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ABSTRACT: We present a nanoscale transmissive gate-tunable
conducting-oxide metagrating for beam-steering modulation based
on metal−oxide−semiconductor (MOS) field-effect modulation in
an indium−zinc oxide (IZO) active layer. The device uses a thin
Au/Al2O3/IZO/Au nanoscale stack to modulate carrier accumu-
lation and depletion at the oxide interface, enabling voltage-
dependent complex transmission near the designed wavelength of
1550 nm. By combining voltage-controlled carrier modulation with
a gradient-based inverse-design framework, the proposed platform
enables voltage-dependent control of the complex transmission and
enhances the simulated diffraction efficiency of the target order. A
voltage-dependent meta-atom library is established through
electrical and optical simulations and is used to optimize the
voltage distribution of multilevel metagratings. Inverse-design optimization predicts that the optimized multilevel voltage
distributions achieve relative + first-order diffraction efficiencies of approximately 14% at the designed wavelength of 1550 nm for
different deflection angles. As an experimental proof of concept, a forward-designed binary gate-tunable metagrating with a patterned
length of 40 μm is fabricated and experimentally characterized at 1564 nm, showing voltage-dependent diffraction and a measured
diffraction angle of 51.68°, in close agreement with the theoretical value of 50.81°. These results establish a simulation-guided and
experimentally validated foundation for nanoscale conducting-oxide transmissive metagratings and provide a pathway toward future
beam-steering and integrated photonic applications.
KEYWORDS: metasurfaces, transparent conducting-oxides, MOS field-effect modulation, inverse design, beam steering, active metasurfaces

1. INTRODUCTION
Metasurfaces�planar optical components composed of
subwavelength nanostructures capable of locally tailoring the
phase, amplitude, and polarization of light�have fundamen-
tally reshaped modern optical design. Their ultrathin form
factor and precise wavefront control have enabled compact
implementations of metalenses,1,2 beam deflectors,3 holo-
graphic displays,4−6 and polarization-sensitive elements,7−10

offering unprecedented levels of integration compared with
conventional bulk optics. Despite these advantages, most
reported metasurfaces remain intrinsically static: their optical
responses are permanently fixed once fabricated. This inherent
lack of reconfigurability significantly limits their applicability in
advanced optical systems that require dynamic or program-
mable light manipulation.

To overcome the inherent inflexibility of static devices,
considerable efforts have been devoted to developing
dynamically tunable metasurfaces.11,12 Electrically controlled
optical elements themselves have a long history: electrically

tunable diffraction gratings were demonstrated decades ago
using the electro-optic effect in bulk ferroelectric ceramics in a
reflective geometry,13 and voltage-induced refractive-index
modulation through the free-carrier plasma-dispersion effect
is now routinely used in silicon waveguide phase modulators
for optical phased arrays.14 These established approaches,
however, rely on bulk electro-optic media or guided-wave
silicon modulation rather than compact, free-space, subwave-
length elements. Depending on their mode of operation,
tunable platforms can be broadly categorized into reflec-
tive,15−17 and transmissive architectures.18 Among the various
approaches for introducing dynamic reconfigurability�such as
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thermal tuning,19 liquid-crystal modulation,20,21 phase-tran-
sition materials,22 and mechanical modulation,23,24�field-
effect modulation based on a metal−oxide−semiconductor
(MOS) structure directly modulates the carrier concentration
in a conducting oxide layer, enabling reversible, spatially
localized refractive-index tuning and voltage-controlled optical
modulation.25,26 Previous gate-tunable conducting-oxide meta-
surfaces have demonstrated modulation speeds exceeding 10
MHz,15 indicating the potential of MOS field-effect carrier
modulation for rapid and reversible optical modulation.

Under an applied gate bias, charge accumulation or
depletion at the MOS interface induces voltage-dependent
changes in the complex permittivity, thereby enabling
simultaneous modulation of the optical amplitude and
phase.15−17 Recent advances have further extended active
metasurfaces from purely spatial wavefront control to
spatiotemporal modulation, enabling simultaneous control
over the spatial and spectral properties of light through
combined spatial and temporal tuning.27 Most electrically
tunable metasurfaces demonstrated to date remain predom-
inantly reflective,15−17,27 which limits their compatibility with
compact inline optical systems because of their nonforward-
propagating beam paths. In contrast, transmissive metasurfaces
are inherently better suited for forward optical architectures
and are therefore particularly attractive for applications
requiring compact and integrated optical layouts. Nevertheless,
existing transmissive tunable designs still involve trade-offs
among phase tunability, transmission efficiency, and device
complexity, which continue to limit their overall perform-
ance.28

Recent studies have made important progress in dynamically
tunable transmissive metasurfaces using different active
material platforms. Gate-tunable transparent conducting
oxides, particularly ITO, have been explored for transmissive
modulation and phase control through field-effect-induced
carrier accumulation, including hybrid plasmonic-waveguide
transmission modulators, free-space ITO transmission modu-
lators, and theoretically designed dual-mode ITO metasurfaces
with large transmission phase tunability.29−31 Electro-optic
material platforms, such as lithium niobate, organic electro-
optic polymers, and silicon−organic hybrid metasurfaces, have
further enabled high-speed free-space modulation, guided-
mode-resonance-based wavefront shaping, low-voltage oper-
ation, and transmissive phase-control schemes.32−36 Thermo-
optic transmissive metasurfaces have also been demonstrated
as an alternative route for electrically programmable trans-
mission switching and dynamic beam steering.37,38 Beyond
field-effect conducting oxides and electro-optic or thermo-
optic media, silicon free-carrier plasma dispersion has also been
numerically employed for transmissive tunable metalenses�
for example, by combining a silicon metasurface with a Fabry−
Peŕot phase shifter to achieve voltage-controlled focus tuning
near 1.55 μm.39 Despite these significant advances, most
transmissive tunable metasurfaces have primarily focused on
transmission-intensity modulation, resonance tuning, or unit-
cell-level phase control. By comparison, voltage-distribution
optimization for diffraction-order control in a MOS-based
conducting-oxide transmissive metagrating�in particular, an
inverse-design framework that tailors the per-element bias for
beam steering�remains comparatively unexplored.

In this work, we introduce a nanoscale transmissive gate-
tunable conducting-oxide metagrating based on MOS field-
effect modulation to address key limitations of existing

dynamic metasurface platforms. First, many MOS-based
conducting-oxide active metasurfaces have been implemented
in reflective configurations, which require folded optical paths
and are therefore less compatible with forward-propagating
inline optical architectures. Second, transmissive tunable
metasurfaces often exhibit limited phase tunability and reduced
transmission efficiency, which can significantly constrain
diffraction efficiency and beam-steering performance. To
overcome these limitations, we combine a transmissive
MOS/IZO metagrating architecture with a gradient-based
inverse-design framework to optimize diffraction-order control
under constrained voltage-dependent amplitude−phase mod-
ulation. The device incorporates an interdigitated multi-
electrode configuration that enables independent, spatially
resolved voltage control across the metasurface, thereby
enabling spatially varying control of the complex transmission
response. Inverse-design and optimization approaches�
including gradient-based optimization,40−42 topology optimi-
zation,43−46 evolutionary optimization,47,48 and machine-
learning,49,50�have been widely applied to metasurface
engineering. In particular, inverse-design approaches have
also been shown to improve reflective beam-steering perform-
ance in active metasurfaces under nonideal phase and
amplitude tuning conditions.51 We employ a gradient-based
method to iteratively refine the voltage distribution across the
meta-atoms because it is particularly suitable for tunable
devices whose optical response varies smoothly with applied
voltage. This combination of a compact transmissive
architecture, MOS-based carrier-concentration control, and
gradient-based inverse design establishes a versatile simulation-
guided platform for programmable beam-steering modulation.
While LiDAR,52 dynamic wavefront control, and integrated
photonic applications have not been experimentally demon-
strated in the present proof-of-concept device, the proposed
platform establishes a foundation for these future applications.

2. EXPERIMENTAL SECTION
IZO thin films were deposited by radio frequency (RF) magnetron
sputtering and annealed at different temperatures to optimize their
electrical and optical properties. To quantitatively model the voltage-
dependent optical response of IZO, sputtered films were first
characterized using Hall measurements and spectroscopic ellipsom-
etry. These measurements provide baseline electrical and optical
parameters, and the complete data set is summarized in Supporting
Information S1.

Using the experimentally measured material parameters, the
carrier-density distributions under different applied voltages were
calculated using a drift-diffusion semiconductor device simulator
(Lumerical CHARGE), which solves the coupled Poisson and drift-
diffusion equations for the Au/Al2O3/IZO/Au MOS stack. The
resulting carrier-density distributions are then used to compute the
complex permittivity via the Drude model, as described in Supporting
Information S2. The voltage-dependent permittivity of IZO is
described by

( )
i

p
IZO

2

2=
+ (1)

where ε∞ is the high-frequency permittivity, ωp is the plasma
frequency, and Γ is the damping constant related to the carrier
scattering time τ (Γ = 1/τ). The plasma frequency is defined as

N q
m mp

c

e

2

0
= * (2)
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where Nc is the carrier concentration, q is the elementary charge, ε0 is
the vacuum permittivity, m* is the effective electron mass, and me is
the electron rest mass. Variations in the carrier concentration Nc
directly modify the plasma frequency and, consequently, the complex
permittivity of IZO, enabling voltage-dependent refractive-index
tuning. The carrier concentration Nc is determined by both the
deposition conditions and the externally applied bias voltage. For the
electromagnetic simulations, the Drude parameters of the 300 °C
annealed IZO film were ε∞ = 4.3, m* = 0.262, and τ = 5.362 fs,
corresponding to an equilibrium carrier concentration of Nc = 2.233 ×
1020 cm−3. Further details of the annealing-dependent IZO
parameters and the electrostatic-to-optical conversion procedure are
provided in Supporting Information S1 and S2.

The Au films were deposited using electron-beam evaporation.
Although the surface roughness was not quantitatively characterized
by atomic force microscopy, no evidence of film discontinuity was
observed from scanning electron microscopy (SEM) inspection or
during optical characterization of the fabricated devices. The IZO
films were deposited by RF magnetron sputtering, whereas the Al2O3
dielectric layer was deposited by atomic layer deposition. The
metasurface patterning is achieved through electron-beam lithog-
raphy, and the metal interconnects and electrodes were patterned by
photolithography.

For optical characterization, a laser diode with a central wavelength
of 1564 nm was employed as the light source. The beam was delivered
through an optical fiber, collimated, attenuated by a neutral-density
filter, and adjusted to TM polarization using linear polarizers. The
collimated beam was focused onto the metasurface using an objective
lens (NA = 0.42), and the transmitted light was collected by a second
objective lens (NA = 0.65) and recorded by an infrared camera.
Further details of the optical measurement setup are provided in
Supporting Information S3.

3. RESULTS AND DISCUSSION

3.1. Design of Meta-Atom

To realize voltage-controlled modulation of transmitted light,
we designed a metal−oxide−semiconductor (MOS) meta-
atom that enables field-effect tuning of the optical response. As
illustrated in Figure 1a, the meta-atom consists of a SiO2
substrate, a Ti adhesion layer, an Au backplane, an IZO active
layer, an Al2O3 gate dielectric, and a top Au stripe antenna.
When a bias voltage is applied between the Au stripe antenna
and the Au backplane, carrier accumulation is induced at the

Al2O3/IZO interface, thereby modifying the optical properties
of the IZO layer.

The stripe antenna has a width (W) of 170 nm, and the
thicknesses of the Au antenna, Al2O3, IZO, and Au backplane
layers are 15, 5, 5, and 15 nm, respectively. In addition, a 5 nm
Ti adhesion layer is inserted beneath the Au backplane to
ensure robust adhesion to the substrate. The lateral periodicity
(U) of the unit cell is 250 nm. Figure 1a schematically
illustrates the MOS meta-atom configuration, including the
SiO2 substrate and the lateral dimensions W and U, while the
layer thicknesses are specified in the text.

The voltage-induced carrier redistribution mechanism is
depicted in Figure 1b. When a bias is applied between
neighboring electrodes, the resulting electric field modifies the
carrier density within the IZO layer, forming either
accumulation or depletion regions depending on the polarity
of the applied voltage. This field-effect behavior alters the local
refractive index of IZO and thus provides the fundamental
mechanism enabling dynamic amplitude and phase modulation
in transmission.

Building upon this mechanism, we implement a multi-
electrode transmissive grating as shown in Figure 1c. Each
stripe antenna is connected to an independently addressable
electrode, allowing spatially varying voltages to be applied
across the grating period. This configuration enables program-
mable phase modulation of the + first-order diffracted beam,
forming the basis for electrically reconfigurable transmissive
beam steering.

The voltage-dependent carrier-density and permittivity
distributions derived from the model described in the
Experimental Section are summarized in Figure 1d. Increasing
the applied voltage enhances the carrier concentration near the
Al2O3/IZO interface, which reduces the real part of the
permittivity and pushes it toward the epsilon-near-zero (ENZ,
|εr| < 1) regime. This ENZ-like response strengthens the
electric-field confinement at the Al2O3/IZO interface. We note
that the increased free-carrier concentration under positive bias
can also increase the imaginary part of the permittivity and
therefore optical absorption. Thus, the positive-bias response
involves a trade-off between enhanced field confinement
arising from the ENZ-like condition and increased free-carrier

Figure 1. Transmissive gate-tunable metasurface. (a) Schematic of the MOS meta-atom, consisting of a SiO2 substrate, a Ti adhesion layer, an Au
backplane, an IZO active layer, an Al2O3 gate dielectric, and a top Au stripe antenna. (b) Schematic illustration of the MOS field-effect mechanism.
(c) Conceptual illustration of voltage-controlled beam steering, where different voltages applied to the Au stripes enable tunable diffraction angles
and enhanced first-order diffraction efficiency. (d) Simulated depth-dependent profiles of carrier concentration (top), real part of the dielectric
permittivity (middle), and imaginary part of the dielectric permittivity (bottom) under different applied voltages.
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absorption. In the present IZO parameters, however, the
imaginary component remains sufficiently moderate to allow
voltage-dependent optical modulation. Formally, this field
concentration is governed by the continuity of the normal
component of the electric displacement field, expressed as

E n E nAl2O3 Al2O3 IZO IZO· = · (3)

where EAl2O3 and EIZO denote the electric fields in insulator
(Al2O3) and active layer (IZO) respectively, and n̂ represents
the normal vector with respect to the surface. When the
dielectric permittivity approaches zero, a significant enhance-
ment of the electric field occurs at the interface, thereby
increasing the phase modulation capability via field-induced
tuning.

Building on the material response shown in Figure 1d, the
simulated depth-dependent profiles of carrier concentration
and complex dielectric permittivity are plotted as a function of
the distance normal to the Al2O3/IZO interface. At equilibrium
(0 V), a work function difference between the IZO (∼4.49 eV)
and the Au backplane (∼5.1 eV) induces band bending,
resulting in the formation of a depletion region near the
interface. Upon applying a positive bias, an electron
accumulation layer emerges at the Al2O3/IZO boundary,
leading to a pronounced increase in the local carrier
concentration. This elevated carrier density drives the real
part of the permittivity toward the ENZ region, thereby
enabling strong electric-field confinement localized at the

interface. In contrast, under a negative bias, although the ENZ-
induced field enhancement is absent, the electrically control-
lable expansion of the depletion region still provides an
additional degree of freedom for tailoring the complex
amplitude response of the meta-atoms, thereby enabling a
broader tunable range of optical modulation. Band-diagram
simulations of the Au/Al2O3/IZO/Au MOS stack indicate that
the negative-bias response within the simulated voltage range is
dominated by electron depletion in the highly doped n-type
IZO layer, rather than by strong hole inversion. The
corresponding band diagrams under positive and negative
biases are provided in Supporting Information S2 to further
clarify the electrostatic behavior of the IZO layer.

To evaluate how this material modulation affects optical
behavior, finite-difference time-domain (FDTD) simulations
(Lumerical FDTD) are performed on one meta-atom unit cell
with periodic boundary conditions in the lateral direction,
representing an infinitely periodic meta-atom array, to quantify
its voltage-dependent transmittance and phase. Under TM-
polarized incidence, opposite-direction induced charge is
excited at the stripe antenna and the Au backplane. The
refractive-index profiles at 0 and 5 V are shown in Figure 2a,
exhibiting a pronounced change in the index gradient within
the active region. The refractive-index profile at 5 V reflects the
carrier accumulation-layer formation. The simulated magnetic
field distributions at 0 and 5 V, shown in Figure 2b, clearly
reveal the voltage-induced modulation of the magnetic dipole

Figure 2. Voltage-dependent optical response of a single meta-atom unit cell obtained using periodic boundary conditions. (a) Refractive-index
distributions at 0 V (left) and 5 V (right) at a wavelength of 1550 nm. (b) Simulated magnetic-field distributions at 0 V (left) and 5 V (right),
showing the voltage-dependent modulation of the magnetic dipole resonance. (c,d) Simulated transmittance (c) and phase responses (d),
respectively, for applied voltages from −10 to 10 V. (e) Complex transmission coefficient in the Re(t)−Im(t) plane at selected wavelengths.
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resonance, which serves as the primary mechanism governing
both the amplitude and phase variations. The operating
wavelength can be tailored by adjusting the geometric
parameters of the stripe antenna. In our design, targeting an
operating wavelength near 1550 nm leads to an optimized
antenna width of 170 nm. The voltage-dependent trans-
mittance and phase responses from −10 to 10 V are shown in
Figure 2c,d. This voltage range is used as an idealized
numerical design space to evaluate the potential field-effect
modulation of the MOS/IZO meta-atom, rather than as the
experimentally accessible operating range of the fabricated
devices. In the present devices, reliable optical measurements
could only be performed within a substantially smaller voltage
range because increased leakage and device-to-device varia-
bility were observed at higher biases. Therefore, the simulated
voltage range should be interpreted as a design-space
exploration of the potential MOS field-effect modulation
rather than a practical operating condition of the fabricated
devices. These results indicate that the magnetic dipole
resonance provides calculated but limited phase modulation,
with a maximum phase change of approximately 30° relative to
the 0 V state. Therefore, the present MOS/IZO meta-atom
does not provide full (2π) phase coverage and should be
regarded as a complex-amplitude modulator rather than a
phase-only meta-atom. This limited phase tunability is one of
the primary motivations for employing inverse-design-assisted
voltage optimization, which seeks to maximize the target
diffraction order under constrained amplitude−phase modu-
lation conditions. The achievable diffraction efficiency is
further limited by the low transmittance near 1550 nm.

To further illustrate the voltage-dependent optical response,
the complex transmission coefficient at selected wavelengths is
plotted in the Re(t)−Im(t) plane in Figure 2e. For each
wavelength, the trajectory is obtained by sweeping the applied
voltage from −10 to 10 V. The resulting trajectories reveal the
voltage-dependent evolution of the transmission response in
the complex plane.
3.2. Forward Design of Binary Metagrating

Based on the bias-dependent optical response of the individual
meta-atoms, we first consider forward-designed binary
metagrating as an experimentally implementable proof-of-
concept configuration. The binary configuration is selected
because it can be realized using the present two-electrode
device architecture and provides a simple reference for
evaluating voltage-dependent diffraction control in a fabricated
MOS/IZO metagrating. A representative voltage configuration
of Ncell = 8 is shown in Figure 3a, where the first four meta-
atoms are biased at 0 V and the remaining four are biased at 5
V, thereby forming a binary voltage distribution. Following the
same design principle, binary metagratings with Ncell = 8, 10,
12, 14, and 16 were systematically analyzed by finite-difference
time-domain (FDTD) simulations performed at the designed
operating wavelength of 1550 nm. The corresponding
deflection angles, absolute efficiencies, and relative efficiencies
obtained from the simulations are summarized in Figure 3b,c,
with the labeled values indicating the supercell period Λ (in
μm).

In this work, the relative efficiency is defined as the power of
the target diffraction order normalized to the optical power
transmitted through the substrate, while the absolute efficiency
is defined as the power of the target diffraction order
normalized to the incident optical power before entering the

substrate. The simulated results indicate that, although these
binary configurations can generate ±1 diffraction orders at the
intended angles, both diffraction efficiencies remain low, with
the relative efficiency below 3%. This binary configuration is
used to verify the predictable voltage-dependent diffraction
response of the MOS/IZO meta-atoms in a realizable device
geometry, rather than to represent an optimized blazed
metagrating. Because the present MOS/IZO meta-atoms
exhibit coupled amplitude and phase modulation rather than
pure phase modulation, the binary metagrating serves as a
simple proof-of-concept reference rather than the uniquely
optimal forward-designed beam-steering configuration. These
results show that a simple binary voltage assignment is
insufficient to efficiently direct optical power into a single
target diffraction order, even though the desired diffraction
angles can be generated. This limitation motivates the use of
inverse design, in which the voltage applied to each meta-atom
is optimized independently to achieve more effective phase−
amplitude engineering and higher first-order diffraction
efficiency.
3.3. Inverse Design of Metagrating
In our inverse-design framework, the tunable parameter for
each meta-atom is its applied bias voltage, and the figure of
merit (FOM) is defined as a quantity proportional to the +
first-order transmittance. The mathematical definition of the
FOM is given

VFOM T( )1= (4)

where V denotes the voltages assigned to all meta-atoms within
one supercell period, and T1(V) represents the calculated
absolute + first-order transmissive diffraction efficiency. The

Figure 3. Forward-designed binary metagratings simulated at 1550
nm. (a) Representative binary voltage configuration within one
supercell. (b) Simulated deflection angles and relative efficiencies as
functions of the supercell period (Λ). (c) Simulated absolute
efficiencies as functions of the supercell period (Λ).
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overall optimization workflow is shown in Figure 4a. A voltage-
dependent meta-atom library is first constructed using FDTD

simulations (Figure 2c-2e), providing the complex trans-
mittance of each meta-atom for voltages between −10 V and
+10 V. During optimization, this library enables rapid retrieval
of the required complex transmittance values without perform-
ing repeated full-wave simulations.

A detailed description of the FFT-based forward model is
provided in Supporting Information S4. For any trial voltage
configuration, the complex transmittance values of the meta-
atoms within one supercell are assembled into a discretized
phase−amplitude profile. A Fourier transform is then applied
to obtain the far-field diffraction spectrum, from which the +
first-order spectral component is used to evaluate T1. This
FFT-based forward model provides the fast evaluations
required for iterative optimization, and the full mathematical
formulation of T1 is given in Supporting Information S4. The
reliability of the FFT-based evaluation is further examined by
comparison with full-wave FDTD results for representative
optimized metagratings, as described in Supporting Informa-
tion S5. We note that this FFT-based forward model is based
on a locally periodic, single-meta-atom-library approximation
and assumes an infinitely periodic grating; it therefore does not
explicitly account for finite-aperture (edge) effects or nonlocal
coupling between adjacent, differently biased meta-atoms.
Nevertheless, the close agreement between the FFT-based
predictions and the corresponding full-wave FDTD simu-
lations indicates that these approximations provide an accurate
description for the optimized structures investigated in this

work. The final optimized designs are independently cross-
checked using full-wave FDTD simulations.

To update the design variables, we compute the gradient of
the FOM using a central finite-difference approximation, given
as

V VV V
V

e e
FOM( ) lim

T( ) T( )
2 VV

i i
V i

0

1 1= +

(5)

where i denotes the index of the meta-atom being perturbed
and ei is the unit vector corresponding to the ith design
variable. At each iteration, a small voltage perturbation ΔV is
applied to every single meta-atom, the resulting changes in
diffraction efficiency are evaluated using the FFT model, and
the voltages are updated along the direction that increases the
FOM.

The optimization terminates after a fixed number of
iterations. Because gradient-based optimization may converge
to local maximum, a multistart strategy is employed in which
the optimization is repeatedly initialized from randomized
voltage distributions. For each supercell configuration, the
optimized solutions with the highest relative efficiency among
the multistart trials are retained for further analysis.

Having validated the optimization approach, we next apply it
to the design of a transmissive gate-tunable metasurface based
on a multilevel grating architecture for beam steering to
different angles at the designed wavelength of 1550 nm. In this
work, beam steering is achieved by tailoring the effective
grating periodicity through the number of meta-atoms within a
single supercell. Specifically, Ncell = 8, 10, 12, 14, and 16 are
considered, resulting in different supercell periods Λ while
maintaining the same meta-atom geometry and lattice
constant. are considered, resulting in different supercell periods
Λwhile maintaining the same meta-atom geometry and lattice
constant.

For each supercell configuration illustrated in Figure 5a, the
deflection angle of the + first diffraction order can be predicted
as

sin 1=
(6)

where λ denotes the operating wavelength. As shown in Figure
5b, the optimized designs maintain relative + first-order
diffraction efficiencies of approximately 14% over a range of
deflection angles, while the undesired − first-order diffraction
is substantially suppressed. The corresponding absolute
efficiencies also remain nearly unchanged across different
supercell configurations. A detailed comparison of the
predicted and optimized diffraction angles is provided in
Supporting Information S6. We note that these ±5 V and ±10
V voltage libraries represent numerical design-space studies
and do not correspond to the experimentally accessible
operating range of the present fabricated device.

To further investigate the influence of the available voltage
tuning range on the optimization performance, two voltage
constraints, ±5 V and ±10 V, are considered. The resulting
diffraction efficiencies are compared in Figure 5c. Extending
the allowable voltage range from ±5 V to ±10 V leads to a
noticeable enhancement in the + first-order diffraction
efficiency across all supercell configurations. These results
illustrate the performance improvement achievable with an
expanded voltage tuning range within the proposed inverse-
design framework. Although the experimentally demonstrated

Figure 4. (a) Flowchart of the inverse design optimization process.
(b) Schematic illustration of the efficiency calculation using FFT for
diffraction-order evaluation at the designed wavelength of 1550 nm.
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device operates over a substantially smaller voltage range, the
comparison provides useful insight into the potential perform-
ance gains that could be realized through future improvements
in device engineering and dielectric reliability.

Despite the performance improvement obtained with a
wider voltage tuning range, practical material constraints must
be carefully considered. Previous MOS-based conducting-
oxide metasurfaces employing ultrathin Al2O3 or hafnium/
aluminum oxide nanolaminate (HAOL) gate dielectrics have

Figure 5. (a) Schematic illustration of multilevel metagratings with different supercell periods Λ for steering the + first-order diffracted beam to
different angles. Simulations were conducted at the designed operating wavelength of 1550 nm for meta-atom arrays with Ncell = 8, 12, 16, where
adjacent meta-atoms are spaced 250 nm apart. (b) FFT-calculated relative efficiency as a function of deflection angle for metagratings with different
Ncell. (c) Comparison of the relative and absolute diffraction efficiencies obtained using inverse design with voltage libraries spanning ±5 V and ±10
V.

Figure 6. Experimental demonstration of the forward-designed binary gate-tunable metasurface. (a) Optical image of the fabricated sample. (b−d)
SEM images of the fabricated metasurface at different magnifications. (e−f) Measured relative and absolute diffraction efficiencies of the − first,
0th, and + first diffraction orders under applied voltages of 0, 0.5, and 0.6 V. Insets in (e) and (f) show enlarged views of the 0th-order region for
improved visibility of the measured data points. (g) Comparison of the measured relative + first-order diffraction efficiency with the FDTD results
simulated at the experimental wavelength of 1564 nm as a function of the applied voltage.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.6c01415
ACS Appl. Nano Mater. 2026, 9, 14707−14717

14713

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
a
a
n
m
f
6
/
a
r
t
i
c
l
e
-
p
d
f
/
9
/
3
1
/
1
4
7
0
7
/
6
6
1
8
1
1
7
8
/
a
c
s
a
n
m
.
6
c
0
1
4
1
5
.
p
d
f
 
b
y
 
N
A
T
L
 
Y
A
N
G
 
M
I
N
G
 
C
H
I
A
O
 
T
U
N
G
 
U
N
I
V
 
u
s
e
r
 
o
n
 
0
7
 
A
u
g
u
s
t
 
2
0
2
6

https://pubs.acs.org/doi/10.1021/acsanm.6c01415?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01415?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01415?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01415?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01415?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01415?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01415?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01415?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.6c01415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reported dielectric breakdown occurring in the few-volt range,
corresponding to breakdown fields on the order of several
MV/cm, although the exact value depends strongly on
dielectric quality, defect density, local thickness variation,
electrode morphology, and device area.15,17 Consequently, the
voltage range employed in practical operation is inherently
restricted, necessitating a trade-off between diffraction
efficiency enhancement and long-term device reliability.
Therefore, the extended voltage ranges (e.g., ±5 V and ±10
V) considered in this work should be interpreted as idealized
numerical design spaces for evaluating the potential perform-
ance of the MOS/IZO platform, rather than as practical
operating conditions of the present fabricated devices.
3.4. Experimental Validation of the Gate-Tunable Binary
Metagrating

To experimentally validate the proposed voltage-controlled
transmissive diffraction mechanism, a forward-designed binary
metagrating was fabricated as a proof-of-concept device. Figure
6a shows a photograph of the fabricated device, while the
corresponding SEM images are presented in Figure 6b−d. The
designed grating line width is 170 nm, whereas the measured
line widths are 172 nm at the center and 168 nm at the edge of
the device. This close agreement confirms that the fabricated
structure closely follows the designed geometry.

The meta-atom and metagrating were designed for an
operating wavelength of 1550 nm, whereas the experimental
characterization was performed using an available 1564 nm
telecom-band laser source. To enable a direct comparison with
the experimental results, additional FDTD simulations were
carried out at 1564 nm using the measured device geometry. A
bias voltage of 0.5 V was initially selected to ensure stable
device operation while producing a clearly measurable
diffracted spot. The diffraction angle was then determined
from the measured displacement of the diffracted spot, yielding
a value of 51.68°. This value is close to the theoretical
diffraction angle of 50.81° for the Ncell = 8 design.

Because beam steering arises from the combined voltage-
dependent complex transmission response (i.e., simultaneous
amplitude and phase modulation) of the meta-atoms, the
redistribution of the transmitted diffraction orders serves as a
direct experimental validation of the intended device
functionality. Accordingly, the voltage-dependent redistribu-
tion of the transmitted diffraction orders is adopted�rather
than a direct interferometric phase measurement�as the
primary experimental observable.

Figure 6e,f show the measured diffraction efficiencies under
different applied voltages. The corresponding measured optical
powers and the calculated absolute and relative diffraction
efficiencies are summarized in Supporting Information S3.
Because the measured zeroth-order relative efficiencies remain
close to 98−99% over the investigated voltage range, the
corresponding data points nearly overlap near the top of the
plots. Enlarged insets are therefore included to improve the
visibility of the zeroth-order diffraction data. At 0 V bias, a
small but nonzero diffraction efficiency is still observed, which
is attributed primarily to weak infrared scattering from the
illuminated sample, resulting in a residual signal detected by
the power meter. As the bias voltage is increased to 0.5 and 0.6
V, the diffraction efficiency increases accordingly, with the +
first-order diffraction efficiency exceeding the − first-order
diffraction efficiency at 0.6 V. Specifically, the measured
relative + first-order diffraction efficiency increases from

0.7869% at 0.5 V to 1.0768% at 0.6 V, corresponding to an
enhancement factor of approximately 1.37. Figure 6g compares
the measured relative efficiency with the FDTD results. The
experimental results exhibit higher diffraction efficiency than
the simulated results. Note that for the fabricated Ncell = 8
binary metagrating (supercell period Λ = 2 μm, λ/Λ ≈ 0.78),
only the zeroth and ± first diffraction orders are propagating at
the operating wavelength, while all higher orders are
evanescent. Accordingly, no additional propagating diffraction
orders are omitted from the normalization used in either the
simulations or the experiments. The experimental and
simulated relative efficiencies in Figure 6g are therefore
evaluated over the same set of diffraction orders and share
an identical normalization. The remaining difference between
the measured and simulated results is attributed primarily to
the spectral redshift observed in Figure 2c, which increases the
transmittance at the experimental laser wavelength of 1564 nm
and is therefore expected to increase the measured relative
diffraction efficiency.

The results presented above show that the proposed MOS-
based conducting-oxide metagrating provides voltage-depend-
ent transmissive diffraction, while also revealing the efficiency
limitation of simple binary voltage assignment. The forward-
designed binary metagratings generate the designed diffraction
angles, but their simulated relative diffraction efficiencies
remain below 3%. These results indicate that a binary voltage
distribution cannot efficiently concentrate the transmitted
optical power into the desired + first diffraction order. In
contrast, the inverse-designed multilevel voltage distributions
increase the simulated relative + first-order diffraction
efficiency to approximately 14% for different supercell
configurations, demonstrating that independently optimized
voltage distributions can better utilize the available amplitude
and phase modulation of the tunable meta-atoms.

The present experimental demonstration confirms voltage-
dependent transmissive diffraction in the fabricated forward-
designed binary metagrating, whereas the inverse-designed
multilevel metagratings are numerically demonstrated in this
work. This distinction is important because the optimized
efficiencies represent the simulated potential of the proposed
voltage-optimization framework, while the fabricated binary
device serves as a proof-of-concept verification of the gate-
tunable diffraction mechanism. Experimental realization of the
inverse-designed beam-steering performance will require the
implementation of independently addressable multilevel
electrodes together with the associated metal interconnects
and voltage-addressing circuitry.

As discussed in Section 3.3, the ±5 V and ±10 V voltage
libraries should be regarded as numerical design-space studies
rather than experimentally accessible operating conditions. In
the present experiment, the applied voltage was conservatively
limited to 0.6 V because increased leakage and dielectric failure
were observed at higher biases, indicating that practical
operation is currently constrained by the reliability of the
ultrathin Al2O3 gate dielectric. Although increasing the
dielectric thickness or improving dielectric quality could
increase the voltage tolerance, a thicker dielectric would
reduce the gate capacitance and weaken the field-effect-
induced carrier accumulation in the IZO layer, thereby
reducing the achievable optical modulation depth. Conse-
quently, the proposed platform currently involves a trade-off
between optical modulation efficiency and reliable low-voltage
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operation, highlighting the need for improved materials and
multielectrode device implementation.

The inverse-designed metagratings presented in this work
are based on periodic supercell architectures, in which the
voltage distribution within each supercell is optimized to
enhance the + first-order diffraction efficiency. This periodic-
supercell strategy provides a direct and physically interpretable
relationship between the supercell period and the beam-
deflection angle and enables rapid iterative optimization using
an FFT-based diffraction model. More general strategies, such
as nonperiodic voltage profiles or disorder-assisted amplitude−
phase optimization, may provide additional degrees of freedom
for further improving diffraction efficiency and suppressing
parasitic diffraction orders.47 However, such approaches would
substantially increase the complexity of the design space,
device layout, voltage addressing, and experimental implemen-
tation, and would likely require more computationally
intensive optimization or full-wave validation. Therefore, the
periodic supercell-based inverse-design framework adopted
here represents a practical balance between optimization
flexibility, physical interpretability, and experimental feasibility.
Future work will explore the extension of this framework to
nonperiodic or disorder-assisted voltage distributions for
higher-efficiency transmissive gate-tunable metagratings.

4. CONCLUSIONS
In summary, we have demonstrated a nanoscale transmissive
gate-tunable conducting-oxide metagrating based on MOS
field-effect modulation in an IZO active layer. By combining
voltage-controlled carrier modulation with a gradient-based
inverse-design framework, the simulated multilevel voltage
distributions achieve substantially improved + first-order
diffraction efficiency relative to the simple binary proof-of-
concept configuration discussed above. The inverse-designed
metagratings are not constrained to binary voltage states;
instead, they utilize the full set of available voltage-dependent
complex transmission states in the meta-atom library. This
comparison is intended to illustrate the potential benefit of
exploiting the available bias-dependent complex transmission
states through inverse design, rather than to benchmark against
an optimized conventional blazed metagrating. For different
supercell configurations, the optimized designs reach relative +
first-order diffraction efficiencies of about 14%, with corre-
sponding FDTD-verified values close to 10%, highlighting the
effectiveness of inverse design for exploring future multilevel
transmissive beam-steering applications.

As an experimental proof of concept, we fabricated a
forward-designed binary gate-tunable metasurface and exper-
imentally verified voltage-dependent diffraction. The measured
diffraction angle of 51.68° is in good agreement with the
theoretical value of 50.81° for the Ncell = 8 design, and the
measured diffraction efficiency increases with applied bias,
confirming the feasibility of electrical modulation in the
proposed transmissive architecture. Although the present
experimental demonstration focuses on a forward-designed
binary proof-of-concept device and is currently constrained by
the dielectric reliability of the ultrathin Al2O3 gate layer, these
results establish a practical foundation for future nanoscale
conducting-oxide metasurfaces with independently addressable
electrodes for dynamic multiangle beam steering. With further
improvements in dielectric quality, multielectrode voltage-
addressing circuitry, and meta-atom design, the proposed
platform could be extended toward higher-efficiency program-

mable transmissive metasurfaces and may ultimately enable
future beam steering, LiDAR, and integrated photonic
applications.
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