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ABSTRACT: Dynamic control of visible light is crucial for technologies such as rvy,Ve)

vv)
holographic displays and adaptive optics. Passive metasurfaces can shape xxx@xx
wavefronts at the subwavelength scale, and active metasurfaces promise to extend :
this functionality into the temporal domain. However, existing metasurfaces for
dynamic phase manipulation typically cannot deliver phase modulation across a -
broad range without causing variations in the scattering amplitude. Here, we use ﬁ@ =)
an inverse-design pipeline to numerically demonstrate a hybrid-2D excitonic |, R
metasurface platform offering independent amplitude and phase control in the

visible regime. Harnessing the gate-tunable excitonic response of monolayer WS,

retrieved from experiments, we design a 7-phase modulator with a uniform amplitude profile. Adding a second tunable monolayer,
we achieve independent control of the amplitude and phase over the full 0—27 phase range, which we leverage for a reconfigurable
beam-steering metadevice. Our results demonstrate how hybrid-2D excitonic metasurfaces enable electrically tunable wavefront

Vi V, ~ =

shaping in the visible regime.

KEYWORDS: 2D semiconductor, exciton, inverse design, metasurface, active wavefront shaping

ynamic wavefront manipulation is crucial for next-
generation technologies such as LIDAR," holographic
displays” and adaptive imaging systems.’ Already, passive
metasurfaces enable near-arbitrary shaping of light’s constitu-
ent properties—amplitude, phase and polarization—by
harnessing strong light-matter interactions in planar resonant
nanostructure arrays.” Building on this foundation, active
metasurfaces promise to extend control to the temporal
domain by leveraging materials with electrically tunable optical
properties,” including ferroelectrics,”® conductive oxides,””"*
liquid crystals,">'® two-dimensional (2D) materials,'” "’ and
organic polymers.”””' Despite these advances, dynamic
metasurfaces tend to suffer from undesired cross-modulation
of the scattered amplitude and phase, since two independent
external controls are required to decouple both parame-
ters.””*~** Additionally, accessing the full 0—27 phase range
necessitates a delicate balance between radiative and absorptive
losses in the metasurface.”” Due to these stringent require-
ments, demonstrations of complete complex amplitude
modulation have mostly been limited to the infrared spectral
range where materials absorption is naturally lower.””>**
Monolayer transition metal dichalcogenides are promising
candidates to extend complex amplitude modulation into the
visible regime. These materials exhibit strong exciton
resonances that dominate the optical properties due to their
large binding energies arising from quantum- and dielectric
confinement in the atomically thin crystal.”® Moreover, these
excitons are highly tunable, with free-carrier injection emerging
as a particularly attractive mechanism for ultrafast modulation
and compatibility with existing electronic circuitry.”’ =’
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However, limited by their atomic thickness, metasurfaces
patterned directly into bare monolayers typically reach
efficiencies of only a few percent.”’™** To enhance the light-
matter interaction, monolayers have been placed in the vicinity
of metasurfaces to leverage their strong Purcell enhance-
ments.'® Nevertheless, their performance remains constrained
by defects and disorder introduced into the unprotected
monolayer during nanofabrication.

Encapsulating the monolayer with hexagonal boron nitride
(hBN) provides a robust route to preserve pristine excitonic
properties, owing to its atomically smooth surface, wide
bandgap, high dielectric strength, and chemical stability.***°
The merits of encapsulation are exemplified by experimental
demonstrations of planar heterostructures achieving near-unity
reflection modulation®”*® and active beam steering,39’40 as well
as full complex amplitude modulation in simulation.”* Yet, the
latter was only achieved by artificially eliminating the
nonradiative losses that typically hamper excitonic systems.
In practice, these unwanted decay channels can be mitigated
by hybridizing planar heterostructures with metasurfaces to
leverage strong coupling between excitons and a photonic
mode.”" While this strategy has already delivered record-high
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Figure 1. Hybrid-2D phase modulator. (a) Conceptual illustration of the hybrid-2D metasurface for free-space phase modulation, in which the gate
voltage (V) controls the phase (¢) of the reflected light. (b) Cross-sectional view of the hybrid-2D metasurface design (not to scale), showing the
hBN subwavelength grating, graphene gate electrode, monolayer (1L) WS, encapsulated by hBN and placed on the Ag mirror. The grating period
(A) and other geometrical parameters are indicated. (c) Electric field intensity (IE,|*) enhancement in absence of excitons, for a transverse electric

.

(TE) polarized normal-incident wave at wavelength A = 595.9 nm. The positions of 1L WS, (light green, solid) and graphene (dark green, dashed)
are indicated. (d) Modeled permittivity of monolayer WS, as a function of electron density (n,, indicated by color) at temperature T = 3 K, and (e)
corresponding complex reflection coefficients of the metasurface at 4 = $95.9 nm. (f) Corresponding electric field distributions of the reflected light
(Re(E, — Ey)) for intrinsic (n, = 0.0 X 10'* cm™?, left) and highly n-doped (n, = 20.7 X 10'* cm~, right) 1L WS, yielding the same amplitude but

opposite phase.

excitonic amplitude modulation at room temperature,"’
independent phase control remains an important open
challenge.

Here, we numerically demonstrate a hybrid-2D metasurface
platform for independent amplitude and phase modulation in
the visible regime. The high dimensionality of the design space
and the intricate interdependence of geometrical and material
parameters limit the utility of conventional forward-design
approaches. We therefore develop an inverse-design pipeline
that employs rigorous coupled-wave analysis (RCWA) to
optimize metasurface designs for z-phase modulation and full
complex amplitude modulation. We further validate the
platform’s applicability by demonstrating a three-level
programmable beam-steering metasurface. Crucially, all
simulations are grounded in experimentally measured material
properties and are interpreted using temporal coupled-mode
theory (TCMT) to elucidate the underlying physics and
establish the generality of our approach.

B HYBRID-2D PHASE MODULATOR

Figure 1a shows an active hybrid-2D metasurface for free-space
phase modulation, where the gate voltage (V) shifts the phase
(¢) of a reflected beam while maintaining a constant
amplitude. The device combines the tunability of excitons in
monolayer tungsten disulfide (WS,) and the field enhance-
ment offered by a nonlocal dielectric metasurface (Figure 1b).
The exact metasurface architecture is obtained using a bespoke
inverse design optimization routine that combines Bayesian
optimization and an evolutionary algorithm (Supplementary

Note 1) to maximize phase modulation performance under
realistic fabrication constraints.

The designed modulator combines several key elements.
First, a monolayer WS, is encapsulated between two multilayer
slabs of hBN, which is known to reduce the line width of the
exciton resonance by screening it from the dielectric
environment."”* The entire stack is situated on a silver
(Ag) back-reflector to effectively trap light in the hetero-
structure cavity’" and redirect it into the reflection channel.
The heterostructure is then functionalized with a planar array
of hBN subwavelength scatterers spaced with period A = 366
nm, enabling polarization-independent normal-incident reso-
nant excitation of a guided mode resonance (GMR) which
provides a 36-fold enhancement of the incident field intensity
(Figure lc, transverse magnetic (TM) polarization shown in
Supplementary Figure S1). A single layer of graphene, situated
beneath the grating, acts as an etch stop during dry etching of
the hBN nanostructures’ and serves as the gate electrode for
modulation of the electron density (n,) in the WS, monolayer.
The thickness of the hBN gate dielectric is 7 atomic layers
thick (2.33 nm) to provide a sufficiently high breakdown
voltage®>*® (Supplementary Figure S2) to enable significant
amplitude and phase modulation at low-voltages (0—S V). By
inducing n-type doping through electrostatic gating, the A-
exciton resonance (1, = 596.7 nm) can be actively and
reversibly quenched, thereby modulating the material’s
permittivity” —>° (Figure 1d).

We model the permittivity of monolayer WS, using a
phenomenological Lorentz-oscillator model that effectiely
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Figure 2. Operation near critical coupling enables 7-phase modulation. (a) Schematic of the one-port coupled-resonator system. The guided mode
resonance (GMR) has intrinsic loss rate y¢ and facilitates free-space coupling with radiative rate yg,. The A-exciton is coupled to the GMR with
strength g, and its decay rate y, is modulated by gate-induced changes in carrier density n,. (b) Top: reflection-phase spectra at intrinsic (blue) and
strong n-doping (red). Bottom: phase (¢) as a function of carrier density, with the operating wavelength indicated (dashed line). The dashed black
circle indicates the phase singularity arising from critical coupling. (c) Reflectance spectra at different carrier concentrations showing the evolution
from under-coupled at intrinsic doping (blue) to critically coupled at mild n-doping (gray) to overcoupled at strong n-doping (red). Dashed line
indicates the operating wavelength. (d) Phasor diagram of the complex reflection coefficient, r, at intrinsic (blue) and strong n-doping (red).

Vectors indicate r at the operating wavelength.

captures the 2D sheet response within the 3D permittivity
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Here, @ denotes the frequency, &, is the background
permittivity, c is the speed of light, d = 6.18 A is the thickness
of monolayer WS,,** and the j™ exciton is characterized by its
resonance frequency ; and decay rate y; = y;, + ¥}, which is
the sum of the radiative and nonradiative components,
respectively (where we absorb other broadening mechanisms
such as pure dephasing’””” in the effective line width). By
fitting reflectance measurements performed at cryogenic
temperature (T = 3 K, Supplementary Figure S3), we
parametrize the A-exciton with resonance energy E, = Aw,
= 2.078 eV, ya, = 2.6 meV, and y,,, = 3.9 meV. Note that
these exciton decay rates are not universal material constants,
but depend on the adopted permittivity convention,*® as well
as on the sample configuration, for instance through the local
density of optical states and local Coulomb screening.’>*
These values correspond to an excitonic quantum yield of y,,/
(Yar + Yanr) = 0.4, which is realistically achievable in high-
quality monolayer WS,. In this context, atomically thin MoSe,
appears to be a particularly promising alternative, as recent
measurements identified it as the most efficient emitter within
the transition metal dichalcogenide family.>> Although near-
unity quantum 7yields have been reported for these materials in
isolated cases,””** such performance is not routinely observed
under standard laboratory conditions.

The electron density as a function of gate bias is modeled
with a parallel-plate capacitor model corrected for quantum
capacitance effects®*® (Materials and Methods). From this,
we phenomenologically capture the doping-dependent quench-
ing of the A-exciton resonance by letting y,, increase
quadratically with n, (Supplementary Figure S2), in accordance
with previous experimental work.'”>” We typically do not
resolve a distinct trion resonance in coherent reflection
measurements, which may be attributed to its comparatively
low oscillator strength and large nonradiative decay rate,”” and
we therefore treat trion formation as an additional exciton loss
channel. We additionally note that the tunable range of y, ,, is
extrapolated to high carrier densities and assumes the

possibility to completely quench the resonance. If this limit
cannot be reached experimentally, the inverse-design pipeline
can readily reoptimize the metasurface geometry for any
realistic exciton amplitude. Under this model, as the exciton is
gradually quenched, the complex reflection coefficient at 4 =
595.9 nm traces a path from ¢ = 0 rad to ¢ = & rad (Figure
le). Thus, when the monolayer is switched between intrinsic
and strong n-type doping (1, = 20.7 X 10'> cm™2), the device
flips the phase of a reflected beam while maintaining a constant
amplitude (Figure 1f). Although this doping level exceeds what
is typically reported in electrostatic gating studies, ultrathin
hBN has been shown to sustain high out-of-plane dielectric
fields,” indicating that this carrier-density range is not
fundamentally ruled out by dielectric breakdown.

Figure 2a schematically depicts how light interacts with
guided-mode and A-exciton resonances in our metasurface.
Free-space radiation couples to the GMR with radiative rate
Yc, when the resonance condition is satisfied (matching of the
in-plane wavevector by addition of grating momentum G = 27/
A). In turn, the GMR can coherently excite excitons through
optical coupling, with coupling strength g governed by the field
overlap between both resonances. From fitting of the
reflectance in absence of excitons (achieved by setting y,, =
0 meV to remove the A-exciton contribution from the
permittivity of WS,), we determine the radiative coupling
rate and the nonradiative loss rate of the GMR, yg, = 55.0 meV
and yg, = 13.8 meV, respectively. Since yg, > 74, we
consider direct coupling between excitons and free-space to be
negligible, making this effectively a one-port system.

To achieve the 7 phase flip, it is necessary to operate around
the critical coupling point (Il = 0), where the phase is
undefined and thus singular (Figure 2b). In a one-port system,
this condition occurs when the metasurface’s radiative coupling
rate matches the overall loss rate, which is set by dissipation in
the Ag, graphene, and monolayer WS,.>%* In this spectral
range and at these carrier densities, the optical response of
graphene is expected to vary only weakly with gating.’”®" We
therefore separate carrier-density-independent background
losses suffered in Ag, graphene and WS, (from interband
transitions), captured by yg,, from the electrically tunable
excitonic absorption in monolayer WS,, captured by 7, ,.(1,).
In our device, critical coupling is reached when the monolayer
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Figure 3. Complex amplitude modulation with two independent control voltages. (a) Cross-sectional view of the 27 phase modulator (not to
scale). The WS, monolayers (1L) are independently addressable via the top (Vi) and bottom (V) gate voltages. The grating period (A) and other
geometrical parameters are indicated. (b) Electric field intensity (lEyIZ) in absence of excitons, for a transverse electric (TE) polarized normal-
incident wave at wavelength A = 594.2 nm. The positions of 1L WS, (light green, solid) and graphene (dark green, dashed) are indicated. (c) The
reflection coefficients, r, which result from all possible combinations of carrier densities in the top (n,) and bottom (n;,) monolayers (the extrema
are color-marked, units: 10'* cm™2). The metasurface achieves complete complex amplitude modulation up to Irl = 0.13 (orange circle). (d)
Reflectance map and (e) reflection-phase map as a function of top and bottom carrier densities. The carrier densities corresponding to Irl = 0.13 are
indicated. (f) Continuous phase modulation from — 7 to 7 at a constant reflection amplitude (I1* = 0.13%). The carrier density combinations
correspond to those shown in (d) and (e), where combination #1 is indicated with an arrow.

is at mild doping, n, = 3.5 X 10'* cm™> (Figure 2c). At strong
n-doping, the exciton resonance is quenched and the bare
GMR produces a single reflectance minimum. On the other
hand, at intrinsic doping, the exciton hybridizes with the GMR,
leading to an avoided crossing in the dispersion that appears as
two distinct reflectance minima. For both regimes, we plot the
spectral evolution of the reflection amplitude and phase in a
phasor diagram (Figure 2d). In the n-doped case, the reflection
coefficient traces a single loop in the complex plane (single
photonic resonance), whereas at charge neutrality a double
loop is traced due to the additional presence of the A-exciton
(material resonance). At the design wavelength 4 = 595.9 nm,
perfect z-phase modulation is achieved with a constant
amplitude of Il = 0.58.

Next, we probe the fundamental limits of a s-phase
modulator by performing a TCMT analysis of a one-port
two-resonator system (Supplementary Figure S4 and Supple-
mentary Note 2). We estimate g < 20 meV as a reasonable
physical bound based on previous work,'” which we plug into
our model together with the stated radiative and nonradiative
rates. Using our inverse design framework, we find an upper
bound on the reflection amplitude that allows n-phase
modulation of Irl,,, = 0.62, which highlights that our
modulator design (Irl = 0.58) operates close to this
fundamental limit. The TCMT model additionally allows us
to quantify how changes in the metasurface’s fundamental rates
affect the achievable phase modulation depth (Supplementary

Figure SS). For instance, increasing the radiative coupling rate
of the GMR could be achieved by raising the index contrast of
the subwavelength grating through duty cycle adjustments or
by using a higher-index material. Reducing absorption losses
may be achieved by minimizing losses in the electrical contacts
and in the back-reflector (e.g. using a dielectric Bragg mirror).
Moreover, the excitonic quantum vyield could be further
optimized by improving the material quality of WS, or via
strain engineering.54 Overall, we find that cutting the
nonradiative losses provides the largest gain, with the
maximum modulation amplitude increasing to Irl,, = 0.81.
Thus, eliminating parasitic absorption channels in the
metasurface is the most fruitful avenue to further enhance
the z-phase modulation depth.

Altogether, these results demonstrate a general strategy for
achieving #-phase modulation by sweeping through critical
coupling using a single control parameter.'” Intriguingly, this
concept can be extended to gain independent control over
amplitude and phase—and thus achieve complete complex
amplitude modulation—by introducing a second control
parameter.

B COMPLEX AMPLITUDE MODULATION USING
TWO INDEPENDENT CONTROL VOLTAGES

The two-control-parameter approach has previously been
demonstrated as an effective route to full complex-reflection
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Figure 4. Beam steering with a three-level programmable metasurface. (a) Bottom: three-level programmable metasurface with supercell period A,
designed for beam steering to the —1 order (configuration A). The phase (middle) and amplitude (top) of each level is programmed independently
by tuning the top (n,) and bottom () carrier densities to the values indicated (units: 10'> cm™2). (b) Reflected power into the —1 (red), 0 (blue),
and +1 (yellow) orders for configuration A. The total reflectance is indicated by the dashed line. (c) Left: corresponding diffraction efficiency
reveals 88.5% of reflected power is redirected into the —1 order. Right: steering light into the +1 order is achieved by programming the mirror-

image of configuration A.

control in the infrared spectral domain.””*** Here, we leverage
the remarkable tunability of excitons in our hybrid-2D
metasurface platform to extend this mechanism into the visible
regime. To achieve this, we add a second monolayer at a
different position in the heterostructure stack (Figure 3a),
which is independently addressable by applying a voltage (V5)
from the Ag back-reflector, while the original monolayer
remains electrically connected to the graphene gate (V). Both
monolayers are electrically insulated from each other by an
extra multilayer hBN slab. To enhance the modulation depth
with this architecture, we choose to relax the maximum voltage
constraint to V., = 10 V. Again, we optimize the metasurface
geometry using our inverse design framework, updating the
figure-of-merit to maximize the amplitude I+l at which complex
amplitude modulation is achievable over the full 0—27 phase
range.

In the optimized design, both monolayers are separated by
102 nm of hBN and therefore experience different field
overlaps with the GMR (Figure 3b, TM polarization shown in
Supplementary Figure S1). The excitons in the top and bottom
monolayers therefore couple to the GMR with unequal
strengths, breaking the symmetry between both resonances
(Supplementary Note 2 and Supplementary Figure S6).
Consequently, the complex r(n, ny,) is uniquely affected by
gate-modulation of the top and bottom carrier densities (1, and
my, respectively), with the extrema of n, (0 to 25 X 10"* cm™2)
and n, (0 to 6.8 X 10" cm™2) roughly defining the perimeter
of the tunable range (Figure 3c).

To access the full 0—27 phase modulation range, the
metasurface is designed to center r around the origin of the
complex plane and thus operate in the vicinity of critical
coupling (Figure 3d,e and Supplementary Figure S7). Whereas
with a single control parameter it is only possible to trace a
straight trajectory through the phase singularity, the two-
control-parameter approach enables phase-only modulation by
tracing a constant-reflectance path around a phase singularity
(Figure 3f). By judiciously selecting combinations of (n, n,),
we trace the largest constant-amplitude contour that sweeps
the full 0—27 phase range at Irl = 0.13. We note that the
maximum amplitude tunability extends beyond this cutoft with
a limited phase range, which can be advantageous for
applications including beam steering.”> Notably, the same
mechanism remains functional at room temperature, albeit it

with a reduced constant-amplitude of Il = 0.06 owing to the
larger excitonic nonradiative decay rate (Supplementary Figure
S8).

Again, we use TCMT to assess whether the observed
reflection amplitude approaches the theoretical maximum
(Supplementary Figure S9). First, we fit the reflectance
without excitons to obtain the GMR loss rates, yg, = 55.0
meV and yg, = 18.6 meV. Notably, the nonradiative rate is
slightly higher than before due to the addition of another WS,
monolayer in the heterostructure cavity. Even without excitons,
the monolayers exhibit sub-bandgap absorption from impur-
ities, edge states and defects,®> which increases the overall
absorption losses. We consider a one-port resonator with three
coupled oscillators (GMR and two exciton resonances) and
optimize the exciton-photon coupling strengths, the meta-
surface’s resonance wavelength, and the operating wavelength.
The resulting TCMT system achieves full complex amplitude
modulation at Irl = 0.15, indicating that our inverse-designed
metasurface operates close the fundamental limits of a
reflection-phase modulator with the stated internal and
external loss rates. Naturally, the modulation depth is affected
by modifying the fundamental rates that govern the
metasurface’s optical response (Supplementary Figure S10).
We again observe the strongest enhancement when absorption
losses in the metasurface are eliminated (yg, = 0 meV),
increasing the full-27 amplitude to Irl = 0.22. Beyond this,
optimizing the radiative coupling rate, improving the excitonic
quantum yield, or extending the modulation range of excitons
in the bottom monolayer each yield only modest additional
gains.

B THREE-LEVEL PROGRAMMABLE BEAM STEERING
METASURFACE

To demonstrate the utility of complex amplitude modulation
using our hybrid-2D metasurface platform, we design a three-
level programmable beam steering device. Building on the
double-gated design outlined above, we create a supercell with
period A = 1.08 ym consisting of three geometrically identical
unit cells (Figure 4a). The WS, monolayers are severed by
carving 11 nm-wide slits along the y-axis to define individually
addressable strips in the top and bottom monolayers (six gates
in total). This segmentation lets us program the complex
reflection coefficient of each unit cell (under TM illumination)
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and enables sculpting of the reflected wavefront across the
supercell.

As a baseline, we design an intuitive forward-designed beam
steering metasurface—a phased array with a flat amplitude
profile and a constant phase gradient, i.e, a blazed grating
(Supplementary Figure S11). Picking three carrier density
combinations from Figure 3f with relative phases spaced 27/3
rad apart, we design the phase ramp to steer light into the —1
order (at an angle of 8 = —33.3°). We find that this phased
array reaches a maximum diffraction efficiency of 77.2% with
only R = 0.3% reflected power at 4 = 594.8 nm.

To improve on the forward-designed device, we simulta-
neously engineer both amplitude and phase into a less intuitive
conﬁguration, which has been shown to enhance perform-
ance.®>%* Again, we utilize our inverse design routine, keeping
all layer thicknesses from the preceding design but varying the
grating-element width to enlarge the tuning range of the
reflection amplitude (Supplementary Figure S12). For
configuration A, we jointly optimize the element width and
the carrier densities in the top and bottom monolayers to
generate a three-level amplitude and phase pattern that steers
light into the —1 order (Figure 4a). This yields a marked
improvement, with the total reflected power at the operating
wavelength (4 = §94.6 nm) rises to R = 3.4% (Figure 4b) and
the power is redirected more efficiently, with 88.5% diffracted
into the —1 order (Figure 4c).

The same programmable architecture can be reconfigured to
enable other functionalities. Reprogramming the carrier
densities to achieve the spatial mirror image of the
amplitude-phase profile (configuration B), the diffraction
pattern is inverted, swapping the +1 and —1 order (Figure
4c). Naturally, increasing the number of independently tunable
elements within the supercell would transform the system from
a coarse three-level array into a fully programmable spatial light
modulator. This comes with the practical limitation of our
current design’s reliance on a nonlocal resonance, which
imposes a larger unit-cell footprint than highly localized
resonances would. Yet, a hybrid approach that leverages both
local and nonlocal resonances within the same structure may
mitigate this constraint while enabling multifunctional or
multiwavelength operation.6°’66 Overall, these results demon-
strate the flexibility of our hybrid-2D platform for electrically
reconfigurable metasurfaces.

In this work, we establish hybrid-2D metasurfaces as a
versatile platform for active wavefront shaping, enabled by the
electrical tunability of excitons in van der Waals hetero-
structures combined with the field enhancement of a nonlocal
resonance. Inverse design is used throughout this work to
maximize the performance within the physical constraints.
With a single gate-tunable monolayer WS,, sweeping through
critical coupling enables a 7 phase flip at constant amplitude.
The metasurface reaches an amplitude of Irl = 0.58 which
closely tracks the upper bound of Irl = 0.62 retrieved from
TCMT. Incorporating a second, independently gated mono-
layer WS, extends the phase coverage to 0—2z and decouples
the amplitude to realize full complex amplitude modulation,
which the optimized design achieves up to Irl = 0.13, agreeing
well with the TCMT ceiling of |rl = 0.15. Finally, we
demonstrate a three-level programmable metasurface for beam
steering. The device redirects light with 88.5% efficiency into
the + 1 order at § = + 33.3° with the zeroth order entirely
suppressed, underscoring the applicability of our hybrid-2D
platform.

The modest amplitudes associated with full complex-
amplitude control reflect the need to operate near critical
coupling to access the entire 0—27 phase range—a trend seen
across other metasurface modulators. In an experimental
realization,” a conductive oxide plasmonic metasurface is
capped at Irl & 0.08, while graphene plasmonic metamolecules
reach Il ~ 0.19 in simulation.”” Yet, both approaches are
restricted to polarization-dependent operation in the infrared
spectral region. More recently, these limitations were over-
come with an excitonic 2D materials heterostructure that
enables polarization-independent complex-amplitude control
just beyond the visible regime.”* However, this work relies on
unity excitonic quantum yield—a condition rarely observed
under standard laboratory conditions. Against this backdrop,
achieving visible-wavelength, polarization-insensitive complex
amplitude modulation with realistic material parameters
represents a meaningful advance for metasurface modulators.

As shown throughout this work, the efficiency of our
modulator is ultimately constrained by the radiative and
nonradiative channels within the metasurface. Improving the
demonstrated design therefore hinges on reducing absorption
or enhancing radiative coupling. The former may be achieved
by minimizing Ohmic losses in the gate electrodes and
suppressing sub-bandgap absorption in the excitonic materials
by eliminating impurities and defects. The latter could be
accomplished by replacing hBN in the grating layer with a
higher-index, low-loss material such as TiO, or Si. In practice,
an important consideration for this platform is fabrication
imperfections such as interlayer contamination and strain in
the heterostructure or sidewall roughness in the grating, which
may lead to spectral shifts or reduced modulation depth.
However, by now, it is increasingly possible to mitigate these
adverse effects through refinements in stacking, cleanin§, and
dry etching of 2D materials and their heterostructures,*"*’~*
which minimize spectral broadening due to spatial inhomoge-
neities.

From a technological perspective, the performance and
scalability of 2D materials remains a key challenge. Yet,
substantial progress is being made through advances in
synthesis,”" large-area exfoliation,”"”* transfer techniques®’
and robotic assembly,73 bringing wafer-scale integration
increasingly within reach. Although the modulation bandwidth
and energy were not investigated here, comparable device
geometries have already demonstrated gigahertz opera-
tion,””*”> with switchinsg energies expected to lie in the
low-femtojoule range.””’® Altogether, our results establish
inverse-designed hybrids combining nonlocal metasurfaces and
excitonic 2D materials heterostructures as a promising
platform for dynamically reconfigurable metasurfaces.
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