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Gigahertz Modulation of a Fully Dielectric Nonlocal
Metasurface

Alessandro Pitanti,* Gaia Da Prato, Giorgio Biasiol, Alessandro Tredicucci,
and Simone Zanotto*

Nonlocal metasurfaces are currently emerging as advanced tools for the
manipulation of electromagnetic radiation, going beyond the widely explored
Huygens metasurface concept. Nonetheless, the lack of an unified approach
for their fast and efficient tunability still represents a serious challenge to
overcome. This study reports on the gigahertz modulation of a dielectric
slab-based, nonlocal (i.e., angle-dispersive) metasurface, whose operation
relies on the optomechanical coupling with a mechanical wave excited
piezoelectrically by a transducer integrated on the same chip. Importantly, the
metasurface region is free from any conductive material, thus eliminating
optical losses, and making the device of potential interest for delicate
environments such as high-power apparatuses or quantum optical systems.

1. Introduction

In the last decade, the advent of metasurfaces has brought a rev-
olution in optics, leading to ultracompact lenses, polarization el-
ements, and other special beam manipulation components.[1–4]
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The great majority of those objects are
however developed within a quite partic-
ular framework: that of local response.
In this approach, each metasurface ele-
ment (meta-atom) emits radiation that de-
pends only on the incident field exciting
that precise meta-atom. While this con-
cept eases the design of metasurfaces—
that can be basically constructed as phase,
amplitude, or polarization holograms as-
sembling pre-designed unit cells—it pos-
sesses intrinsic limitations that can only
be overcome by releasing the assumption
of local response.[5] In a nonlocal metasur-
face, the radiation from a meta-atom also
depends on the field that excites neigh-
boring elements; equivalently, the response

of the metasurface to plane waves is dependent on the angle of
incidence.[6] In addition to angular dependence, sharp spectral
selectivity, full polarization response, and arbitrary phase manip-
ulation can be enforced, often leveraging on general and power-
ful symmetry arguments. A representative yet incomplete list of
applications includes complex operations such as optical signal
processing,[7] image differentiation and edge detection,[8] phase
contrast imaging,[9] perfect anomalous reflection,[10] multifunc-
tional wavefront shaping,[11] and space compression.[12,13]

In addition to relieving the limitations of local response,
metasurface scientists have been focusing on two other chal-
lenging fronts: optical losses mitigation and reconfigurabil-
ity/modulation. To reduce losses, great efforts have been devoted
to the development of dielectric metasurfaces, that are now close
to technological maturity.[14–18] Meanwhile, the need for reconfig-
uration and modulation has been constantly increasing: several
mechanisms and materials have been reported to dynamically
tune the response of meta-atoms, with speed, energy consump-
tion, ease of fabrication, and electrical control as main figures of
merit to be considered.[19–22]

Despite the efforts to advance over all the aforementioned
fronts, it appears that to date no study has addressed simul-
taneously all the three issues of (i) nonlocal response, (ii) ab-
sence of optical losses, and (iii) electrically driven high-frequency
modulation, greatly limiting the potentials of applying meta-
surface technologies to high-power optics, quantum photonics
and light-based communications. For instance, multi-gigahertz
(GHz) metasurface actuation has been observed, without how-
ever direct electrical driving.[23,24] Electric control of metasurfaces
has already been reported in the last decade[25,26] and is still the
subject of recent advances;[27] however, it required conducting
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Figure 1. Device concept and resonant modes. a) Rendered scheme of optomechanical modulation in a nonlocal metasurface. A radiofrequency voltage
generator (RF GEN) or a vector network analyzer (VNA) is connected to an interdigitated electrode (IDT) monolithically integrated on a piezoelectric chip.
Mechanical waves propagate into the metasurface region (consisting of a hole array on a membrane) where coupling with the optical angle-dispersive
resonance occurs. The effect is observed as a modulation of transmitted light intensity, mediated by an oscillation of the resonance wavelength. A
microscope picture of a portion of the chip is reported in (b). Panel (c) depicts a scanning electron microscope image of a sacrificial chip cross-
section collected at an intermediate fabrication step, highlighting the hole sidewall shape. d) and (e) illustrate, respectively, the simulated mechanical
displacement field and the optical electric field of the main Bloch eigenmodes involved in the optomechanical coupling process.

elements extending into the optically active metasurface region,
inducing optical losses and consequent heating that potentially
hinders applications in high-power laser systems. Other reports
investigated electrically driven, fully dielectric, and potentially
nonlocal metasurfaces; however, the response was there limited
to DC or few tens kHz.[28–30]

To overcome those limitations, we have conceived an optome-
chanical dielectric-slab-based device, where GHz vibrations ex-
cited by an interdigitated transducer via the piezoelectric effect
propagate towards the photonic-phononic crystal that constitutes
the modulating metasurface.[31] Metallic interdigitated transduc-
ers (IDTs) are spatially separated from the optically active region,
thus completely eliminating optical losses. We developed our de-
vice on a monolithic gallium arsenide (GaAs) based platform,
extending previous knowledge[32–35] to a membrane-based, free-
standing metasurface, which allows for high permittivity con-
trast and high quality factor (Q) dispersive resonances that can
be also interpreted within the photonic crystal framework.[36–38]

Moreover, the treatment of photoelastic and moving boundary re-
sponse of GaAs-based nanoresonators is well established, thus
easing the setting of a theoretical background.[39,40] GaAs also
compares favorably with other platforms as far as certain met-
rics are considered. For instance, while aluminum nitride (AlN)
has clear advantages regarding integration with silicon,[41,42] AlN
cannot host quantum dot and quantum well emitters and de-
tectors, that can be instead realized in GaAs,[43,44] with appli-
cations spanning from single photon manipulation[45] to ter-
ahertz technology.[46–51] In comparison with lithium niobate
(LiNbO3), GaAs has weaker piezoelectric coefficients;[46–52] how-
ever, as long as one is interested in creating the metasurface
permittivity landscape without introducing other materials and
hence by directly etching the piezoelectric material, the use
of GaAs involves less demanding processes with respect to
LiNbO3.

2. Results

2.1. Sample Design and Operation Principle

Our study relies on the device represented in Figure 1a–c,
namely, a GaAs/AlGaAs-based monolithic heterostructured chip,
where IDTs are placed in close proximity of a substrate-free re-
gion where the metasurface is defined.

Fabrication details are given in Section SI (Supporting Infor-
mation). The metasurface consists of a hole array patterned on
a quasi-square lattice in the dielectric membrane (pitches ax =
1324 nm, ay = 1317 nm). The metasurface size is 150 × 150 μm2,
large enough to avoid artifacts due to the finite size. The holes
have an almost square shape in the x − y plane (x and y sides
lengths bx = 450 nm and by = 395 nm, respectively), and a slightly
slanted profile in the vertical plane (𝛽 = 5°), as revealed by the
cross section of Figure 1c (collected from a sacrificial sample at
an intermediate processing step). The main conclusion of this
work would be the same if ax = ay and bx = by, while the non-zero
𝛽 is instrumental to have a modulation around 1 GHz frequency,
as clarified in Section 2.4. The chip is wire-bonded to a printed
circuit board (PCB) and mounted on a rotation-translation stage.
Thanks to the intrinsic piezoelectricity of GaAs, the IDTs excite
a surface acoustic wave (SAW) propagating towards the metasur-
face membrane; eventually, in the patterned region, the excitation
consists of mechanical Bloch modes. In our device, mechanical
frequencies in the range 960–1120 MHz can be excited, thanks
to IDTs with different pitch (periods from 2.5 to 2.85 μm) fac-
ing distinct, but geometrically identical, metasurfaces. Figure 1d
represents the simulated profile of the mechanical Bloch mode
that plays the most important optomechanical role in our sam-
ple. The sample is illuminated with a weakly focused (30 μm)
x-polarized laser beam, impinging on the metasurface at an an-
gle 𝜃 (further details on the setup in Section SII, Supporting
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Figure 2. Angular dispersion of photonic modes in the telecommunication wavelength range. Of the two existent modes, we focused our attention on
the moderate-Q-factor, red-dispersing mode that couples to x-polarized far-field radiation.

Information). When the beam wavelength-angle pair matches
the dispersive resonance condition, a photonic resonance
(Figure 1e) is excited. The dispersion of the photonic resonances
in the wavelength range of interest is reported in Figure 2a,b:
the quasi-degenerate doublet occurring at normal incidence gives
origin to two branches, where the upper is active under y-
polarization, and the lower under x-polarization. The evident an-
gular dependence of the resonances, observable also on the pho-
tonic wavevector space (Section SIII, Supporting Information),
implies by definition that our system is a nonlocal metasurface.
Concerning the quality factors, the upper branch has a diverg-
ing Q-factor, witnessing the presence of an accidental BIC at
≈9°; since such a large Q-factor is extremely sensitive to fabri-
cation imperfections, we decided to work with the lower branch,
that features a moderately high Q-factor of ≈2700 at normal inci-
dence, then decreasing to 800 in theory (450 in the experiment)
for an incident angle 𝜃 = 10°. A more detailed analysis of the
comparison between experiment and model is reported in Sec-
tion SIII (Supporting Information). It should be here noticed that
the dependence of the Q-factor upon the angle of incidence is not
a general feature of nonlocal metasurfaces; different approaches,
relying for instance on quasi-guided modes from Brillouin zone
folding, can be employed for homogeneous Q-factors.[17]

When the radiofrequency voltage source is on, the IDTs gen-
erate a surface acoustic wave, eventually driving the population
of mechanical Bloch modes within the metasurface. Such Bloch
modes perturb both the hole shape and material refractive index,
generating a modulation effect on the photonic resonances, and
eventually resulting in a modulation of the laser beam at GHz
frequencies (Figure 1a). To develop a quantitative model of the

modulation effect, we relied on the quasi-normal mode perturba-
tion theory (QNMPT), elaborating on the concepts and methods
illustrated in refs. [53–56]. Quasi-normal modes are eigenstates,
corresponding to complex eigenvalues, which emerge from ra-
diative and non-radiative energy losses of open resonators. In
our model, another key assumption is an approximation anal-
ogous to the Born–Oppenheimer one: since the time scales of
near-infrared light waves and that of mechanical vibrations differ
by orders of magnitude, we calculated the electromagnetic (e.m.)
response assuming that the metasurface shape is “frozen” at a
given time within the mechanical cycle. Calculating the e.m. re-
sponse for all the times of the mechanical cycle leads to the time-
dependent (i.e., modulated) e.m. response of the optomechani-
cal metasurface. Moreover, since the shape and refractive index
changes induced by the mechanical displacement field are small,
one is allowed to adopt a perturbative approach over a suitable
basis of electromagnetic Bloch quasi-normal modes. In our case,
especially when quasi-normal incidence is considered, the pho-
tonic resonance is close to being twofold degenerate, thus call-
ing in principle for a two-mode perturbation theory. However, it
can be shown (see Section SV, Supporting Information) that, as
long as the photonic and the mechanical Bloch modes are close to
the Brillouin zone center, and provided that the mechanical fre-
quency is within the experimental range, the two modes (i.e., po-
larizations) are not coupled and one can resort to a single-optical-
mode perturbation theory. We summarize here the main results
of our QNMPT, while the complete derivation can be found in
Section SIV (Supporting Information). Indicating with k the pho-
tonic Bloch mode wavevector and with 𝜔k,0 the dispersive optical
resonance frequency for the unperturbed metasurface, it can be
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found that the time-dependent complex resonance frequency for
the perturbed metasurface is

𝜔k(t) = 𝜔k,0 [ 1 + gRe 𝛿M cos(Ωt − ΦRe)

+i gIm 𝛿M cos(Ωt − ΦIm) ] (1)

where Ω is the mechanical frequency, 𝛿M is the spatio-temporal
maximum of the displacement field, ΦRe(Im) are phase terms de-
fined in Section SIV (Supporting Information), and the couplings
gRe(Im) are given by the following formulas:

gRe = fK g(0)
Re =

fK
𝜔k,0

√
ℜ(𝜔k,0ΔRe)2 +ℜ(𝜔k,0ΔIm)2 (2)

gIm = fK g(0)
Im =

fK
𝜔k,0

√
ℑ(𝜔k,0ΔRe)2 +ℑ(𝜔k,0ΔIm)2 (3)

Here, fK is a real, adimensional quantity that describes the effec-
tiveness of the coupling between the mechanical mode of Bloch
wavevector K and the electromagnetic field. In principle, for an
infinitely extended metasurface, fK = 𝛿(K), i.e., fK is a Dirac delta
centered at the origin (the Γ point) of the Brillouin zone, mean-
ing that only those phonons can induce optomechanical modula-
tion. However, we have postulated an “effectively coupled region”
scheme (see Section SIV.A, Supporting Information) such that,
in the real space, QNMPT integrals are limited to a finite portion
of the metasurface with size of the order of 𝜎eff. The factor fK is
then given by

fK =
∑
m,l

𝛼m,l cos(ax Kx m + ay Ky l) (4)

where

𝛼m,l =
exp

{
−
[(

axm

𝜎eff

)2
+
(

ayl

𝜎eff

)2
]}

∑
m′ ,l′ exp

{
−
[(

axm′

𝜎eff

)2
+
(

ayl′

𝜎eff

)2
]} (5)

Equations (4) and (5) enable the coupling with mechanical modes
at K ≠ 0, and will be later instrumental to interpret the experi-
mental data (see Section 2.3). In Equations (2–3), the quantities
ΔRe and ΔIm, both being in general complex, directly originate
from the perturbative integrals calculated over the single unit
cell for the moving boundary (MB) and photoelastic (PE) effects:
ΔRe =ΔMB, Re +ΔPE, Re and ΔIm =ΔMB, Im +ΔPE, Im. We report here
the expression for the ΔMB, Re term:

ΔMB,Re = − 1
2Duc𝛿ref ∫

𝜕uc

dSℜ [ n ⋅ uP
K ,N ]

(
Δ𝜀EP‖,−k ⋅ EP‖,k − Δ𝜂DP

⟂,−k ⋅ DP
⟂,k

)
(6)

The integral is performed over the boundary surface that delimits
the dielectric material unit cell (region 𝜕uc) and the surround-
ing air. n is the outgoing unit vector normal to the boundary;
Δɛ= ɛGaAs − 1 andΔ𝜂 = 1/ɛGaAs − 1. uP

K ,N is the periodic part of the
mechanical Bloch wavefunction of Bloch wavevector K and mode
index N. EP

∥,k is the periodic part of the k-Bloch-wavevector electric
field eigenfunction, projected parallelly to the boundary surface.

Analogously, DP
⟂,k is the displacement field projected perpendicu-

larly to the boundary surface. Notice that the E and D fields come
in pairs with k and −k, without complex conjugation: this is a key
feature of QNMPT, where the ordinary orthogonality relations of
Bloch functions no longer holds. Rather, one has to rely on right
and left eigenvectors of the Maxwell equation operator, that, in
the case of periodic systems, consist of the (k,−k) pair. Finally,
Duc is a normalization integral that in general assumes complex
values, and 𝛿ref is a reference displacement (originating from the
mechanical field numerical solver). The term ΔMB, Im is given by
Equation (6) with ℜ[n ⋅ uP

K ,N ] replaced by ℑ[n ⋅ uP
K ,N ]. The real and

imaginary PE terms have a similar formulation, whose explicit
expressions have been reported in the Section SIV.A (Supporting
Information). It should be noticed that, in our system, moving
boundary and photoelastic terms are of the same order of mag-
nitude.

The presence of complex quantities in Equation (1) implies
that both the real and imaginary part of 𝜔k are modulated in
time, i.e., that both resonance frequency and quality factor of the
dispersive resonance can be tuned optomechanically. Noticeably,
since in principle ΦRe ≠ ΦIm, the trajectory of 𝜔k(t) in the com-
plex plane is an elliptical curve. Moreover, in the terminology of
quantum optomechanics, our system exhibits in principle both
dispersive and dissipative coupling. It will however turn out from
the numerical calculations that gIm/gRe ≈ 10−2, thus the dissipa-
tive contribution is negligible, at least within the approximations
mentioned so far.

We will now derive how the modulation of the resonance fre-
quency can be detected by means of a spectroscopic modulation
experiment. The key theoretical assumption is that the metasur-
face transmittance follows a Fano line shape, as predicted by
single-mode coupled-mode theory:[57]

T(𝜔) =
||||𝜏 +

ℑ(𝜔k) (𝜌 + i𝜏)
𝜔 −ℜ(𝜔k) − iℑ(𝜔k)

||||
2

(7)

Here, 𝜌 and 𝜏 are the off-resonance reflection and transmission
coefficients (fulfilling 𝜌2 + 𝜏2 = 1), which are reasonably unaf-
fected by the mechanical motion. The temporal modulation of T
stems from the dependence of 𝜔k upon the mechanical action.
Employing Equation (1), the approximation gIm ≪ gRe, and mak-
ing the wavelength explicit, the following expression is obtained:

T(𝜆, t) = T0(𝜆) + 1
2
ΔT(𝜆) cos

(
Ωt − ΦRe + 𝜋

)
(8)

where the static term T0(𝜆) is obtained from Equation (7) by re-
placing 𝜔k with the static frequency 𝜔k,0. The modulation term
amplitude is given by

ΔT(𝜆) = 2
dT0

d𝜆

||||𝜆k,0

𝜆k,0 gRe 𝛿M (9)

where 𝜆k,0 = 2𝜋c∕𝜔k,0. Equations (8) and (9) are the main link be-
tween theory and experiment: the RF component of the transmit-
ted light at Ω is in fact proportional to |ΔT|. In our experiment,
where we analyzed the transmitted light using a high frequency
detector coupled with a spectrum analyzer, we were unable to
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Figure 3. Angular and spectral properties of the metasurface modulation. a) Angle-dependent transmittance modulation spectra, compared with static
transmittance spectra, indicate that modulation occurs in the vicinity of the angularly dispersive resonance. b) Angular trend of the transmittance
modulation spectral maximum. c,d) Zoomed view of static and modulated transmittance spectra at 1° incidence angle.

measure the phase ΦRe; this can, however, be accessed by using
a measurement scheme employing a vector network analyzer.

2.2. Angular Dispersion of Modulation

In the first part of our experimental study, we analyzed the angle-
dependent modulation effect at fixed modulation frequency. In
detail, we employed a metasurface-IDT pair where the IDT
(and, consequently, the RF source) was matched to Ω/2𝜋 =
1102.7 MHz. The beam of a tunable laser with wavelength span-
ning over the telecom C-band was shone on the metasurface, and
the static transmittance T0(𝜆) (i.e., that with RF off) was collected.
Switching on the RF signal with a power of –21 dBm and sweep-
ing the laser wavelength, we collected the modulation spectrum
|ΔT(𝜆)|. Figure 3a illustrates the static and dynamic spectral be-
havior of the nonlocal resonance under analysis. Here, T0 very
well matches the Fano lineshape function, with central wave-
length and linewidth drifting with the incident angle (see also
Figure 2; Section SIII, Supporting Information). The dynamic re-
sponse, i.e., the transmittance modulation amplitude |ΔT(𝜆)|, is
reported as red curves, offset in order to be compared with the re-
spective T0(𝜆). It can be noticed that the |ΔT| vanishes except for
the wavelength range that surrounds the Fano dip of T0; the width
of such range increases with 𝜃 according to the decrease of the
static transmittance Q-factor. While the spectra in Figure 3a are
each normalized to its maximum in order to improve the clarity

of the representation, in Figure 3b we report modulation data ex-
pressed in absolute units. Here, we plot, as a function of 𝜃, the cal-
culated and the measured maximum of each spectrum |ΔT(𝜆)|.
Consistently with the decreasing trend of resonance Q-factor for
increasing angles (see Figure 2b), the theoretical transmittance
modulation decreases monotonically with 𝜃. In the experiment
we observed an overall decreasing trend of the modulation |ΔT|,
with some deviation occurring however at 𝜃 = 4° and 5°. We at-
tribute this observation to the error induced by the re-alignment
procedure (x − y sample position) after an angular rotation, in
conjunction with a certain degree of spatial inhomogeneity (see
later). Besides this mismatch, we found an excellent agreement
in the order of magnitude of the modulation amplitude. In our
coupling model we indeed have only a single fitting parameter,
that is, the mechanical displacement 𝛿M; the curves in Figure 3b,d
have been obtained using 𝛿M = 0.37 pm, to be compared with
𝛿M ≈ 0.28 pm deduced independently via a procedure detailed in
Section SX (Supporting Information).

In a further analysis, we have focused on the spectral lineshape
of the static and dynamic transmittance observed for 𝜃 = 1°. In
Figure 3c,d we show, respectively, the spectra of T0 and |ΔT|, in
absolute units, following from experiment and model. Both ex-
perimental spectra match very well the theoretical counterparts
except for minor discrepancies. In the spectra of T0, the experi-
mental peak has indeed a minimum value of ≈0.67 as opposed
to the value of 0 observed in the theory; this effect is attributed
to scattering losses induced by imperfections in the metasurface

Adv. Optical Mater. 2024, 2401283 2401283 (5 of 10) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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periodicity and hole shape, as well as to the finite beam width
(Section SIII, Supporting Information). Concerning the modula-
tion |ΔT(𝜆)|, it can be noticed that in both experiment and model
the spectral feature is a curve with two peaks separated by a dip,
eventually originating from the wavelength derivative of T0(𝜆)
(Equation 9). Due to the smallness of both real and imaginary
parts of (𝜔k − 𝜔k,0)∕𝜔k,0, that amount to ≈2 · 10−8, the central
wavelength and the linewidth of |ΔT(𝜆)| are the same as those
of T0(𝜆). For the same reason, the time-averaged transmittance
is not visibly affected by the presence/absence of the acoustic
excitation. Considering the modulation spectra for larger val-
ues of the incident angle (Figure 3a), some deviations from the
double-peak spectral shape are however observed. We attribute
this phenomenon to two effects. First, the effective increment
of the spot size occurring for larger incident angles leads to ef-
fectively probing of a larger area of the metasurface. Indeed,
as follows from the analysis of a spatial mapping of the mod-
ulation (see Section SIX, Supporting Information), the metasur-
face response is not homogeneous, featuring instead fabrication-
induced disorder that may be contributing to the aforementioned
effect. Second, the contribution of higher order scattering mech-
anisms could be relevant. Indeed, it is known that even a small
amount of roughness enables the population of optical modes
at the same laser frequency but at k’s different from that of the
directly excited mode.[58] At the operating frequencies several op-
tical modes exist (see Section SIII, Supporting Information), and
in particular at larger 𝜃 we found a region rich of other modes,
which could lead to a more efficient inter-modal scattering
mechanism. The modulated, re-scattered optical energy could be
eventually re-coupled to the free space and experimentally de-
tected via the main optical mode, also without perfect resonance
matching.

2.3. Frequency Response of Modulation and Modal Couplings

In the second part of our experimental study, we focused on the
frequency response of the modulation, in order to gain insight
over the bandwidth capabilities of our system, and to obtain a
broader picture about the optomechanical coupling mechanisms
behind the reported nonlocal metasurface modulation. To this
aim we fixed the incident angle to 𝜃 = 1°, since smaller angles
would have led to light backscattering into the laser with con-
sequent instabilities. As a preliminary characterization, we mea-
sured with a vector network analyzer the RF scattering parameter
S11, whose dips indicate the excitation of a SAW emitted from the
IDTs (Figure 4a). Subsequently, we excited each IDT with the RF
source with a sinusoidal signal at the appropriate Ω, measuring
by means of the RF spectrum analyzer the optical transmittance
modulation. Specifically, we determined ΔTM ≡ ⟨max𝜆 |ΔT(𝜆)|⟩,
where 〈 · 〉 indicates the spatial averaging over the area of the
metasurface facing the active IDT. The measured ΔTM are plot-
ted in Figure 4b. Here, it can be noticed that an optomechan-
ical response is observed for all the driving frequencies, with
a clear monotonically increasing trend. The presence of a fi-
nite ΔTM for each of the investigated Ω’s means that there is a
nonzero coupling between the optical mode and some mechan-
ical mode at the specific Ω. The exact determination of which
mechanical mode is involved is not straightforward, for two rea-

sons. First, as recently reported,[59] the mechanical wave under-
goes strong scattering processes while crossing the interface be-
tween the exterior and the interior of the metamaterial. As a re-
sult, the whole set of Bloch modes at Ω are populated (isofre-
quency set, see Section SVII, Supporting Information), leading
to a mechanical displacement that does not originate from a pure
Bloch modal function uK ,N . Second, fabrication-induced disorder
can lead to a deviation from the Bloch mode picture, as disorder is
known to promote the formation of states in the bandgaps (Ur-
bach tails).[60] Since an ab-initio treatment of those two effects
is presently unfeasible, we will interpret the data in Figure 4b
semi-quantitatively, relying on the mechanical band structure of
the perfectly periodic metasurface illustrated in Figure 4c,d. The
former is a zoomed version of the latter, as indicated by the gray
rectangle in Figure 4d. In both Figure 4c,d, the Bloch modes are
colored according to their optomechanical coupling g(0)

Re , see the
color scale above Figure 4d. Bloch modes are also labeled by num-
bers, whose sequence follows from the order of modes at the Γ
point. We will use the same numbering also to label modes far
from the zone center, for those branches that can be followed and
unambiguously identified. Notice that in the spectral region of
the fabricated IDTs (960–1120 MHz) only mode 7 extends to the
Γ point, with a minimum at Ω/2𝜋 = 1075 MHz; its wavefunc-
tion at the Γ point was depicted in Figure 1d. Outside from Γ,
other modes exist in the 960–1120 MHz region, with g(0)

Re span-
ning several orders of magnitude. Modes 2 and 7, as well as the
Γ-X’ branch of mode 6, have a mid-range g(0)

Re ≈ 5 ⋅ 10−5, while
mode 3 features a large coupling value of g(0)

Re ≈ 6 ⋅ 10−4.

Let us first analyze the origin of a finite ΔTM for Ω/2𝜋
< 1075 MHz, recalling thatΔTM ∝ ΔT ∝ gRe = fK ⋅ g(0)

Re . Two main
mechanisms can be responsible for this phenomenon: first,
it can originate from tail states of mode 7, i.e., eigenmodes
occurring below the band minimum due to disorder effects.
The existence of finite displacement close to the Γ point for
Ω/2𝜋 < 1075 MHz is confirmed by displacement interferom-
etry, as discussed in Section SVII (Supporting Information).
Moreover, a contribution from mode 3—which we know to be
populated, see again Section SVII (Supporting Information)—
could also occur. However, this requires that fK has a non-
negligible value for |K| ≈ 1.5 ÷ 1.8 μm−1, that are the typical mo-
mentum values of mode 3 in the selected frequency range (see
Figure 4c,e). Within the most immediate hypothesis that the
effectively coupled region had a size equal to the laser beam
spot, i.e., 30 μm, one would have fK < 10−5 (Figure 4e), mean-
ing that gRe would be suppressed with respect to g(0)

Re by at least
five orders of magnitude. The situation would be even worse
if the total metasurface size (150 μm) was employed. Nonethe-
less, a contribution to the modulation from mode 3 can appre-
ciably occur if the effectively coupled region has a size of the
order of 3 μm, which means fK ≈ (0.5 ÷ 1) ⋅ 10−1 in the |K| ≈
1.5 ÷ 1.8 μm−1 range, and hence, considering the g(0)

Re values and
Equation (9), a modulation level consistent with the experiment.
We believe that such a small effectively coupled region size is
reasonable, as it may originate from the effect of spatial inho-
mogeneities, that limits optomechanical coherency length and
prevents it from extending out of micro-metric sized “islands”
(see also Section SIX, Supporting Information). Interestingly,
the finite coupling region approach justifies also the observed
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Figure 4. Frequency response of modulation and relation with mechanical band structure. a) RF reflection spectrum of interdigitated transducers (IDTs)
with different center frequencies integrated in the chip. b), average maximum transmittance modulation (see text for the definition) collected from the
metasurfaces coupled to the IDTs. The metasurfaces are nominally identical, only IDTs have different pitches. c,d) Calculated mechanical band structure
and optomechanical coupling g(0)

Re (see Equation 2). Modes at Γ are labeled with increasing numbers. This numbering scheme is used to identify, when
no ambiguity occurs, also modes far from Γ. Panel (c) is a zoomed version of the grey region in (d). e) Coupling factor fK (see Equation 2) as a function
of effectively coupled region size and of mechanical Bloch wavevector modulus. f) Representation of the Brillouin zone for the slightly rectangular crystal
constituting the metasurface.

ΔT above 1075 MHz. Indeed, the ≈ 3 μm coupling region im-
plies that fK is a smooth function, and of order unity, in the|K| < 0.5 μm−1 interval. Since this interval is relevant for mode
7 (see Figure 4c,e), the mentioned behavior of fK eventually
allows for significant optomechanical coupling with all fre-
quencies in the 1075–1105 MHz range. In particular, the in-
creasing trend of ΔTM suggests that coupling with mode 7
is present in addition with coupling with mode 3. Indeed,
spanning from 960 and 1120 MHz, mode 3 has a rather
constant value of g(0)

Re , while its |K| is increasing: if the op-
tomechanical effect originated only from mode 3, its strength
would have decreased with increasing frequency due to the fK
trend.

2.4. Role of Symmetries on the Modulation Strength

The final part of our study is an analysis on the role of mirror
plane symmetries on the optomechanical effect. As well known
in solid-state physics, symmetries imply selection rules that even-
tually dictate allowed and forbidden processes involving multiple
states. In our case, symmetries pose strong constraints on the

finiteness of the coupling integrals ΔRe(Im) and eventually of the
coupling constants gRe(Im) and experimentally measurable mod-
ulation ΔT. The first observation is that, for zero slant angle 𝛽,
our unit cell is invariant for the mirror symmetry operations �̂�x,
�̂�y and �̂�z, while for a finite 𝛽 only �̂�x and �̂�y remain symme-
tries of the system. Since, however, in our sample 𝛽 is small, we
can start studying the structure with 𝛽 = 0 and classify the me-
chanical eigenmodes and their couplings g(0)

Re(Im) according to the
mode eigenvalues with respect to the operators �̂�x,y,z. Following
the analysis outlined in Section SV (Supporting Information), it
turns out that, for K = (0, 0) and k = (0, 0), the integral in Equa-
tion (6) can be written as

ΔMB,Re = −
(1 + 𝜎x)(1 + 𝜎y)(1 + 𝜎z)

2D1∕8 𝛿ref ∫
𝜕1∕8

dS ℜ(n ⋅ u)

(
Δ𝜀E∥ ⋅ E∥ − Δ𝜂 D⟂ ⋅ D⟂

)
(10)

where 𝜎x, y, z are the eigenvalues of the operators �̂�x,y,z for the me-
chanical wavefunction u, and the integral is taken over one appro-
priately chosen eighth of the unit cell. Analogous formulas hold

Adv. Optical Mater. 2024, 2401283 2401283 (7 of 10) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Symmetry analysis of optomechanical coupling. a) Optomechanical coupling for a set of mechanical modes (see Figure 4d for the numbering),
calculated for two values of the hole slant angle (see Figure 1c). In the case 𝛽 = 0°, finite coupling occurs if all among 𝜎x, y, z equal +1. In the case 𝛽 = 5°,
finite coupling occurs if both 𝜎x and 𝜎y equal +1. Bars extending only in the gray region are numerical zeros. The modes marked with an asterisk require
in principle two-mode (degenerate) perturbation theory, thus the results may be inaccurate. b) Dependence of the optomechanical coupling upon the
symmetry-breaking parameter 𝛽, for modes with different symmetries. Mode 4 never couples because it has 𝜎y = −1. Mode 7 couples only for 𝛽 ≠ 0°

because it has both 𝜎x and 𝜎y equal to +1 but 𝜎z equal to –1. Mode 17 always couples, independently of 𝛽, because it has all 𝜎x, y, z equal to +1. The gray
region represents numerical zeros. Panels (c–e) represent the mechanical Bloch mode profile for the three modes analyzed in (b).

for ΔMB, Im and ΔPE, Re(Im). An immediate consequence of Equa-
tion (10) is that it is sufficient that only one among 𝜎x, y, z equals –1
in order to have ΔRe = ΔIm = 0 (recall that the eigenvalues of
mirror symmetry operators can only take ±1 values). Interest-
ingly, the eigenvalue of the mirror symmetry operation for the
e.m. wavefunction does not play any role since the integral is
quadratic in the e.m. fields.

The predictive power of Equation (10) can be appreciated
looking at Figure 5a, where we plot the values of g(0)

Re as blue bars
for various mechanical modes at K = (0, 0) of the 𝛽 = 0° struc-
ture. Also the photonic k is chosen to be zero. Mechanical modes
1–3 are not considered here since they have zero frequency at the
Γ point, leading to numerical instabilities. From Figure 5a it is
evident that only mode number 17 has a finite coupling, i.e., a
level of g(0)

Re that emerges out of the grey region, which represents
a numerical zero background (originating from tiny asymme-
tries in the FEM solver mesh). Notably, mode 17 is the first mode
without –1 among the symmetry eigenvalues (refer to Figure 4d
for the numbering of eigenmodes), thus confirming the validity
of Equation (10). When the condition 𝛽 = 0° is relaxed, Equa-
tion (10) would be replaced by its analogous without the (1 + 𝜎z)
factor and with the integral performed over one fourth of the unit
cell. Thus, the condition to have finite coupling only requires that
𝜎x and 𝜎y both equal +1. In this framework, in addition to mode
17, also modes 6, 7, 12, and 16 should have gRe ≠ 0: this is exactly
what resulted from numerical calculations for 𝛽 = 5° (Figure 5a,
cyan bars). We also performed a fine sweep over 𝛽, obtaining the
trends for g(0)

Re reported in Figure 5b. Here, one can notice that:

(i) mode 4 has a coupling that always remains in the numeri-
cal zero region, (ii) mode 7 rapidly acquires a finite value upon
increasing 𝛽, (iii) mode 17 has a coupling almost independent
of 𝛽. This confirms the crucial role of symmetry eigenvalues of
the mechanical modes in the determination of the optomechan-
ical coupling. Moreover, it turns out that a very small deviation
from full symmetry, i.e., a very small value of hole slant angle
𝛽, can be responsible for a significant value of the coupling con-
stant, also for modes that would have zero coupling otherwise. To
complete our picture, we plotted in Figure 5c–e visual representa-
tions of the displacement field ℜ(u) for the three modes analyzed
above. Notice that these fields are calculated for the 𝛽 = 5° struc-
ture, thus in principle they do not have a definite character upon
the 𝜎z operation. However, at least visually, a definite character
stands out, and such character is exactly that of the 𝜎z eigenvalue
determined for the mode of the 𝛽 = 0° structure. This supports
once more the suitability of symmetry analysis for the study of
coupling in slightly perturbed optomechanical slabs. As a final
note, we highlight that, according to the analysis detailed in Sec-
tion SV.A (Supporting Information), the mechanical modes with
𝜎x = 𝜎y = −1 (modes 8, 11, and 15) cannot be treated with the
single-mode perturbation theory, as they couple the two quasi-
degenerate photonic modes falling in our wavelength range. The
bars reported in Figure 5a corresponding to those mechanical
modes only take into account the diagonal perturbation elements;
thus, the reported g(0)

Re values for those modes are subject to cor-
rections. The analysis of this kind of optomechanical degenerate
coupling in dispersive metasurfaces is likely a research topic of
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interest for future studies, possibly leading to useful effects re-
lated, for instance, to polarization manipulation.

3. Discussion and Conclusion

In this work we have shown that, relying on a monolithic
piezoelectric dielectric metasurface chip, nonlocal photonic
resonances can be electrically modulated at gigahertz frequency.
Experiments agree with numerical modeling and with symmetry
analysis; similarly to recent reports about chirality,[61] the tuning
of the metasurface holes slant angle appears as a precious tool
for metasurface functionality control. In our samples, deviations
from perfect periodicity induce spurious scattering, likely respon-
sible for non-ideal modulation lineshapes; however, such nonide-
alities allow for a more broadband response with respect to what
expected for a perfectly periodic metasurface. The present imple-
mentation also displays a rather small modulation amplitude; in
this regards, future device generations could take advantage of
various improvements that will easily raise the modulation by or-
ders of magnitude. Indeed, SAW displacements in the order of
20˜nm are within current technological reach,[62] which would
rescale the modulation into the 10−2 range according with Equa-
tion (9); further improvement could be achieved by integrating
thin films of ZnO on the GaAs surface.[63] Although a modu-
lation close to 100% is perhaps hardly achievable without radi-
cal platform innovations, it should be recalled that small ampli-
tudes are commonly employed as modulation tones.[64,65] Future
work on the modulation frequency response is another impor-
tant front for future investigation. In our device, the modulation
is limited in bandwidth to about 10 MHz around the interdigital
transducer resonance, leading to a distorted impulse response in
the time domain; such limitation can be overcome for instance
by employing advanced transducer designs.[66] Finer lithographic
processes would also allow for narrower transducer pitches, with
multi-GHz frequencies likely within reach.

While our experiments are performed in a purely classical
regime, quantum emitters can be easily integrated in the pro-
posed platform, leading to interesting perspectives for quantum
optomechanics.[67–70] Improving the quality factor of the pho-
tonic resonance, for instance relying on bound states in the
continuum,[71] could enable low-power optical modulators, en-
hanced sensing schemes[72] and electrophononics.[73] Other ap-
plications such as space-time photonics and nonreciprocal de-
vices could benefit from the outcomes of our study[74,75]; in paral-
lel, basic science effects such as quantum Hall effect for light[76]

could possibly find a feasible implementation in our system.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors acknowledge Chiara Massetti for her contributions in an early
stage of this project, as well as for preparing part of Figure 1. Dr. Paulo
V. Santos is acknowledged for the interferometric displacement measure-
ments and for insightful discussions. Dr. Marco Cecchini is acknowledged

for support with the VNA measurements. A.P. acknowledges funding from
the Alexander von Humboldt Foundation Experienced Researcher Fellow-
ship program.

Open access publishing facilitated by Universita degli Studi di Pisa, as
part of the Wiley - CRUI-CARE agreement.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords
dispersive metasurface, photonic crystal, radiofrequency modulation

Received: May 10, 2024
Revised: October 22, 2024

Published online:

[1] H.-T. Chen, A. J. Taylor, N. Yu, Rep. Prog. Phys. 2016, 79, 076401.
[2] J. Hu, S. Bandyopadhyay, Y.-H. Liu, L.-Y. Shao, Front. Phys.

2021.
[3] S. So, J. Mun, J. Park, J. Rho, Adv. Mater. 2023, 35, 2206399.
[4] J. Kim, J. Seong, W. Kim, G.-Y. Lee, S. Kim, H. Kim, S.-W. Moon, D.

K. Oh, Y. Yang, J. Park, J. Jang, Y. Kim, M. Jeong, C. Park, H. Choi, G.
Jeon, K. Lee, D. H. Yoon, N. Park, B. Lee, H. Lee, J. Rho, Nat. Mater.
2023, 22, 474.

[5] A. Overvig, A. Alù, Laser Photonics Rev. 2022, 16, 2100633.
[6] K. Shastri, F. Monticone, Nat. Photonics 2023, 17, 36.
[7] H. Kwon, D. Sounas, A. Cordaro, A. Polman, A. Alù, Phys. Rev. Lett.

2018, 121, 173004.
[8] C. Guo, M. Xiao, M. Minkov, Y. Shi, S. Fan, Optica 2018, 5, 251.
[9] A. Ji, J.-H. Song, Q. Li, F. Xu, C.-T. Tsai, R. C. Tiberio, B. Cui, P. Lalanne,

P. G. Kik, D. A. B. Miller, M. L. Brongersma, Nat. Commun. 2022, 13,
7848.

[10] T. He, T. Liu, S. Xiao, Z. Wei, Z. Wang, L. Zhou, X. Cheng, Sci. Adv.
2022, 8, 9.

[11] S. C. Malek, A. C. Overvig, A. Alù, N. Yu, Light: Sci. Appl. 2022, 11,
246.

[12] K. Shastri, O. Reshef, R. W. Boyd, J. S. Lundeen, F. Monticone, Optica
2022, 9, 738.

[13] D. A. B. Miller, Science 2023, 379, 41.
[14] S. M. Kamali, E. Arbabi, A. Arbabi, A. Faraon, Nanophotonics 2018, 7,

1041.
[15] Y. Hu, X. Wang, X. Luo, X. Ou, L. Li, Y. Chen, P. Yang, S. Wang, H.

Duan, Nanophotonics 2020, 9, 3755.
[16] L. Huang, L. Xu, D. A. Powell, W. J. Padilla, A. E. Miroshnichenko,

Phys. Rep. 2023, 1008, 1.
[17] H. Jiang, K. Sun, Y. Jia, Y. Cai, U. Levy, Z. Han, Adv. Opt. Mater. 2024,

12, 2303229.
[18] K. Bi, Q. Wang, J. Xu, L. Chen, C. Lan, M. Lei, Adv. Opt. Mater. 2021,

9, 2001474.
[19] J. Yang, S. Gurung, S. Bej, P. Ni, H. W. Howard Lee, Rep. Prog. Phys.

2022, 85, 036101.
[20] Z. Guanxing, Z. Liu, W. Deng, W. Zhu, Journal of Optics 2021, 23,

013001.

Adv. Optical Mater. 2024, 2401283 2401283 (9 of 10) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202401283 by Scuola N
orm

ale Superiore D
i Pisa, W

iley O
nline L

ibrary on [05/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

[21] C. Jung, G. Kim, M. Jeong, J. Jang, Z. Dong, T. Badloe, J. K. W. Yang,
J. Rho, Chem. Rev. 2021, 121, 13013.

[22] D. Kang, H. Heo, Y. Yang, J. Seong, H. Kim, J. Kim, J. Rho, Opto-
Electron. Adv. 2024, 7, 230216.

[23] I. A. Ajia, J.-Y. Ou, N. J. Dinsdale, H. J. Singh, T. Chen-Sverre, T. Liu,
N. I. Zheludev, O. L. Muskens, Nano Lett. 2021, 21, 4563.

[24] K. O’Brien, N. D. Lanzillotti-Kimura, J. Rho, H. Suchowski, X. Yin, X.
Zhang, Nat. Commun. 2014, 5, 4042.

[25] J.-Y. Ou, E. Plum, J. Zhang, N. I. Zheludev, Nat. Nanotechnol. 2013,
8, 252.

[26] Q. Zhang, E. Plum, J.-Y. Ou, H. Pi, J. Li, K. F. MacDonald, N. I.
Zheludev, Adv. Opt. Mater. 2021, 9, 2001826.

[27] I.-C. Benea-Chelmus, S. Mason, M. L. Meretska, D. L. Elder, D.
Kazakov, A. Shams-Ansari, L. R. Dalton, F. Capasso, Nat. Commun.
2022, 13, 3170.

[28] H. Kwon, T. Zheng, A. Faraon, Nano Lett. 2021, 21, 2817.
[29] H. Kwon, T. Zheng, A. Faraon, Nat. Commun. 2022, 13, 5811.
[30] S.-Q. Li, X. Xu, R. Maruthiyodan Veetil, V. Valuckas, R. Paniagua-

Domínguez, A. I. Kuznetsov, Science 2019, 364, 1087.
[31] M. I. Hussein, M. J. Leamy, M. Ruzzene, Appl. Mech. Rev. 2014, 66,

040802.
[32] M. M. D. Lima, P. V. Santos, Rep. Prog. Phys. 2005, 68, 1639.
[33] N. Courjal, S. Benchabane, J. Dahdah, G. Ulliac, Y. Gruson, V. Laude,

Appl. Phys. Lett. 2010, 96, 131103.
[34] S. Kim, V. Gopalan, Appl. Phys. Lett. 2001, 78, 3015.
[35] S. A. Tadesse, M. Li, Nat. Commun. 2014, 5, 5402.
[36] S. Zanotto, G. Mazzamuto, F. Riboli, G. Biasiol, G. C. La Rocca, A.

Tredicucci, A. Pitanti, Nanophotonics 2019, 8, 2291.
[37] Q. Yang, S. Kruk, Y. Xu, Q. Wang, Y. K. Srivastava, K. Koshelev, I.

Kravchenko, R. Singh, J. Han, Y. Kivshar, I. Shadrivov, Adv. Funct.
Mater. 2020, 30, 1906851.

[38] S. Collin, Rep. Prog. Phys. 2014, 77, 126402.
[39] C. Baker, W. Hease, D.-T. Nguyen, A. Andronico, S. Ducci, G. Leo, I.

Favero, Opt. Express 2014, 22, 14072.
[40] K. C. Balram, M. Davanço, J. Y. Lim, J. D. Song, K. Srinivasan, Optica

2014, 1, 414.
[41] M. Dong, G. Clark, A. J. Leenheer, M. Zimmermann, D. Dominguez,

A. J. Menssen, D. Heim, G. Gilbert, D. Englund, M. Eichenfield, Nat.
Photonics 2022, 16, 59.

[42] Z. Luo, A. Zhang, W. Huang, S. Shao, Y. Liu, T. Wu, Y. Zou, IEEE J. Sel.
Top. Quantum Electron. 2023.

[43] D. A. Fuhrmann, S. M. Thon, H. Kim, D. Bouwmeester, P. M. Petroff,
A. Wixforth, H. J. Krenner, Nat. Photonics 2011, 5, 605.

[44] D. Wigger, K. Gawarecki, P. Machnikowski, Adv. Quantum Technol.
2021, 4, 2000128.

[45] D. D. Bühler, M. Weiß, A. Crespo-Poveda, E. D. Nysten, J. J. Finley,
K. Müller, P. V. Santos, M. M. de Lima, H. J. Krenner, Nat. Commun.
2022, 13, 6998.

[46] W. Jiang, R. N. Patel, F. M. Mayor, T. P. McKenna, P. Arrangoiz-Arriola,
C. J. Sarabalis, J. D. Witmer, R. Van Laer, A. H. Safavi-Naeini, Optica
2019, 6, 845.

[47] A. E. Hassanien, S. Link, Y. Yang, E. Chow, L. L. Goddard, S. Gong,
Photonics Res. 2021, 9, 1182.

[48] E. Klopfer, S. Dagli, D. Barton, M. Lawrence, J. A. Dionne, Nano Lett.
2022, 22, 1703.

[49] I. Marinkovíc, M. Drimmer, B. Hensen, S. Gröblacher, Nano Lett.
2021, 21, 529.

[50] H. Weigand, V. V. Vogler-Neuling, M. R. Escalé, D. Pohl, F. U. Richter,
A. Karvounis, F. Timpu, R. Grange, ACS Photonics 2021, 8, 3004.

[51] A. Weiss, C. Frydendahl, J. Bar-David, R. Zektzer, E. Edrei, J.
Engelberg, N. Mazurski, B. Desiatov, U. Levy, ACS Photonics 2022,
9, 605.

[52] Z. Yu, X. Sun, Light: Sci. Appl. 2020, 9, 1.
[53] A. G. Primo, N. C. Carvalho, C. M. Kersul, N. C. Frateschi,

G. S. Wiederhecker, T. P. M. Alegre, Phys. Rev. Lett. 2020, 125,
233601.

[54] W. Yan, P. Lalanne, M. Qiu, Phys. Rev. Lett. 2020, 125, 013901.
[55] M. Zhao, K. Fang, Opt. Express 2019, 27, 10138.
[56] S. Liu, H. Tong, K. Fang, Nat. Commun. 2022, 13, 3187.
[57] S. Zanotto, in Fano Resonances in Optics and Microwaves (Eds.:

E. Kamenetskii, A. Sadreev, A. Miroshnichenko), Springer Nature
Switzerland 2018, Ch. 23.

[58] E. C. Regan, Y. Igarashi, B. Zhen, I. Kaminer, C. W. Hsu, Y. Shen, J. D.
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