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Abstract Optical metasurfaces are becoming ubiquitous optical
components to mold the amplitude, phase, and polarization of
light. So far, most of these devices are passive in essence, that
is, they cannot be arbitrarily reconfigured or optimized according
to the user’s interest and/or change in the surrounding environ-
ment. Here we propose an innovative design strategy relying
on the position of topological singularities, namely zeros and
poles of the reflection coefficient, to address full phase mod-
ulation of light reflected off an active metasurface with almost
unity efficiency. The active metasurface unit cells, consisting of
asymmetric Gires-Tournois resonators filled with either silicon or
hetero-structured materials to leverage on the thermo-optical or
electro-optical effects, respectively. In both cases, a full phase
modulation associated with 100% reflection amplitude is ob-
served even when dealing with extremely low refractive index
change, on the order of ∆n≈ 0.01. Improving the deflection effi-
ciencies for each deflection angle and accounting for the near-
field coupling between strongly resonant pixels is performed by
calculating the refractive index modulation profile in the extended
unit cell using an advanced optimization methodology relying
on statistical learning. Consequently, active beam steering de-
signs for active thermo-optical effect with ultimate performance
exceeding 90% have been optimized. Furthermore, active wave-
front splitting using electro-optics materials was optimized to
reach ultimate modulation performances with nearly 92% effi-
ciency. The realization of highly efficient active beam-forming
operating at high frequencies would open important applications
in imaging microscopy, high-resolution image projection, optical
communication, and 3D light detection and ranging (LiDAR).
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1. Introduction

Metasurfaces (MSs) are functional optical interfaces com-
posed of subwavelength assemblies of optically thin nanos-
tructured elements [1–4]. The interest in MSs has kept
growing continuously for more than a decade, driven by
their compatibility with planar semiconductor fabrication
technology and their potential for integration into optoelec-
tronic devices. In this context, ultra-compact metasurface-
based deflectors, beam splitters, lenses, waveplates, and
holograms are approaching unitary wavefront-molding ef-
ficiencies [5–10]. Currently three methods are used to effi-

ciently address the local phase, amplitude, or polarization
of light. The first method uses the modification of the effec-
tive refractive index (ERI) of low-quality factor truncated
nano-waveguides [3,6,11,12]. The second method leverages
the Pancharatnam Berry (PB) phase imprinted by birefrin-
gent particles on the polarization-converted light [13–16].
Finally, the third phase addressing mechanism relies on the
resonant scattering of light and the associated light scat-
tering modulation properties, using plasmonic or dielectric
scatterers [17–20]. While the first two methods are pre-
sumably well-understood, recent works addressing the last
phase modulation method revealed an intriguing connec-
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tion between the full phase modulation and the topolog-
ical effects governing the light interaction with resonant
nanoparticles [21]. Extending these tuning mechanisms to
the active regime would offer real-time and ultra-fast wave-
front modulation [22]. Tunable MS are triggering real en-
thusiasm in the community, driven mainly by their low-cost
scalable manufacturing capabilities for large volume ap-
plications in active beam steering for Light Detection and
Ranging (LiDAR) [23–25], AR/VR wearable devices, vari-
focal lenses [26, 27] and so forth [28]. They are expected to
provide extreme wavefront molding versatility, opening up
a broad scope of applications. When tuning the MS, it is of
paramount importance to actively correct for the impact of
fabrication imperfections and near-field coupling between
nanostructures. Such correction can drastically improve de-
vice performances, especially for devices operating in a
non-local regime, however, it has not been demonstrated to
date.

To realize active MS, two distinct approaches have
been considered so far. The first relies on addressing the
pixel-by-pixel dynamical material response to adapt the
device’s optical properties via distributed external stim-
uli [29, 30]. The second approach relies on mechanical,
electrical, and chemical actuation to directly tune the whole
MS [27, 31, 32, 32–34]. This second approach, however,
cannot provide arbitrary wavefront reconfigurability. We,
therefore, focus on the first approach, as we are searching
for an ideal pixel-by-pixel tunable meta-MS with high effi-
ciency. Maximizing the transmission or reflection across the
entire modulation range is not a straightforward task when
operating at the nanoscale. Key challenges include poor
electromagnetic field confinement, the difficulty in indepen-
dently addressing each element, and the extremely weak
modulation effect caused by the short interaction distance
(typically on the order of a µm-thick). To circumvent these
problems, choosing the right combination between mate-
rial and phase tuning mechanisms is necessary. Dynamic
light modulation at metasurfaces has been proposed using
various material platforms, including Phase Change Mate-
rials (PCMs) [35–38], Liquid Crystals (LC) [28], thermo-
optic (TO) [39] or electro-optic (EO) effects [40]. PCMs
offer large refractive index modulation (∆n∼ 1) but exhibit
significant losses in the VIS and NIR wavelength range.
LCs benefit from high industrial maturity and large ∆n (in
the range of 0.1−0.3, however, they have relatively slow
(.kHz) modulation speed. The TO effect could reach sim-
ilar index modulation with faster speed, however, it could
result in the overall heating of the sample, as it mainly relies
on passive cooling. The EO effect exhibits fast modula-
tion speed (> 1GHz) however is accompanied by a tiny
refractive index change, usually on the order of ∆n∼ 10−3.
Because each of these mechanisms has a different refractive
index modulation ∆n, a different resonant configuration is
required to achieve full 2π phase modulation.

The modulation speed is also a concern when dealing
with active tuning. As the modulation speed increases, the
material’s ∆n generally decreases. Therefore, achieving both
fast and large phase tuning becomes particularly challenging.
Here, we address this issue by employing optical metasur-

faces of high-quality factor (high-Q) resonances. However,
a full 2π phase modulation in such metasurfaces is gen-
erally accompanied with undesirable amplitude changes,
which need to be mitigated. To better understand the op-
tical modulation properties of high-Q resonant structures,
we propose to analyze their responses in the complex fre-
quency plane, and in particular by examining the position of
their topological singularities, namely the resonances and
the associated zeros of the reflection coefficient. We show
how to manipulate and exploit the positions of singulari-
ties in the complex plane to achieve phase only modulation
with almost unity amplitude. We exemplify this concept
by theoretically studying a reflective Gires-Tournois (G-
T) cavity [41]. We then exploit our theoretical findings to
design highly efficient G-T active metasurfaces compris-
ing either the thermo-optical effect in Si nanoridges or the
quantum confined Stark effect in multiple quantum wells
hetero-structured materials. Furthermore, a global optimiza-
tion technique is employed to maximize the beam-forming
response by accounting for non-local response and near-
field coupling between neighboring structures [42, 43]. Our
work highlights the role played by topological singularities
in the scattering response of nanostructures and proves that
optimization methods are becoming mandatory to modulate
light efficiently, in particular when dealing with devices
operating in the strong non-local coupling regime.

2. Understanding and exploiting the
reflection singularities of Gires-Tournois
nanoresonators

Reasonably assuming that Fabry-Pérot (F-P), G-T, and meta-
surfaces are exchanging energy with their environment, they
can similarly be considered as open linear physical systems
that are well represented by a matrix connecting input and
output fields through a linear response function. We explore
the reflection coefficient of a theoretical F-P cavity in the
complex frequency plane to theoretically investigate these
devices in the presence of radiation losses. In this complex
plane, the imaginary part of the frequency represents the
absorption or scattering losses [44]. Our analysis is based
on the study of the complex-valued zeros and poles of the
reflection coefficient, which are topological phase singular-
ities. The positions of these singularities greatly influence
the phase and the amplitude of the reflection coefficient
on the real axis. More precisely, our objective is to iden-
tify the parameter condition for which zeros and poles are
separated by the real axis in the complex frequency plane.
This configuration yields a 2π phase accumulation along
the real frequency axis [21]. We then study the influence of
the zero-pole relative position with respect to the real axis
on the quality factor of the resonance.

It is relatively trivial to write the analytical expression
for the reflection coefficient of an F-P cavity consisting
of a lossless medium of refractive index n and thickness
t, enclosed between two mirrors with different real value
reflection coefficients, defined as r2 for the lower and r1 for
the upper mirror, respectively [41]. Considering an input
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field Ein (we choose the sign convention as e−iωt ) normally
incident on the cavity (Fig. 1(a)), one can express the overall
device’s reflection coefficient r of the F-P cavity as [45]:

r = Er/Ein = (r1 + r2eiδ )/(1+ r1r2eiδ ) (1)

where δ denotes the phase accumulation in the cavity given
by δ = 2ωnt/c. Here, ω is the operating frequency in vac-
uum, c is the speed of light, and Er is the reflected electro-
magnetic field. This quantity can be expanded on complex-
valued poles and zeros using the Weierstrass factorization
theorem [46–51], where each factor depends on the fre-
quencies of the singularities, i.e., poles ωp,m and zeros ωz,m.
Based on our sign convention choice e−iωt , zeros could
have both positive or negative imaginary parts depending on
the parameter condition, while pole always have a negative
imaginary part to satisfy causality. Hence, the Weierstrass
factorizatio yields:

r(ω) = ∏
m

ω−ωz,m

ω−ωp,m
(2)

where

ωz,m = (2m−1)
cπ

nt
− i

c
2nt

log(r1)+ i
c

2nt
log(r2)

and

ωp,m = (2m−1)
cπ

nt
+ i

c
2nt

log(r1)+ i
c

2nt
log(r2).

Here m is an integer representing the cavity round-trip reso-
nances. As r1 and r2 are real-valued and smaller than one,
log(r1) and log(r2) are negative.

Eq. (1) defines the position of the poles and zeros in
a complex plane as a function of the reflectivity of the
lower and upper mirrors. Thus, this expression completely
determines the amplitude and the phase of the cavity re-
sponse [52]. Let us consider only the case of a G-T cavity,
i.e., we assume a constant reflectivity of the lower mirror
r2 = 1 and keep a refractive index n = 1.5 and a thickness
t = 600 nm for the rest of the theoretical derivation (see
Fig. 1(a) for more details). This choice implies that a G-T
cavity has only one incoming and one outgoing/reflecting
channel. In this case, the scattering matrix reduces to a sin-
gle coefficient which is the reflection coefficient [53]. For
a lossless system, the time-reversal symmetry is preserved
so that the scattering poles and zeros are complex conju-
gates, i.e., ωp = ω∗z (see Eq. (2) and Ref. [50, 51]). This is
theoretically confirmed by setting r2→ 1 in the expressions
for ωz,m and ωp,m, leading to complex conjugate zeros and
poles for r(ω). Assuming ω to be complex in Eq. (1) and
plotting the reflection amplitude and phase in the complex
frequency plane, we indeed observe two connected complex
frequency singularities, as depicted in Figs.1 (b) and (c).

When the condition ωp = ω∗z is fulfilled, the reflection
coefficient features unity reflection amplitude and full 2π

phase modulation when the real frequency varies from 0
to infinity (in fact in a smaller frequency range as will be
detailed later, in Fig.1 (e)) as predicted analytically and
shown in Figs.1 (b) and (c).

Once r2 is set to unity, the upper mirror reflectivity r1
is used to control the quality factor of the resonance. Using
the expression for ωz,m and ωp,m, we theoretically predict
the position and trajectories of the zero and pole singu-
larities (zero-pole pairs) as a function of r1, as shown in
Fig.1(d).Increasing r1, i.e., creating a cavity with a higher
quality factor, decreases the absolute value of the imagi-
nary parts of both singularities, corresponding to decreased
losses. The losses vanish at the limit r1 = 1, and the system
becomes Hermitian with real eigenvalues. Considering the
necessity of 2π phase modulation, we plot in Fig. 1(d) the
relative position of zeros and poles as a function of r1, i.e.,
as a function of the Q-factor of the cavity. It shows that
the distance in the imaginary plane of a zero-pole pair of
singularities decreases by increasing the quality factor. In
Fig. 1(e), we present the evolution of the phase as a func-
tion of the real frequency with varying r1. It shows that the
phase modulation sharpens as a function of the frequency
for increasing quality factor, thus correlating the phase mod-
ulation range with the imaginary value of the complex sin-
gularities. From our analysis of the G-T reflection in the
complex frequency plane, the conditions for achieving full
phase modulation and the unity efficiency are: zero-pole
singularities have to be complex conjugated and their imagi-
nary part has to be sufficiently small, that is, zero-pole have
to be sufficiently close to each other, to experience rapid
phase modulation as a function of the frequency.

Fig. 1(f) illustrates the analogy made between a G-T res-
onator and an asymmetric metasurface resonator. The first
design step consists in controlling the metasurface reflec-
tivity to operate as a top G-T mirror through the excitation
of a low/high-quality resonance. We considered a single
GaN resonator (n = 2.38) embedded in a vacuum and de-
signed the structure to position the first magnetic dipole
mode around λ = 550 nm. To mimic the G-T configura-
tion, the resonator is then placed on top of a distributed
Bragg reflector (DBR) composed of HfO2/SiO2 as shown
in Fig. 1(f).

The reflection amplitude and phase maps as functions
of the wavelength and the number of DBR pairs are pre-
sented in Fig. 1(g). When the reflectivity of the lower mirror
increases (with an increasing number of DBR pairs), the
presence of a reflection zero on the real axis is observed
at approximately 9 DBR pairs (line 3 in Fig. 1(g)), i.e., ex-
actly when a phase singularity appears in the corresponding
phase map panel. As for the GT-cavity, this behavior might
be better understood by studying the positions of reflec-
tions zeros and poles in the complex plane. The locations
of the complex-valued reflection zeros and poles are shown
in Fig. 1(h). They were determined by performing numer-
ical computations using the finite-element method based
solver JCMsuite [54]. For a small reflectance of the lower
mirror, both the zero (blue dot) and the pole (red dot) are lo-
cated below the real axis, i.e., both have negative imaginary
parts. The corresponding phase does not vary much over the
wavelength range displayed in Fig. 1(g), right plot. As the
number of DBR pairs increases, the positions of zeros and
poles move upwards. For a given number of DBR pairs (9
in this example), the zero reflection amplitude reaches the
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Figure 1 Theoretical description of a non-Hermitian G-T linear system and its analogy with a reflecting metasurface configuration. (a)
Schematic representation of a G-T resonator consisting of a layer of thickness t and refractive index n surrounded by two mirrors with
reflection coefficients r1 and r2. (b) Reflection amplitude and phase produced by the G-T cavity in (a) with n = 1.5, t = 600 nm, r2 = 1,
r1 = 0.5. (c) The amplitude and phase of the reflection coefficient, given the complex frequency in Eq. (1), where the line Im(ω) = 0
corresponds to the result in (b). (d) Positions of the complex poles and zeros for a fixed reflectivity of the bottom mirror r2 = 1 when
the reflectivity of the top mirror r1 is varied. As r1 approaches unity, the zero-pole pairs approach the real axis, which increases the
resonance quality factor. We identify the regions of the zero-pole pairs corresponding to different relative refractive index changes to
achieve full 2π phase modulation in the tuning. (e) The reflection phase corresponds to the result in (d) for different values of r1. (f)
Schematic configuration of 2D GaN nanoridge (in grey) disposed in air and on the top of a distributed Bragg Reflecting (DBR) mirror
composed of HfO2 (n = 1.9) and SiO2 (n = 1.47) thin film pairs, as indicated by the blue and red layers, respectively. (g) Color plot
indicating reflection amplitude and the reflection phase evolution for light impinging at normal incidence as a function of the excitation
frequency and the number of the DBR pairs. We observe the presence of a zero of reflection in the spectrum (i.e., at real frequencies)
for about 9 DBR pairs, i.e., exactly when a phase singularity appears in the associated phase map. We indicate with numbered lines
the number of DBR pair values for which the complex position of poles and zeros are numerically calculated and shown in (h). In panel
(h), complex-valued reflection zeros and poles are shown as blue and red dots, respectively. For 6 and 7 DBR pairs, both the zeros
and poles lie below the real axis. For 9 DBR pairs, the reflection zero reaches the real axis, as was already observed in panel (g).
For 19 pairs, the zero moves to the upper part of the complex plane, separating the zero and pole on either side of the real axis, thus
reaching the condition for full 2π-phase modulation, as confirmed in phase map in panel g). Also, increasing the number of DBR pairs
approaches r2 closer to 1, thus reaching the G-T characterized by ωp = ω∗z and corresponding to unity reflection amplitude. For all
figures (f,g,h), the parameters of the GaN ridge are fixed with a width of 180 nm, a height of 200 nm, and nGaN = 2.38.

real axis around the resonance wavelength (λ = 550 nm).
This situation reflects to the condition of critical coupling,
corresponding to point 3 in Fig. 1(h), and becomes a Reflec-
tionless Scattering Mode (RSM) [53, 55]. This intersection
of the reflection zero with the real axis corresponds to the
zero region identified in Fig. 1(g).

Increasing further the number of DBR pairs, the zero
moves into the upper part of the complex plane, while the
pole remains confined under the real axis to satisfy the prin-
ciple of causality. This condition leads to the appearance of
the sharp 2π phase jump, see Fig. 1(g). The sufficient con-
dition for a 2π phase accumulation related to the existence
of the zero-pole pair separated by the real axis explains the

phase behavior observed in Fig. 1(g) for a number of DBR
pairs larger than 9. Further increasing the bottom reflectiv-
ity yields a progressive increase of the reflection amplitude
until the system reaches constant unity reflection. This cor-
responds, as expected, to the condition where zero and pole
become complex conjugated of one another, see blue and
red dots denoted 4 in Fig. 1(h).

Note that full phase modulation for a similar geome-
try has been reported by tuning the geometrical parame-
ters of a dielectric resonator on top of a highly reflective
substrate [45]. 0 to 2π full phase addressing has been ob-
tained using conventional real frequency excitation simula-
tions [45]. Here we approach the problem from the complex
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frequency analysis, giving deeper insights and a rigorous
physical explanation of the modulation properties. In the fol-
lowing, we will further exploit these results to conceive an
active metasurface wavefront modulator, which is adjusted
pixel-by-pixel to demonstrate high-performance active beam
steering and deflection.

3. Electrically tunable Gires-Tournois
Metasurfaces

3.1. Thermo-optical tuning of the light with
reflective resonant cavities

In this section, we propose an active MS modulation scheme
that follows the recommendation derived in Sec. 2. It takes
into consideration the physical requirements underlying the
phase and unity amplitude modulation of the cavity reso-
nance, i.e., a unity reflectivity for the lower interface and a
relatively sufficient high-Q resonance such that full phase
modulation can be experienced using the thermo-optical
effect in silicon (Si) nano-ridges. We are concerned about
experimental implementation and propose a simple design
that can solve the fabrication challenges in tunable reflective
G-T metasurfaces with ultimate performance. Silicon ex-
hibits a relatively large thermo-optical effect, ∆n = dn

dT ∆T ,
that can be utilized to alter the metasurface scattering prop-
erties. Here, dn

dT is the material thermo-optic coefficient.
Previously, the thermo-optical effect of amorphous silicon
has been exploited to introduce a sizable change in the re-
fractive index of ∆n = 0.21 by increasing its temperature
from room temperature to 300◦C [39, 56]. Aside from its
large thermo-optic coefficient, the silicon’s electrical proper-
ties allow it to be used as a resistive heater [57,58]. Here we
use a ridge-metasurface design (Fig. 2(a)), where each ridge
serves as a localized resistive heater by applying a voltage
across their end cross-sections. The generated heat in each
ridge (and, therefore, its temperature) can be controlled by
varying the current fed through the ridges.

Following the procedure in Sec. 2, we first consider a
unit cell where a Si ridge is completely surrounded by SiO2
and excited from the top with an x-polarized light, propagat-
ing in the z-direction. Fig. 2(a) is a 3D schematic of the unit
cell, invariant in the y-direction. The width W and thickness
H are optimized to achieve high modal confinement in the Si
region for the designed wavelength of λ = 1500 nm. A sharp
resonant response is realized in the reflection spectrum, as
shown in Figs. 2(b-c). The unit-cell period in Fig. 2(b) has
been set as P = 600 nm, while the width W and the thick-
ness H are fixed at 280 nm and 810 nm, respectively. The
refractive index of Si at low temperatures is fixed at 3.48.
After identifying the standalone resonant properties of the
nano-ridge array, we place the unit-resonator on the top of
a reflective gold layer (of thickness 200 nm). To achieve
G-T reflectivity conditions and avoid light trapping in the
gold layer, we vary the distance D (Fig. 2(d)) between the
Si nano-ridge and the gold layer. As shown in Fig. 2(e-f), as
the distance D increases, the reflection amplitude increases

to near unity, associated with a 2π phase modulation. In
other words, the reflection zero converges to the condition
of complex conjugation with its pole. Fig. 2(g) finally shows
the response of an active G-T unit cell with fixed geometric
parameters and modulating the Si refractive index between
0 and 0.25. As seen, one achieves unitary reflection as well
as over a 2π phase variation.

Further assembling a periodic arrangement of several of
these ideal unit-cells presented in Fig. 2(d), we design an
efficient thermally programmable beam steering device. The
results presented in Fig. 3(a-c) and (d-f) correspond to peri-
odic electrical activation of six and four pixels, respectively,
by applying a programmable pixel-by-pixel temperature
control. In Fig. 3(a), each Si pixel is subjected to an indi-
vidual potential difference, resulting in a different refractive
index modulation. Due to the sub-wavelength pixel size, the
reflected beam will be directed to the first diffraction order,
according to the generalized law of reflection [1]. The main
objective is then to maximize the light directed in the +1
lobe, that is, to find the ∆n value for each Si ridge to steer the
normally incident light in the desired direction with unity
efficiency. Optimization can also be used to account for the
strong near-field coupling between unit cells induced by the
resonances. It is important to note that independent of the
specific modulation technique, the overall performances of
the fabricated metasurfaces remained relatively low, with
wavefront addressing efficiency often below 70% , even for
devices operating near their optimal design condition. The
MS building blocks can be finely tuned to take near-field
coupling between adjacent elements and local changes in the
MS surrounding environment into account. These effects
are particularly noticeable in MS operating in the nonlo-
cal regime, with strongly resonant nano-cells [59–64]. The
accurate choice of the refractive index distribution among
the repeated unit pixels is realized here by relying on an
advanced optimization method known as efficient global
optimization (EGO), specifically targeting the design of the
metasurfaces [5, 42, 43, 65]. In EGO, a surrogate model is
used to statistically select the best candidates for the next
simulation of the system. The optimization results (for the
6-pixel case) are depicted in Fig. 3(b). The refractive index
values required for efficient beam-steering have been opti-
mized after only 100 iterations, illustrating the potential of
EGO for fast optimization of metasurface’s performances.

The illustrations in Fig. 3(a) and (d) present the variation
of the refractive index, as it is intuitively expected to de-
sign a blazed grating. The numerical optimization, however,
yields a non-linear and even a non-monotonous variation of
the refractive index along the pixels, as shown in Tab. 1 and
the corresponding phase map, given in Fig. 2(g). This is due
to strong near-field coupling between pixels. As illustrated
in Fig. 3(c), the optimal parameters (voltage distribution
or extraordinary refractive index modulation) yield a max-
imum of reflected power directed to the +1 order with an
efficiency exceeding 93% with a 36◦ Field of View (FoV).
A similar optimization has been performed for periodic ar-
rangements of four pixels, leading to 75% beam steering
efficiency in the +1 order in Fig. 3(f) with a higher steering
angle of 50◦ FoV, as illustrated in Fig. 3(d-f). The optimiza-
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Figure 2 Schematic representation of an ideal active metasurface unit-cell based on thermo-optical effect to actively tune the reflected
phase. (a-c) refer to a Si unit-cell resonator surrounded by SiO2, that is without a reflecting substrate and excited by a normally incident
x-polarized light impinging from the top, whereas (d-g) represents the same resonator disposed on a thin gold layer of thickness 200
nm. The excitation also consists of an x-polarized beam coming at normal incidence. (a) A homogeneous Sio2 encapsulates a Si
nano-ridge with dimensions of H = 810 nm and width W = 280 nm. The period of the unit cell is fixed at 600 nm, and the width and the
thickness have been optimized to observe a sharp feature in the reflection spectrum around the desired wavelength of λ = 1500 nm,
as shown in (b). The corresponding cross-section of the electric field distribution (along the x− z plane) is shown in (c). (d) To take
advantage of the G-T phase modulation mechanism discussed earlier, the resonator is placed on a thin reflective gold layer (thickness
200 nm) separated from the Si nano-ridge by a distance D. The reflection response amplitude and phase maps as a function of the
distance D and the wavelength λ are depicted in (e-f). Increasing the value of D results in nearly 100% of the reflection amplitude with
a 2pi phase response, in agreement with the expected ideal G-T functionality discussed in Sec. 2. (f) depicts the reflected amplitude
and phase modulation as a function of refractive index change. The latter is considered to be tuned via an external thermal stimulus
with a maximum of ∆n = 0.25 at the operation wavelength λ = 1500 nm.

Modulation 6 pixels 4 pixels
∆n1 0.1188 0
∆n2 0.1621 0.08133
∆n3 0.250 0.150
∆n4 0.0068 0.25
∆n5 0.020 -
∆n6 0.0541 -

Table 1 Optimized values of the Si refractive index modulation
(∆n) in each unit cell to diffract light on the first order only with
maximal efficiency. The second and third columns correspond to
the active metasurface unit cells composed of 6 and 4 pixels as
depicted in Fig. 3(a) and (d), respectively.

tion results after 100 iterations for this second case are given
in Fig. 3(e). As indicated in the second column of Tab. 1,
non-trivial refractive index distribution is required to miti-

gate the near-field coupling between pixels. To the best of
our knowledge, this is the highest performance obtained
so far for an active beam steering device using a simple
configuration in reflection [66].

3.2. Towards GHz beam steering using the
electro-optic effect in a quantum-confined Stark
light modulator

Tunable metasurfaces exploiting electro-optical effects have
been proposed for dynamic wavefront engineering deliver-
ing exceptionally high modulation frequencies, up to the
GHz range [40]. In this section, we propose an ultra-fast dy-
namic wavefront shaping metasurface operating in reflection
using an electro-optic III–V MQW modulator [64]. The op-
tical response of the MQW, particularly the refractive index,
can be continuously tuned by applying an external voltage.
Confined electron and hole levels in the QW are shifted
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Figure 3 Active beam steering using an array of active G-T Si nanoresonators. Periodic electrical activation of six (a) and four (d) unit
cells with pixel-by-pixel refractive index modulation. The optimization results for each case are depicted in (b) and (e), respectively. The
beam steering responses after the optimized refractive index distribution in the sequential pixels are shown in panels (c) and (f) for six-
and four- pixels configuration, respectively, with the corresponding field map at the design wavelength λ = 1500 nm. The optimization
parameters represent the refractive index distribution in each pixel represented by different colors in (a) and (d). The corresponding
refractive index values are given in Tab. 1.

in energy by the electric field via the so-called Quantum
Confined Stark Effect (QCSE) [67, 68]. The associated shift
of the absorption edge leads to a change in the refractive
index, which is maximum for photon energies near the ab-
sorption band edge. With QCSE, the modulation frequency
is theoretically limited by the dielectric relaxation rate and
practically limited by RC terms that have to be minimized
in the design and fabrication. Modulation frequencies up
to the GHz frequency range can be envisioned. As men-
tioned previously, increasing the modulation speed reduces
the refractive index modulation. For QCSE modulation, the
latter is generally within the 2%, which was previously the
bottleneck for achieving highly efficient design [67, 68]. To
minimize losses, one has to operate at photon energy below
the absorption edge but not too far below to keep a large
index modulation. Moreover, experimental observation of
GHz modulation speed would require minimizing the para-
sitic RC constants as the latter certainly exceeds the intrinsic
dielectric relaxation rate.

Recently, Ref. [64] reported on an active metasurface
based on electro-optically tunable AlGaAs/GaAs MQW sup-
porting hybrid Mie-guided mode resonance at λ = 915‘nm.
In their work, the MQW yields a maximum refractive in-
dex modulation of ∆n = 0.01. A specific unit cell with
high-quality Mie-guided mode resonance was considered

to achieve a maximum phase modulation of 70 degrees
with 30% reflection amplitude in the vicinity of the refrac-
tive index modulation of ∆n = 0.01. Accordingly, an active
beam splitter with modest power and overall efficiency of
less than 10% is realized at λ = 915 nm. Very recently, a
numerical work realizing high-performance active metasur-
faces by exploiting the linear electro-optic effect in Lithium
Niobate (LiNbO3) with a ∆n≈ 0.07 index modulation has
been proposed [69]. The structure consists of elongated
nano-bars composed of Silicon (Si) on LiNbO3, placed be-
tween two planar Indium-tin-Oxide (ITO) electrodes. High-
Q guided mode resonances (GMR) leading to full 2π phase
modulation are realized by adding sub-wavelength periodic
notches parallel to the nanobar periodicity. In this section,
we consider an MQW heterostructure similar to the one
used in Ref. [64], i.e., with a refractive index modulation
of ∆n = 0.01, and report on efficient sub-wavelength pixels
featuring performances comparable with the latest state-of-
the-art.

The proposed sub-wavelength pixel is shown in Fig. 4(a),
where an active MQW region is encapsulated between two
horizontal conductive electrodes. As previously discussed,
high-Q metasurface elements are designed to exhibit sig-
nificant optical modulation across a refractive index mod-
ulation of ∆n = 0.01. Similar to Sec. 3.1, we consider a
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Figure 4 Ultra-fast programmable beam splitting relying on quantum-confined Stark modulation in an MQW heterostructure (green and
purple layers correspond to GaAs and AlGaAs, respectively). (a) The reflection phase and amplitude for the optimized sub-wavelength
pixel are depicted in the inset. The active MQW region is encapsulated between two conductive electrodes (here, we have considered
p-doped GaAs). The resonator is placed on a DBR made of SiO2/HfO2 pairs (blue/orange sequences) on top of HfO2 substrate. The
geometrical parameters are as follows: P = 450 nm, width w = 180 nm, thickness H = 910 nm. Besides, the thicknesses of the two
electrodes are fixed as 50 nm with a refractive index of 3.55, and the effective refractive index of the MQW is chosen as in Ref. [64] as
3.62. The response of the single unit cell without the DBR is presented in Fig. 7 in the supplementary information section. (b) Efficient
metasurface response at λ = 913.5 nm upon the application of the external voltage across the MQW (the inset refers to the electric
field distribution into the resonator for v = 0). (c-d) Programmable active beam splitting with 6 (c) and 4 (d) pixels designed to deflect
light at an angle of 40, and = 60 degrees, respectively. The refractive index distribution is given in the supplementary information
section 8.

single unit cell surrounded by vacuum and tune the thick-
ness H and the width W to produce a high-quality reso-
nant mode confined in the MQW region (the amplitude and
phase response together with the field profiles are given in
Fig. 7(a-b) in the supplementary information). The presence
of top and bottom contact electrodes introduces impedance
mismatch responsible for Fabry-Perot resonance inside the
pillar. A uniform reflection amplitude and full phase accu-
mulation as a function of the incident wavelength within a
narrow wavelength range, as described in Sec. 2, is again
obtained by adding a reflective lower DBR mirror consist-
ing of SiO2/HfO2 pairs (see Fig. 4(a)). The evolution of the
phase and amplitude as a function of the reflectivity of the
lower mirror (DBR pairs) is presented in the supplemen-
tary information (see Fig. S7(d)), where the G-T condition
is observed for over 12 DBR pairs. Achieving 2π-phase
accumulation in such a small wavelength range is needed
to address a large phase variation as a function of the re-
fractive index modulation for a fixed design wavelength, as
demonstrated in Fig. 4(b).

We have exploited the ideal sub-wavelength pixels nu-
merically to design high-efficiency programmable beam
splitters. We considered programmable beam splitter de-
signs with binary voltage to alter the deflection angle (in
±1 orders) as a function of period and applied voltages,
as shown in Fig. 4(c-d). The expected overall efficiency
reaches 90% and 80% with a FOV of 40◦ and 60◦, respec-
tively. It is worth noting that the binary phase distribution
produced by the optimization is counter-intuitive (see Sup-
plementary Fig. S8) but still provides the highest beam
splitting power at the desired wavelength by accounting
for strong near-field coupling. This ultimate performance,
based on a realistic configuration and considering simple
geometric features with a refractive index modulation of
∆n∼ 0.01, demonstrates our design’s potential for ultrafast
beam steering.
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4. Conclusion

In conclusion, we propose a simple methodology to de-
sign active metasurfaces operating in reflection. We studied
the complex frequency response of a generic Fabry-Perot
resonator, namely the position of zeros and poles of the
reflection coefficient in the complex frequency plane. Using
this approach, we have identified the conditions required to
design an efficient tunable cavity. We conclude that i) unity
reflection requires a conjugated pair of zero-pole singulari-
ties and ii) their imaginary part has to be chosen accordingly
to the modulation depth, that is zero and pole have to be
sufficiently close to each other such that the reflection expe-
rience a full phase modulation, as a function of the material
modulation depth. We implement these conditions to demon-
strate that light reflecting from a G-T resonator may undergo
a strong resonant full non-linear 2π phase modulation with
near unity reflection. The resonant phase can be modified
by varying the cavity thickness, the operation frequency,
or the refractive index of interest, thus leading to active
phase tuning. Classical phase gradient designs, relying on
conventional look-up-tables, are not necessarily leading to
efficient beam forming. We observed that the strong reso-
nant character of the excited optical modes magnifies further
the near-field coupling effect between the resonators. We
rely on a global optimization strategy to tackle this prob-
lem and demonstrate a considerable improvement in the
MS beam-steering efficiency at each deflection angle. Two
realistic designs consisting of semiconductor G-T cavities
exploiting either thermo-optical effects in Si nano-cells or
electro-optical effect in multiple quantum wells structures
have been considered to demonstrate active deflection and
beam steering at extreme field-of-view with ultimate perfor-
mance exceeding 90%

The design of active metasurfaces relying on materi-
als presenting non-isotropic material response, generally
characterized by a dielectric tensor, for example one could
consider liquid crystals, requires additional care. Indeed,
the resonant nature of the GT mode considered herein pro-
vides both transverse and longitudinal field distributions,
along x- or y- depending on the input polarization but also
along the z-direction oriented along the propagation. The
optimization of the deflector operating with such anisotropic
materials offers new and interesting perspectives of research
and applications beyond the content of this manuscript. Our
results also open up new and realistic perspectives for the
conception of tunable metasurfaces with unexpected high
frequency and high amplitude modulation capabilities for
LiDARs and reconfigurable wavelength-division multiplex-
ers in optical networks.

Acknowledgments

RC, EM, and PG acknowledge Dr. Sven Burger and
JCMwave for their help and support with the JCMsuite
software. KZK and DN acknowledge useful discussions
with Prof. Mohsen Rahmani and Dr. Lei Xu.

Funding

SL, ME, and PG acknowledge support from the French
defense procurement agency under the ANR ASTRID Mat-
uration program, grant-agreement number ANR-18-ASMA-
0006-01. RC acknowledges support from the European Inno-
vation Council (EIC) project TwistedNano (under the grant
agreement number Pathfinder Open 2021- 101046424). PG
and EM acknowledge financial support from the French
National Research Agency ANR Project Meta-On-Demand
(ANR-20-CE24-0013). CK has been supported with a post-
doctoral fellowship grant by the Bodossaki Foundation
(Athens, Greece). KZK and DN acknowledge the support
of the Australian Research Council, Centres of Excellence
program (CE20010001).

Key words: Tunable metasurfaces, Gires-Tournois asymmetric
cavity, Thermo-Optical, Quantum-Confined Stark Effect, LiDAR

References

[1] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J. P. Tetienne, F. Ca-
passo, and Z. Gaburro, science 334(6054), 333–337 (2011).

[2] P. Genevet, F. Capasso, F. Aieta, M. Khorasaninejad, and
R. Devlin, Optica 4(1), 139–152 (2017).

[3] S. Astilean, P. Lalanne, P. Chavel, E. Cambril, and
H. Launois, Optics letters 23(7), 552–554 (1998).

[4] D. Lin, P. Fan, E. Hasman, and M. L. Brongersma, Science
345(6194), 298–302 (2014).

[5] M. M. Elsawy, A. Gourdin, M. Binois, R. Duvigneau,
D. Felbacq, S. Khadir, P. Genevet, and S. Lanteri, ACS
photonics 8(8), 2498–2508 (2021).

[6] S. Wang, P. C. Wu, V. C. Su, Y. C. Lai, M. K. Chen, H. Y.
Kuo, B. H. Chen, Y. H. Chen, T. T. Huang, J. H. Wang et al.,
Nature nanotechnology 13(3), 227–232 (2018).

[7] W. T. Chen, A. Y. Zhu, V. Sanjeev, M. Khorasaninejad,
Z. Shi, E. Lee, and F. Capasso, Nature nanotechnology
13(3), 220–226 (2018).

[8] M. Pan, Y. Fu, M. Zheng, H. Chen, Y. Zang, H. Duan, Q. Li,
M. Qiu, and Y. Hu, Light: Science & Applications 11(1),
1–32 (2022).

[9] Q. Song, A. Baroni, R. Sawant, P. Ni, V. Brandli, S. Chenot,
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M. C. Amann, A. Alù, and M. A. Belkin, Advanced Optical
Materials 2(11), 1057–1063 (2014).

[68] Y. H. Kuo, Y. K. Lee, Y. Ge, S. Ren, J. E. Roth, T. I. Kamins,
D. A. Miller, and J. S. Harris, Nature 437(7063), 1334–1336
(2005).

[69] E. Klopfer, S. Dagli, D. Barton III, M. Lawrence, and J. A.
Dionne, Nano Letters 22(4), 1703–1709 (2022).

[70] S. Lanteri, C. Scheid, and J. Viquerat, SIAM J. Sci. Comp.
39(3), 831–859 (2017).

[71] Diogenes: A Discontinuous-Galerkin based software suite
for nano-optics, https://diogenes.inria.fr/.

[72] O. Roustant, D. Ginsbourger, and Y. Deville, Journal of
Statistical Software 51(1), 1–55 (2012).

Mahmoud M. R. Elsawy received his
PhD from the University of Aix-Marseille,
France, in 2017, specializing in optics,
photonics, and image processing. The
topic of his PhD thesis was dedicated to
the development of computational mod-
els for the design of realistic integrated

nonlinear plasmonic waveguides. He spent a year as a post-
doctoral researcher at the Institut Fresnel in Marseille, France.
After a postdoc at Inria Sophia Antipolis, France, in the field of
numerical optimization of nanophotonics, he became a perma-
nent member of the Atlantis project team in December 2020
as an Inria Starting Faculty Position (ISFP). His research ac-
tivities focus on the modeling and design of innovative passive
and programmable metasurface devices.

Christina Kyrou Christina Kyrou re-
ceived her PhD from the National
and Kapodistrian University of Athens,
Greece, in 2019. Her PhD research has
been devoted to the investigation of the
impact of nanoparticles on the liquid-
crystalline order. In 2020, C. Kyrou was

awarded with individual funding from the Bodossaki Foun-
dation (Greece) for her project ”Active Plasmonic Devices.”
In 2022, she was selected as the laureate of the i-PhD con-
test of innovation supported by BPi France and the french
government for her project ”AUTONOM” dealing with tunable
metasurfaces for LiDAR applications. Since 2020 she is a
postdoctoral researcher in P. Genevet’s group, working on the
conceptualization and demonstration of programmable meta-
surfaces.

Elena Mikheeva Elena Mikheeva re-
ceived her Ph.D. degree in 2020 from
the University of Aix-Marseille that fol-
lowed a joint European Master program
EUROPHOTONICS in Aix-Marseille Uni-
versity and Karlsruhe Institute of Technol-
ogy (2015-2017). While completing these

studies, Elena worked on the design, fabrication, and charac-
terization of optical components, mainly focusing on wavefront-
shaping metasurfaces. In 2021 Elena joined the group of P.
Genevet as a postdoctoral fellow working on the fundamental
aspects of metasurfaces design, including tunable devices.
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Supplementary information

Numerical methods

Full-wave electromagnetic solver

The full-wave electromagnetic simulations for the active
tunable metasurface presented in this paper were generally
performed using our in-house high-order full-wave elec-
tromagnetic solver based on the Discontinuous Galerkin
method (DG) [70]. This full-wave solver is implemented in
the DIOGENeS [71] software suite programmed in Fortran
2008 and adapted to high-performance computer systems.
For comparison, we also performed full-wave simulations
based on the finite element approach (FEM) using COM-
SOL Multiphysics® v. 6.0. In Fig. 5 we show the excellent
agreement between the two solvers in the case of the thermal
modulation configuration with 4 pixels presenting various
refractive index modulations, as shown in Fig. 3(f). The
opto-geometric parameters can be found in the caption of
Fig. 3(f) and tab. 1 (third column).

Statistical learning optimization

In our work, we relied on an advanced optimization
method based on statistical learning using the R packages
DiceKriging [72]. This method is known as EGO. It
is based on a surrogate modeling that replaces the high-
fidelity process of electromagnetic evaluation with a simpler
and cheaper model for predicting the new designs during
the optimization process. Although it converges to a global
solution set, it requires fewer iterations than the classical
global evolutionary strategies in the single-objective and
multi-objective optimization configurations, as we have pre-
viously shown [5, 42, 43].

Complex analysis calculations

The complex analysis calculations presented in Fig. 1 and
6 to compute pole-zero positions in the complex plane are
computed analytically by solving Eq. 1. The results pre-
sented in Fig. 1(h) are computed from the JCMsuite soft-
ware for the structure given in 1(f).

GT complex frequency analytical description

The analytical results from Eq. 1 describing a G-T cavity
filled with glass n = 1.5 of thickness t = 600 nm provides
clear and intuitive description of the response of a reflec-
tive metasurface. Modifying the bottom mirror reflectivity
r2 while keeping r1 fixed at 0.5, it is possible to control
reflected efficiency and presence of the 2π resonant phase
jump as illustrated by Fig.6(b),(c). These phase and am-
plitude maps can be divided in different regions: (i) when
r2 < r1, both pole and zero are located in the lower part

Figure 5 Comparison between results obtained for an active
thermal beam steering configuration (see Fig. 3 for more details)
using the DG solver developed in our DIOGENeS [71] (lines) and
results obtained using the commercial COMSOL Multiphysics®
v. 6.0 software (points) based on the FEM methodology. The
refractive index distribution have unexpected spatial variation as
indicated in the second column of the table. 1.

of the complex plane. As such, the branch cut connecting
zero and pole of the reflection coefficient does not cross
the real axis. Therefore, no 2π jump is produced in reflec-
tion for real frequency excitation as confirmed in Fig.6d).
(ii) When r1 = r2, the system is in the condition of criti-
cal coupling [53] which means that the reflection zero is
located on the real axis. It results in reflection amplitude
reaching zero at real frequency excitation and reflection zero
experiencing a π jump, as evidenced in Fig.6e). (iii) In the
situation when r2 > r1, the branch cut starts crossing the
real axis producing a desired 2π phase jump. However, the
proximity of the zero to the real frequency axis results in
a low reflection efficiency, see Fig.6f) . (iv) describe the
optimal design condition satisfied when r2 = 1. For the lat-
ter case, the branch cut is still crossing the real axis due
to over-coupling (r2 > r1) and the reflection amplitude is
forced to be unity due to causality arguments, as verified in
Fig.6g)

Additional information for the MQW design

In Fig. 7, we discuss in detail the properties of the unit cell
shown in the inset of Fig. 4(a). The response of the unit
cell without the lower DBR mirror is shown in Fig. 7(a),
where a sharp resonance associated with a π phase around
λ = 908 nm can be observed. The corresponding field pro-
files are shown in Fig. 7(b), with a strongly localized field
distribution within the MQW active region. The evolution
of the amplitude and phase as a function of the DBR pairs
is shown in Fig. 7(d). In this particular case, 3 DBR pairs
are sufficient to achieve 2π phase modulation because the
bandwidth of the qBIC mode was chosen to be very small
(i.e., close to the real axis), so that any small reflectivity of
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Figure 6 Theoretical analysis of the Gires-Tournois model as a function of the lower mirror reflectivity r2.(a) Schematic view of the
studied G-T model: cavity of refractive index n = 1.5 and thickness t = 600 nm is surrounded with 2 mirrors of reflectivities r1 and
r2. We assume r1 = 0.5 and study cavity’s behaviour for real and complex frequency illumination as a function of r2. (b) Reflection
amplitude and (c) phase maps calculated analytically for G-T cavity varying the bottom mirror reflection r2 from 0 to 1. (d) r2 = 0.4
As r2 < r1, both pole and zero are located in a lower part of the complex plane resulting in small phase jump at real frequencies (e)
r2 = 0.5 A case of critical coupling. Zero is on a real axis resulting in reflection dip and a π phase jump at real frequency excitation.(f)
r2 = 0.6 As r2 > r1, the zero moves to the upper part of the complex plane, satisfying the condition for which the branch cut connecting
zero and pole crosses the real axis. At real frequency excitation, 2π phase accumulation as function of the real frequency appears. (g)
r2 = 1 leads to unity reflection in addition to 2π phase jump due to fulfilling r2 > r1. Unity reflection is accompanied by the condition
ωp = ω∗z in the complex plane.
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the lower mirror shifts the reflection zero to the positive real
part to achieve 2π phase modulation. However, to achieve
the G-T condition with uniform reflection, at least 12 DBR
pairs are required (the results for single and 20 DBR pairs
are shown in Figs. 7(c-d)). Fig. 8 refers to the performance
of the supercell (6 pixels) to achieve efficient beam steering
as a function of the binary refractive index distribution nQW1
and nQW2. The reflection amplitude in +1 mode is shown
in Fig. 8(a), an identical response is expected for the −1
mode (data not shown). As it can be seen the optimal beam
splitting is achieved with nQW1 = 3.62 and nQW2 = 3.63
or vice versa. Interestingly, this non-intuitive response can-
not be derived from the lookup table in Fig. 4(b) if one
applies the corresponding refractive index modulation corre-
sponding to a binary phase of 0 and π . However, near-field
coupling plays a crucial role in this highly resonant case, as
demonstrated in the lower panel of Fig. 8(b).
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Figure 7 Results of the unit cell for the MQW configuration in Fig. 4. (a) For the amplitude and phase response of the structure without
DBR (the single resonator is surrounded by air from above and below). The corresponding field profiles at resonant frequency are
given in (b). (c) Amplitude and reflection phase response for a resonator placed on a single DBR pair of Sio2/HfO2. (d) for the evolution
of amplitude and phase as a function of DBR pairs.
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Figure 8 Reflection amplitude of ±1 mode as a function of a binary refractive index distribution across the first and the second MQW
phase tuning elements for a fixed wavelength at λ = 913.5 nm. The best beam steering performance (90% for both the +1 and −1
mode) is obtained when the two values of the refractive index is nQW1 = 3.62 and nQW2 = 3.63 respectively. (b) Deflection efficiency
for as a function of the wavelength. A narrow band-width deflection beam splitting signal reaching 90% efficiency is observed at the
optimized wavelength. The time average power flow along x direction is given in the lower panel of (b).
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