticles and thin nanowires support vibrational
modes far into the GHz regime, which are accessible using
ultrafast pulsed laser spectroscopy'®'® down to the single-
particle level.'® Coherent oscillations in metallic nanostruc-
tures are typically driven by ultrafast local heating and
impulsive hot electron pressure.'”'® Vibrational characteristics
of gold nanostructures of various shapes and sizes have been
intensively studied.'”™>° Strategical positioning of mechanical
oscillators in the optical near-field of a plasmonic nanoantenna
has been shown to result in antenna-enhanced readout effects
and amplification of small signal response.”’ The coupling of
colocalized optical and mechanical resonances in a gold split-
ring MSA were recently demonstrated, identifying an acousto-
plasmonic coupling induced by the capacitive gap.”*

Here, we demonstrate the multimodal GHz optomechanical
resonances in a dielectric, amorphous silicon carbide (3C-SiC)
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Figure 1. (a) Concept image showing multimodal vibrational response of the probe signal through optical excitation of the MSA. (b) Schematic
showing the dimensions of a single metamolecule. (c) SEM image of the fabricated MSA showing the “U” shaped metamolecules. (d, e) Simulated
transmission (T), reflection (R) and absorption (A) spectra of a metamolecule in the SiC MSA in vertical and horizontal polarization, respectively.
(f) Simulated normalized electric field intensity distribution in the xy and zy directions of the metamolecule at indicated wavelengths in vertical
polarization. (g, h) Average experimental transmission (T), reflection (R), and absorption (A) spectra of the metamaterial surface array in vertical

and horizontal polarization, respectively.

metasurface using ultrafast pump and probe microscopy. The
principle of this experiment is shown in Figure la. By
fabricating the MSAs on a free-standing dielectric membrane,
we take advantage of the high stiffness to achieve GHz
optomechanical modulation.”” Resonant excitation through
the optical forces associated with the MSA optical resonances
is achieved as well as wavelength and polarization sensitive
detection indicative of an acousto-optic metasurface enhanced
response. Unlike plasmonic-based nanoresonators, where
excitation of mechanical oscillations relies on indirect
mechanisms involving excitation of a hot electron plasma,
acoustic phonons, or surface plasmons,'”'®*>** dielectric-
based optomechanical metasurfaces allow direct actuation,
control, and detection of the mechanical modes by taking
advantage of the susceptibility of individual metamolecules to
radiation pressure; this depends on wavelength and polar-
ization of the excitation source and can be appropriately tuned
through their subwavelength dimensions. This allows for more
flexibility in the range of materials and effects that can be
engineered.

The MSA consists of a periodic array of unit cells of 655 nm
X 565 nm containing a suspended nanocantilever with U-
shaped slit, milled into a 300 nm thick SiC membrane as
shown in Figure 1b. A scanning electron microscopy (SEM)

image of the fabricated structure is shown in Figure lc. The
optical response of the MSA was modeled using COMSOL
Multiphysics using values of refractive index for the SiC
membrane taken from literature.”® The simulated optical
reflection (R), transmission (T) and absorption (A) spectra for
a vertically polarized (E,) and horizontally (E,) polarized
incident beam incident on the periodic MSA are shown in
Figure 1d,e. Near-field maps of the z-components of the
electric field intensity are presented in Figure 1f for selected
wavelengths within the spectral tuning ranges of the pump
(1050 nm —1200 nm) and probe (780 nm —840 nm). Cross
sections in the xy and zy planes are shown at locations
indicated by the dashed lines, corresponding to the center of
the metamolecule for the zy plane and 100 nm below the top
surface for the xy plane. The main absorption resonance occurs
at 1010 nm for the E, polarization. For wavelengths above the
resonance, the maximum electric near-field intensity is
concentrated onto the nanocantilever structure in the
metamolecule. At shorter wavelengths (763 and 800 nm),
the field intensity is localized mainly on the vertices and the
hinge of the nanocantilever.

In addition to the induction of spatially distributed electric
dipole forces that cause the nanocantilever to mechanically
oscillate at specific frequencies,'’ the incidence of an
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electromagnetic field with localized absorption at the center of
the nanocantilever makes it mechanically susceptible to
radiation pressure due to its nanoscale dimensions. Given
the structural asymmetry of the metamolecules, we expect that
the optical response is polarization dependent. This is
confirmed by differences in the simulated optical R, T, and
A spectra in Figure 1d,e. SI Section S7 discusses some of the
near-field properties for the horizontal (E,) polarization.

Experimental R, T, and A spectra were obtained using a
microspectrophotometer (CRAIC QDI2010), with a 20 ym X
20 pm sampling aperture via a 15X objective with NA 0.28.
The resulting spectra of the MSA are shown in Figure 1g/h for
the two polarizations. For E, polarization (Figure 1g), the
dominant absorption feature is in good agreement with the
simulations. Effects of inhomogeneous broadening are
discussed in SI Figure S8. Results for E, polarization shows
similar features to the simulations but blueshifted by ~100 nm.
In the cases of both E, and E,, there is an imperfect agreement
between experiments and simulations for the reflection and
transmission at shorter wavelengths <900 nm. In the following,
we focus on understanding the long-wavelength response
(orange shaded region in Figure 1g), which is most relevant for
our optical pumping scheme and where agreement between
simulations and experiments is good. For detection in the 780
nm —840 nm band, we focus on comparison with experimental
linear optical spectra and pump—probe results as presented in
SI Section S3.

The vibrational eigenmodes of the MSA were measured
using an ultrafast pump—probe experimental setup as shown in
Figure 2a. We used a Ti:sapphire modelocked laser (Coherent
Chameleon Ultra II, 80 MHz repetition rate) with optical
parametric oscillator (OPO) with a pulse width of 150 fs. The
MSA was optically pumped using the OPO signal output tuned
from 1050 nm —1250 nm wavelength, which was modulated at
40 MHz using an acousto-optical pulse picker. The pump was
sent through an optical delay stage with a scan range of 3 ns.
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Figure 2. (a) Schematic showing the ultrafast pump—probe setup. (b)
Normalized transmission (AT/T) and reflection (AR/R) intensity
response showing the electronic response of SiC. (c) Smoothened
optomechanical response of the metamolecules in transmission and
reflection modes after removal of the electronic effect using a
triexponential function curve fit. (d) Fast-Fourier transform (FFT)
spectra of the transmission and reflection optomechanical responses
showing the vibrational modes of the optically activated metamole-
cules.

For the probe, we used the fundamental oscillator at
wavelengths between 780 nm —840 nm. The beams were
focused onto the MSA to a diffraction-limited waist of around
1 pm using an infrared microscope objective (Mitutoyo) with
numerical aperture of 0.5. The pump pulse energy was limited
by the efficiency of the pulse picker to around 15 pJ after the
objective, resulting in a pump fluence on the sample of up to
0.5 mJ/cm?® Reflection (R) and transmission (T) intensities
were measured using infrared avalanche photodetectors (APD,
Thorlabs). The corresponding pump-induced changes AR and
AT were demodulated using an ultrahigh frequency lock-in
amplifier (Zurich Instruments) at the modulation frequency of
40 MHz for the pump, while R and T were recovered by
demodulating the signal at the 80 MHz probe frequency.
The initial differential responses AR/R and AT/T, for
vertically polarized pump and probe signals, are shown in
Figure 2b. Reflection and transmission pairs were measured
together in the same scan on the same sample location. Both
AR/R and AT/T exhibit an initial fast response, associated
with the ultrafast excitation and picosecond relaxation
processes of carriers.”” The initial ultrafast response is followed
by periodic oscillations, over a much longer, nanosecond time
duration, which are related to the mechanical eigenmodes of
the metamolecules on the MSA as explained below. The fast
exponential decay component did not form part of our studies
and was effectively removed by subtracting a fit of the signal to
a triple exponential decay (described in SI Section S9), to
reveal the damped oscillations which are 30—50 times weaker
than the ultrafast response as shown in Figure 2c. Pulsed
excitation does not benefit from enhancement by the
mechanical quality factor of the modes, as in the case of
continuous resonant driving but typically results in a broad
spectrum of mechanical modes with low amplitudes.'”~® To
reveal the spectrum of modes, a fast Fourier transform (FFT)
was carried out on the processed time signals and a >1.5 GHz
highpass filter was applied. The results, shown in Figure 2d,
reveal distinct modes in the gigahertz range with peak
frequencies at 2.33 GHz, 5.33 GHz, 7 GHz, 11 GHz, 11.67
GHz, and 21 GHz. These frequencies are expressed both in the
transmission and reflection response with different relative
amplitudes. While the absolute strength of the fast AT/T
signal is 2 times larger than the AR/R signal, the individual
mechanical components show different ratios, ranging from 3
to 4 times, for the lower frequency modes, to less than 2 times
for the two modes at around 11 GHz. This difference indicates
differences in the coupling strength of the mechanical modes
to the optical reflection and transmission responses of the
MSA. Reversing the pump and probe wavelengths, ie.,
excitation at 800 nm and detection at 1100 nm, did not
show a measurable vibrational response (see SI Section S3).
The mechanical properties of a single metamolecule were
simulated with COMSOL Multiphysics using fixed boundary
conditions. Other studies have demonstrated the validity of
continuum mechanics in nanoscale structures.”””" The single
metamolecule model yielded the vibrational modes related to
the nanocantilever by itself. In addition, we performed
calculations on a 5 X S metasurface array in order to elucidate
the vibrational modes related to the surrounding structures and
mechanical coupling of the nanocantilever (see SI Section $4).
Figure 3a shows the simulated mechanical eigenmodes of the
single metamolecule. The color scale indicates the size of the
local mechanical displacements of the nanostructure, while the
associated deformations are shown scaled to 10% of the
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Figure 3. (a) Simulated mechanical eigenmodes of a single
metamolecule at selected frequencies. (b) Simulated frequency
domain plot of a single metamolecule, showing the normalized
mechanical displacement response of the cantilever (solid black). The
experimental IFFT(AT/T)| (dotted red plot) is superimposed for
reference. (c) Simulated frequency domain plot of a S X §
metasurface array, showing the normalized mechanical displacement
response of the bridges enclosing the cantilever. A single
metamolecule showing the vibration mode of the bridges at 5.33
GHz is shown in the inset. (d) Simulated frequency domain plot of
the directional components of mechanical displacement for the
nanocantilever of a single metamolecule (stacked for clarity) and
(inset) The directional components of the support structures of a
simulated S X 5 MSA at 5.33 GHz.
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geometry. Figure 3b shows the corresponding frequency
domain simulation of the mechanical response of the
nanocantilever. The vibrational amplitudes were acquired
from the surface area integration of the volumetric displace-
ment of the nanocantilever. We directly compare the simulated

results with the experimental AT/T response (red dashed line
in Figure 3b). The first three modes identified in the maps
(2.32, 3.61, and 7.03 GHz) are closely matched to some of the
modes that were detected experimentally. The mode at 3.61
GHz is not present in the calculated FFT, as it requires an
asymmetric load over the cantilever to be effectively excited.
This mode appears more strongly for excitation along the E,
polarization as discussed in SI Figure S9. On the basis of
proximity, we attribute the modes at 12 and 12.03 GHz to the
experimentally detected modes at 11 and 11.67 GHz. Because
these modes are localized at the bottom vertices and edges of
the cantilever, they are particularly sensitive to cantilever
length, rounding, and fabrication imperfections associated with
the corners of the experimental device. The simulation also
returned modes at 6.5 and 13.66 GHz which are not
prominent in the experimental results. The experimental
mode at 5.33 GHz is unaccounted for by the nanocantilever
response but is in fact captured by the 5 X 5 MSA model
shown in Figure 3c, where we have plotted the vibrational
displacement of the support framework with the inset showing
the corresponding deformation map. We assume weak
coupling between individual metamolecules (see SI Figure SS).

Figure 3d presents the simulated frequency domain
distribution of the cantilever displacement components, U,,
U,, and U,. The modes at 2.33 and 7 GHz are identified as out-
of-plane modes of the whole cantilever, which we infer from
the dominant role of U, and, to a smaller extent, U,. By
comparison, U, is negligible in the former two modes. The
prominence of U, and U, at 12 GHz results from the inward
folding of the bottom vertices of the nanocantilever toward the
center axis of the nanocantilever. The mode at 12.3 GHz is
dominated by a U, displacement, with notably small
contributions from U, and U,. This mode is an in-plane
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Figure 4. Wavelength dependence of the moduli of the optical force magnitudes (left y-axis) acting on the nanocantilever in xyz directions
superimposed on the pump wavelength dependence of the optomechanical magnitudes in reflection mode (right y-axis), for reflection (a) and
transmission (b) eigenmodes. Time-domain (c,e) and frequency-domain (d,f) plots of the optomechanical responses of the nanocantilever at
vertical—vertical (black line), horizontal- vertical (red line) and vertical—horizontal (blue line) pump—probe polarizations for reflection (parts c
and d) and transmission (parts e and f). The plots are vertically stacked for clarity.
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Figure S. (a) Illustration of the aerial pump—probe scan of the MSA with labeled scan regions. (b) Time-domain plots corresponding to the
indicated scan regions stacked for clarity. (c) FFT spectra corresponding to the labeled scan regions, stacked for clarity. Polarization of pump and

probe was taken along the y-direction.

expansion and contraction of the nanocantilever base. The
13.66 GHz mode appears to be a breathing mode of the whole
nanocantilever structure and, as such, has contributions from
U, U, and U, in almost equal proportions. The 5.33 GHz
mode, shown in the inset of Figure 3d, is dominated by U, and
U,, respectively, which appears as an expansion of the support
structure normal to the metamolecule and an inward twist of
the structure in the x-direction.

Using the numerical simulation results, we modeled the
wavelength dependence of the time-averaged optical forces
acting on the nanocantilever resolved in the XYZ directions, by
taking into account the radiation pressure of the photons
incident on the nanocantilever of the MSA as well as the
intensity $radient of the local electric field, as described
elsewhere.'' In Figure 4a, the moduli of the net resolved
optical forces, represented by F,, F,, and F,, are plotted against
the wavelength, for incident vertically polarized electric field
(E,). Optical forces up to 0.8 P/c correspond to radiation
pressures during the ultrashort laser illumination in the tens of
nN range (see SI section S8). In the spectral range of 1000 nm
—1200 nm, optical forces F, and F,, acting in the y and z
directions, are prominent, while there is practically no
contribution from F,. According to the near-field maps of
Figure 1f, this range corresponds to the electromagnetic modes
where the near-field intensity is concentrated onto the
nanocantilever. We compare these optical forces with the
experimental pump wavelength dependence of the vibrational
eigenmodes for the AR/R and AT/T signals, respectively,
shown by the connected spheres of different colors in Figure
4a,b.

The experimentally detected modes at 2.33 GHz (gray), 7
GHz (green), and 11 GHz (orange) both peak in magnitude
around 1075—1100 nm wavelength, which coincides with the
peak wavelength seen for F,. The modes at 5.33 GHz (brown)
and 11.67 GHz (violet) increase further toward 1050 nm
wavelength, which is the lower limit of our OPO tuning range.
These observations appear qualitatively consistent with the
main displacement components in Figure 3d. This agreement
is more obvious in the cases of the 2.33 and 11 GHz (12 GHz
simulation) modes, which are both dominated by an out-of-
plane displacement in the z-direction, as well as the 11.67 GHz
(12.3 GHz simulation) which is dominated by a y-direction
displacement. The 5.33 GHz mode requires a flexing of the
beams in the direction normal to the metasurface; therefore, it

will take a compressive lateral force in the y-direction to induce
such a deformation. As such, we believe the pump wavelength
dependent results are consistent with the results from our
mechanical simulation. These results demonstrate that the
individual vibrational modes of the metamolecule can be
selectively tuned by changing the wavelength of the pump
signal. Additional results showing also the strong dependence
on the wavelength of the probe are presented in SI Section S3.

Next to wavelength dependence, we study in Figure 4c—f the
polarization dependence of the vibrational response for both
pump and probe for AR/R and AT/T. Keeping the probe
polarization fixed along E, we, respectively, measured the
responses for pump polarization along y (E,.,) and along x
(Ex_y). We observe similar multimodal oscillations in both
cases, which show that the frequencies of the mechanical
resonances do not strongly depend on the pump polarization
(Figure 4d,f). The relative ratios of the different vibrational
modes are changed when changing the pump polarization,
showing a stronger excitation of the fundamental mechanical
mode for pumping along E,, accompanied by a reduction in
the higher frequency component at 11 GHz. The observed
variations of the 5.33 GHz vibrational mode in all our
experiments appear less systematic and may be attributed to
higher sensitivity of the frame modes to very small variations in
alignment. Next, we changed the polarization of the probe
beam along x, while keeping the pump polarization along y-
direction (Ey_x). In this configuration, the presence of the
mechanical modes in AR/R is much less strong. The
dependence of the detected signal on orientation of the
probe polarization shows that the acousto-optic readout takes
place through the polarization-dependent MSA resonances.
E,(not shown here) yields the same result as E, . As such, the
polarization dependence information on the metamolecules is
contained in the three spectra presented in Figure 4c—f.

The different sets of results presented above show small but
noticeable differences in exact experimental frequencies, the
number of individual resonance modes in the spectrum, and
their relative amplitudes in the pump—probe response. These
differences suggest an experimental variation of parameters,
possibly related to local fabrication imperfections and sample
inhomogeneity. This is explored in Figure S presenting a set of
pump—probe measurements over a 6 gm X 6 ym area taken in
the center region of the MSA. The corresponding time-domain
plots and FFTs for each of the indicated points are shown in
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Figure Sb,c for AR/R (AT/T shown in SI Figure S8).
Variations in both the center frequencies as well as relative
intensities of all the mechanical modes are observed, with
generally unsystematic behavior of the 5.33 GHz frame mode.
Opverall, the mechanical modes of the MSA appear sensitive to
local fabrication inhomogeneities across the surface. More
detailed spectroscopic data in SI Figure S9 confirm that local
variations are present also in the linear optical response of the
MSA.

In conclusion, gigahertz vibrational resonances were
demonstrated in a SiC dielectric meta-surface array (MSA).
The dielectric MSA provides a direct mechanism for optical
excitation through light forces and provides tunability through
the wavelength and polarization of the optical pump.
Numerical simulations and optical experiments confirm
effective driving of cantilever modes in spectral bands around
2,5, 7,11, and 21 GHz. The direction-resolved optical forces
acting on the nanocantilever were numerically evaluated with
respect to wavelength and were shown to result in different
dependencies for different modes. We find that, while the
vibrational modes are impartial to the polarization of the
driving optical force, the reflection property of the nanocanti-
lever in the spectral detection band is most polarization
selective. The domain of optical metasurfaces with vibration-
ally resonant unit cells in the gigahertz range holds promise for
new applications in nonlinear optomechanics, and our first
characterizations invite further exploration. Future work will
explore reduction of optical loss, regimes of higher vibrational
amplitudes achievable through stronger and resonant pumping,
precise control over resonant vibrational characteristics, and
applications in nonlinear, time-dependent, or active meta-
surfaces.
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