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ABSTRACT: We report an array-level inverse design approach
to optimize the beam steering performance of active
metasurfaces, thus overcoming the limitations posed by
nonideal metasurface phase and amplitude tuning. In contrast
to device-level topology optimization of passive metasurfaces,
the outlined system-level optimization framework relies on the
electrical tunability of geometrically identical nanoantennas,
enabling the design of active antenna arrays with variable spatial
phase and amplitude profiles. Based on this method, we
demonstrate high-directivity, continuous beam steering up to 70° for phased arrays with realistic tunable antenna designs,
despite nonidealities such as strong covariation of scattered light amplitude with phase. Nonintuitive array phase and
amplitude profiles further facilitate beam steering with a phase modulation range as low as 180°. Furthermore, we use the
device geometries presented in this work for experimental validation of the system-level inverse design approach of active
beam steering metasurfaces. The proposed method offers a framework to optimize nanophotonic structures at the array level
that is potentially applicable to a wide variety of objective functions and actively tunable metasurface antenna array platforms.
KEYWORDS: inverse design, active metasurface, phased array, beam steering, array configuration, genetic algorithm, wavefront engineering

Optical beam steering has recently been the subject of
intensive worldwide research, owing to its impor-
tance for technology applications such as light

detection and ranging (LiDAR), free space optical communi-
cations, and holographic displays.1−4 Operation at near-
infrared (NIR) and visible wavelengths has the potential to
enable high-resolution beam steering arrays with reduced
footprints. Wave front shaping relies on the control of phase
and amplitude over antennas in an emitting array. Interference
of light scattered from each antenna in an array gives rise to
radiated wave fronts emanating from the array which can be
tailored to create a desired far-field intensity profile. Conven-
tional optical phased arrays (OPAs) alter the phase and
amplitude of an input guided wave using phase shifters that are
typically based on thermo-optic4−6 or microelectromechanical
systems (MEMS).7−9 However, large thermal time constants
limit scanning frequencies while high mechanical failure rates
reduce device reliability. Alternative approaches employing
p-i-n diodes have been demonstrated for high modulation
frequencies of up to 200 MHz.10 Nevertheless, the spatial
arrangement of waveguides in arrays typically demands large
interantenna spacings to avoid crosstalk between adjacent
elements.11,12 In the case of equidistantly spaced elements, this
limits the grating lobe-free steering range. Researchers have
demonstrated beam steering with large field of view (FOV)

using nonuniform antenna arrangements in sparse arrays,12,13

yet considerable amounts of background noise are reported in
the far-field radiation patterns.
Planar metasurfaces offer an ideal platform to address the

challenges stated above. Metasurfaces are compact arrange-
ments of nanostructured resonators arrayed at a subwavelength
spacing, enabling the realization of beam steering devices with
enhanced FOV. The resonances of individual metasurface
antennas impart local changes to the scattered light phase and
amplitude. Anomalous reflection has previously been reported
using passive metasurfaces3,14−18 that consist of a set of
precisely designed antenna elements that are fixed at the time
of fabrication. To achieve this, phased arrays are designed as
periodic arrangements of antennas that generate a blazed
grating-like array profile with constant phase increments
between adjacent elements. Such arrays have been designed
by researchers using a “forward” design process, motivated by
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principles derived from beam steering with conventional
phased arrays at radio frequencies (RF)19−21 and spatial light
modulators at optical frequencies.22 Passive metasurfaces,
however, do not allow for postfabrication tunability. This
limits the beam steering function of such devices to a single,
design-specific angle.
Recently, considerable effort has been devoted to the design

of active metasurfaces that enable temporal modulation of the
scattered light amplitude and phase.23 Active control is
achieved by employing antenna structures thatin compar-
ison to passive metasurfacesconsist of an additional tunable
permittivity component that is integrated into the metasurface
unit cell (Figure 1a). When this active layer is actuated by an
external stimulus, such as an electrical bias,24−30 thermal
heating,31,32 or mechanical actuation,33−35 it locally and
dynamically alters the refractive index of individual unit cells.
This approach renders optical frequency metasurfaces to be
reconfigurable, with a wide range of phase and amplitude
values, in principle similar to RF phased arrays. However, it is
much more challenging to temporally modulate optical phase
and amplitude since the bandwidth of electronics is too low to
allow direct temporal modulation at signal frequencies
approaching the optical carrier frequency. Thus, metasurface
modulation mechanisms at optical frequencies generally rely
on intrinsic resonances that locally modulate the permittivity of
a resonant antenna structure. This introduces nonidealities in
the optical response. In contrast to passive structures, active
metasurfaces often exhibit a strongly covarying phase and
amplitude as a function of the applied bias. In addition, it is

challenging to design tunable-permittivity antennas with a full
phase modulation range of 360°.27,36 As a consequence, active
beam steering metasurfaces with forward-designed array phase
profiles result in decreased directivities, as nonidealities in the
scattered light characteristics result in coupling of significant
power into undesired sidelobes.30

Here, we introduce an array-level “inverse” design as a
solution to optimize antenna amplitude and phase across an
array. Previously, inverse design techniques have mostly been
applied to shape and topology optimization of individual
nanophotonic components, such as antennas in passive
metasurfaces.37−42 The shape and size of each nanoantenna
evolve over multiple iterations until a specified scattered light
response is obtained. Various methods have successfully been
demonstrated for this purpose, including the adjoint variable
method,38,43 genetic algorithms,41,44 and machine learn-
ing.43,45,46 An analogous approach that is most useful for the
optimization of active metasurfaces would begin with the
design of an array of geometrically identical nanoantennas that
exhibit optimal phase and amplitude tunability as a function of
an external control variable. Thus, the critical component-level
inverse design objective is not shape optimization of a passive
metasurface element, but shifts to the design of nanoantennas
with optimal functional characteristics, such as the range of
achievable amplitude, phase or polarization values in response
to its inputs. Finally, once an optimal active antenna design is
developed, the co-optimization of the scattering properties of
the entire array of antennas enables achieving a desired array
performance objective. Due to the additional layer of

Figure 1. (a) Schematic of beam steering active metasurface: application of voltage stimulus Vn on antenna n (yellow) alters the complex
dielectric permittivity of the active layer indicated in shades of violet. As a consequence, the scattered light amplitude and phase of element
n, An, and φn, respectively, are varied. The antennas are uniformly arranged at a period dx. We consider a reflectarray with incident light
normal to the surface. Beam steering is achieved by constructive interference of the scattered light at the desired steering angle θr. (b)
Schematic of a one-dimensional tunable metasurface. Antennas are connected in y-direction and allow independent control in x. (c)
Representative scattered light amplitude and phase response of an ideal active antenna array. A phase shift of 360° is achieved for applied
bias voltages ranging from Vmin to Vmax. A constant unit amplitude accompanying the smooth phase shift additionally enables high beam
steering performances. (d) Forward design of blazed grating for an ideal phased array consisting of 100 antennas arranged at a period of dx =
400 nm. The operating wavelength is λ = 1550 nm and the target steering angle is θr = 15°. (e) Normalized far-field intensity I/Imax vs polar
angle θ for forward design of ideal phased array. The corresponding directivity at θr = 15° is Dideal = 78.2.
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complexity, inverse design of active metasurfaces has remained
largely unexplored until recently.
Chung et al.47 recently demonstrated inverse design of an

active beam switching metasurface. Notably, the metasurface
based on a liquid crystal platform operated in only two states:
voltage on and off. As a consequence, topology optimization of
individual unit cells was required to facilitate beam switching
between different diffraction orders. In contrast, the array-level
inverse design approach outlined in this work exploits the
tunability of individual active nanoantennas that is made
possible by the application of an independent bias to each
metasurface antenna.30,48 This method results in an array of
active antennas each with continuously variable phase and
amplitude, yielding a vast number of operation states that allow
versatile metasurface function. As a consequence, scattered
light phase and amplitude can be optimized across a large array
without any change in the geometric configuration of
individual components. This concept gives rise to the
opportunity for array-level optimization of user-defined
metasurface functions, as outlined in this work. Moreover,
the proposed array-level inverse design constitutes a critical
element for hierarchical codesign of both the entire array and
the active antenna element in tunable metasurfaces. This
approach ultimately aims to simultaneously optimize the array
configuration via the external voltage control variable, the
nanoantenna shape, as well its complex dielectric function for a
desired metasurface response.
We utilize a genetic algorithm for an iterative optimization of

a figure of merit (FOM) that analytically describes the desired
metasurface function. Thus, optimized array phase and
amplitude profiles are obtained without the need of a finite-
difference time-domain (FDTD) solver. While it is possible to
use alternative optimization methods, our analysis illustrates
the power of array-level optimization for nanophotonics
design. We apply array-level optimization to a beam steering
active metasurface with nonideal antenna components
exhibiting a limited phase shift and considerable amplitude-
phase covariation.30 Iterative optimization generates highly
nonintuitive array phase and amplitude profiles that signifi-
cantly enhance the beam steering performance for a broad
range of steering angles, with optimization performed at
angular increments of 0.5°. Furthermore, in comparison to
forward designs, array-level inverse design enables increased
beam steering performance with a phase modulation range as
small as 180°. We validate the outlined design approach
experimentally by comparing beam steering performances that
are obtained using forward- and inverse-designed array profiles
in a metasurface exhibiting a phase shift of approximately 220°.
Finally, we have performed an analysis of the effect on beam
steering of array-level “noise” resulting from phase and
amplitude fluctuations from targeted values.

RESULTS AND DISCUSSION

Forward Design in Ideal Antenna Arrays. The electric
far-field Eff of an array of scatterers is calculated by pattern
multiplication of the electric far-field of a unit cell Eantenna with
the array factor.20,49 The array factor calculation is based on an
array of independent scatterers with negligible near-field
coupling. The far-field response is thus obtained by applying
the Fraunhofer approximation to the superposition of
individual electric field contributions from each scattering
element. The validity of the independent scatterer model in

metasurfaces with subwavelength spacing is verified in
Supporting Information Part 1.
In a one-dimensional configuration, the array factor is

computed by taking into account the phase φn, amplitude An,
as well as the period dx that defines the position of the nth
antenna element (Figure 1a). The scattered light phase and
amplitude are determined by the external stimulus applied to
each antenna, such as a bias voltage Vn.

∑θ θ φ

θ

= [

− ]

E E A V i V

ik n d

( ) ( ) ( ) exp( ( ))

exp( ( 1) sin( ))

n
n n n n

x

ff antenna

(1)

Here, θ is the polar angle, and k = 2π/λ is the wavenumber
associated with the operating wavelength λ. A 1D configuration
of a square antenna array is realized by connecting antennas
along one axis and enabling independent control of each
element in the perpendicular direction (Figure 1b). In a beam
steering reflectarray, the incident light is normal to the
metasurface, and the reflected beam is steered at a desired
angle θr.
We define an ideal antenna response as one that yields a

constant unit amplitude and a smoothly varying phase with a
360° phase modulation range (Figure 1c). The respective ideal
amplitude and phase properties are commonly reported in
conventional phased array systems6 as well as passive
metasurfaces.14 A complete phase modulation in combination
with constant amplitudes over the entire antenna array
facilitates intuitively understandable forward design of phase
gradient profiles for highly directive beam steering with
minimal power loss in sidelobes. The additional manifestation
of unit amplitude at each nanoantenna results in maximal
power efficiency. Figure 1d illustrates a blazed grating design
for an ideal reflectarray consisting of 100 antennas that are
uniformly arranged at a spacing of dx = 400 nm. The operating
wavelength is λ = 1550 nm. Discontinuities in the phase profile
arise due to the discreteness of the array owing to the finite
antenna size (see Supporting Information Part 2). For constant
amplitude, the phase gradient profile shown in Figure 1d
results in a directive beam steered at θr = 15° with minimal
power scattered in other directions (Figure 1e). The far-field
radiation pattern is calculated as I(θ) = |Eff(θ)|.

2 Individual
antennas are approximated as omnidirectional scattering
elements with Eantenna(θ) = 1. For the purpose of our study,
we quantify the beam steering performance by the directivity,
that is defined as the ratio between the intensity at the desired
angle θr to the power radiated in all directions normalized by
the solid angle. In contrast to efficiency, directivity remains
unaffected by scaling of the far-field radiation pattern by a
constant factor. We refer the reader to Supporting Information
Part 3 for a discussion on alternative performance metrics for
beam steering metasurfaces. For a one-dimensional reflectarray
radiating into a half-space, the directivity D(θr) is formalized
as20

∫
θ

π θ

θ θ
=

π

π

−

D
I

I
( )

( )

( ) d
r

r

/2

/2

(2)

For the structure analyzed here, eq 2 yields a directivity of
Dideal = 78.2. The sidelobe level SL is proportional to the ratio
of the second largest to largest peak intensity, Imax,2 and Imax,
respectively.
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For the ideal, forward-designed antenna array shown in Figure
1, the sidelobe level corresponds to SLideal = −13.3 dB.
Inverse Design of Nonideal Active Metasurfaces. In

contrast to ideal phased arrays, active metasurfaces typically
exhibit a nonideal optical response due to the device-specific
modulation mechanism. Here, we illustrate this behavior using
the example of an electro-optically tunable, plasmonic
metasurface.30 Figure 2a shows a square unit cell with a
characteristic period of dx = 400 nm. It consists of a rectangular
gold (Au) patch over a hafnium/aluminum oxide laminated
(HAOL) gate dielectric and an active indium tin oxide (ITO)
layer. This composite structure is deposited on top of an Al2O3

dielectric spacer and an Au back reflector. Au electrodes
intersecting the top metal patches in the y-direction enable the
formation of equipotential rows, analogous to Figure 1b. The
entire metasurface consists of 96 independently addressable
rows, referred to as metasurface antennas.

Active control is achieved by employing field-effect induced
changes in refractive index to manipulate the scattered light
properties.50,51 The Au-HAOL-ITO heterostructure acts like a
metal-oxide-semiconductor (MOS) capacitor. Application of
an electrical bias between the Au electrode and the ITO layer
introduces a carrier density modulation in the ITO. Thus, a
change in the complex dielectric permittivity of the ITO, εITO,
occurs in a thin layer at the interface to the gate dielectric.27

Upon alteration of the applied electric field, Re(εITO) switches
its sign from positive to negative, enabling operation in an
epsilon-near-zero (ENZ) regime. Due to the continuity of the
normal electric displacement component, the ENZ condition
imposes a strong field enhancement in the active layer.24

Spectral overlap of the ENZ transition with the magnetic
dipole resonance of the antenna ensures a strong modulation
of the scattered light response, allowing for effective device
operation at telecommunication wavelengths. We note here
that while Re(εITO) is required to go to zero to satisfy the ENZ
condition and ensure a large phase modulation, Im(εITO) takes
nonzero values, as shown in Supporting Information Part 4.
The losses emerging from absorption in the active layer due to

Figure 2. (a) Single unit cell of a plasmonic metasurface as demonstrated in ref 30. Constitutive layers from top to bottom: Au rectangular
patch (ta = 40 nm, wa = 130 nm, la = 230 nm) and electrode (we = 150 nm), hafnium oxide/aluminum oxide laminated dielectric spacer
(HAOL, th = 9.5 nm), active ITO layer (tITO = 5 nm), Al2O3 dielectric layer (talumina = 9.5 nm), and Au back reflector (tb = 80 nm). The
electrode connects Au patches in y-direction and allows independent control in x-direction by application of an external bias voltage V. The
metasurface consists of 96 tunable antennas in x which are periodically arranged at a spacing of dx = 400 nm. (b) Scattered light amplitude
(black) and acquired phase (blue) response as a function of the applied bias voltage at a wavelength of λ = 1510 nm. For clarity, the phase
axis it set to 0° at its minimal value. The optical properties are obtained through full-wave simulation (Lumerical FDTD) of a periodic array
of the unit cell with a given bias voltage across the entire array. (c) Stairstep phase (blue) and amplitude (black dotted) profile for steering at
θr = 18.3°. (d) Normalized far-field intensity I/Imax as a function of polar angle θ for forward design of nonideal active metasurface. The
directivity at θr = 18.3° is Dforward = 39.5. (e) Optimized phase profile (blue) with corresponding amplitude profile (black dotted) generated
by inverse design for steering at θr = 18.3°. (f) Normalized far-field intensity I/Imax vs polar angle θ for inverse design of active metasurface.
The optimized directivity at θr = 18.3° is Dinverse = 72.7.
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electron−electron collisions52 result in reduced scattered light
amplitudes.
Figure 2b shows the reflectance and acquired phase

properties of this active metasurface simulated at λ = 1510
nm. The operation wavelength is chosen so as to give rise to
large phase modulation with a modest change in amplitude.30

Nevertheless, the device exhibits a nonideal optical response
with (i) a nonunity amplitude, (ii) a limited phase modulation
range of 272°, and (iii) covariation of the scattered light
amplitude and phase properties with applied bias. These
nonidealities significantly limit the beam steering performance
of such a metasurface array designed using a forward approach,
in the following ways: First, reduced phase modulation
requires adjustment to ideal blazed grating designs. Stairstep
phase profiles approximate the spatial phase gradients as shown
in Figure 2c.30 A dynamic change of the repetition number
(i.e., number of adjacent antennas with the same phase value)
results in beam steering at a set of discrete angles. However,
reduced phase modulation introduces more sidelobes in the
far-field radiation pattern (see Supporting Information Part 5).
Moreover, the additional covariance of the scattered light
amplitude and phase rules out the design of pure phase
gratings. Since an intuition-based forward design does not
account for amplitude-phase covariation, substantial power is
coupled into undesired sidelobes, as shown in Figure 2d for
steering at an angle of θr = 18.3°. As a result of these
nonidealities, we observe a significant drop in directivity to
Dforward = 39.5. The corresponding sidelobe level is SLforward =
−6.8 dB. These limitations pose an inherent challenge on the
design of active metasurfaces and demand an alternative
approach to facilitate high performance beam steering
metasurfaces with nonideal antennas.
Here, we report an array-level inverse design algorithm that

computes the bias voltage configuration for an electrically
tunable metasurface to achieve optimized beam steering. Since
each metasurface antenna is gated individually, the algorithm
aims to optimize the covarying phase and amplitude value at
each antenna. We address this multiparameter, global
optimization problem using genetic algorithms (GA). In
contrast to local search methods, genetic algorithms are
based on stochastic optimizers that can escape local
optima.53,54 In addition, they are highly suitable for discrete
solution domains with discontinuous or nondifferentiable
objective functions.41 An inherently high-dimensional solution
space arises due to simultaneous optimization of 96 metasur-
face antennas. This challenge is overcome by implementing an
iterative genetic optimization that relies on a gradual increase
of the solution space. The algorithm initially runs an
optimization for a reduced number of consecutive antennas,
which are periodically repeated over the entire array. Once an
optimal solution is found, it is passed on to the next bigger
solution domain as an initial solution. The final iteration
simultaneously optimizes all variables (see Supporting
Information Part 6 for the numerical framework of the
iterative optimization). This approach enables the algorithm to
effectively find near-optimal solutions in high-dimensional
optimization spaces, while maintaining all degrees of freedom.
Due to the stochastic nature of genetic optimization, the
algorithm is implemented over multiple rounds to obtain the
optimal result in an extended data set. Further details regarding
the distribution and robustness of the optimized results, as well
as a comparison to the direct noniterative optimization of 96
antennas are provided in Supporting Information Part 7. We

would like to highlight that due to the high dimensionality of
the nonconvex solution space given in this problem, the search
for an absolute global optimum becomes infeasible. Thus, we
compare the optimized FOM to the corresponding perform-
ance measure of an ideal antenna array in order to assess its
proximity to a desired reference value.
The beam steering optimization consists of maximizing the

directivity at the desired steering angle θr. Thus, the objective
function is defined as

θ φ θ=V A V DFOM( , ( ), ( )) ( )n n n nr r (4)

The directivity accounts for the antenna-specific control
variables (in this case, bias voltage) to maximize the intensity
at θr, while minimizing power scattered in all other directions.
The latter also simultaneously minimizes the beam divergence,
which is quantified by the full width at half-maximum
(FWHM) of the steered beam. The inverse design algorithm
outputs a highly nonintuitive array phase profile, as shown in
Figure 2e for the same steering angle of θr = 18.3°. The
seemingly periodic nature of the spatial phase profile arises
from the phase gradient required to steer a beam at a specified
angle as well as the iterative design approach. Since the inverse
design optimizes the covarying phase and amplitude values at
each antenna, the algorithm aims to minimize the amplitude
modulation Amod over the entire antenna array.

=
| | − | |

| |
A

A A
Amod

max
2

min
2

min
2

(5)

Here, Amax and Amin correspond to the maximal and minimal
amplitudes, respectively. The amplitude modulation for the
forward-designed array profile (Figure 2c) corresponds to
Amod,forward = 19.7. In comparison, the amplitude modulation
using the inverse design approach (Figure 2e) is Amod,inverse =
11.8. As a result, by accounting for the antenna-specific
scattered light properties, the co-optimization of phase and
amplitude of each antenna results in significant sidelobe
suppression, as shown in Figure 2f. The optimized directivity
for steering at θr = 18.3° is Dinverse = 72.7, representing a
substantial increase of 84% compared to the previously
demonstrated forward design with Dforward = 39.5. Similarly,
the sidelobe level obtained through inverse design amounts to
SLinverse = −13.2 dB.
These findings highlight the ability of the optimized

radiation patterns to approach ideal beam steering. The
approach was further generalized to the case of continuous
beam steering at angular increments of 0.5°. Figure 3a shows a
comparison of the directivity values obtained with forward and
inverse design, respectively. In addition to the stairstep profiles
discussed in Figure 2, we demonstrate the performance for
linear phase profiles that are truncated symmetrically to remain
within the respective phase modulation range (see Supporting
Information Part 5). This method offers an alternative
approach to achieve continuous beam steering using forward
design. A cosine-like decrease in directivity is seen for
increased steering angles. To understand this phenomenon,
we remind ourselves that the two limiting factors defining the
beam directivity are the magnitude of the sidelobes relative to
the peak intensity at θr (i.e., the sidelobe level SL), as well as
the FWHM of the main lobe. Notably, the prior does not
change monotonically as the beam is scanned over the half
space and instead fluctuates around a constant value (inset of
Figure 3b). Thus, the decrease in directivity is attributed to the
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diminished effect of aperture size at oblique angles. That is, the
antenna array aperture appears to be reduced in size at larger
steering angles, leading to a broadening of the beam, as
illustrated in Figure 3b. Furthermore, since the reflectarray
configuration does not allow for radiation to go beyond 90°,
the main lobe is truncated for angles greater than 80°. Thus, an
increase in directivity and a simultaneous decrease in FWHM
is reported for the corresponding steering range. We provide
an analysis on the impact of aperture size on the beam
directivity in Part 8 of the Supporting Information. Figure 3a
highlights the ability of the optimized designs in a nonideal
antenna array to approach the performance of an ideal phased
array (dashed) at all steering angles. This contrasts with the
results of forward design using linear or stairstep phase profiles
which reduce performance since they do not account for the
nonideal optical response.
An evaluation of the absolute differences between the actual

and target steering angle shows that the target angle is achieved
with ≤0.2° absolute deviation for steering angles up to 70°. For
broadside angles, this value increases as steering in nonuniform
angular increments is observed due to the limited phase
modulation (see Supporting Information Part 9). Additional
constraints can be implemented in the algorithm to improve
the accuracy of the steered beam even at steering angles
beyond 70°. Nonetheless, due to a substantial reduction in the
FWHM at broadside angles (Figure 3b), optimized directivity
values are able to surpass the predicted performance for ideal
antenna arrays.
Impact of Phase and Amplitude Modulation. A

seemingly fundamental drawback of active metasurfaces is
access to a limited phase modulation range Δφ = φmax − φmin.
In addition, for the active metasurface discussed above, Figure
2b illustrates that the maximal phase shift of 272° is achieved
by a bias application of ±6 V. Since these levels approach
values that are marginal to the breakdown field in the active
ITO layer, it is desirable to operate at lower voltage and
therefore a lower phase modulation range to increase device
lifetime. Thus, for the purpose of this study, we limit the
applied bias range to ±4.5 V in the modeled active
metasurface.30 For further reduction in Δφ, the phase
modulation is truncated symmetrically around the ENZ
permittivity transition at 2.75 V. This simultaneously also
ensures minimal amplitude modulation Amod which is desirable
for enhanced performance.

Figure 4 illustrates the effect of reduced Δφ for this electro-
optically tunable metasurface on the performance of forward-
and inverse-designed arrays steering at θr = 18.3°. The
underlying design principle of forward-designed arrays with
stairstep phase profiles does not account for the covariation of
phase with amplitude. Thus, decreased phase modulation
ranges Δφ lead to significant power coupling into undesired
sidelobes, as illustrated in the right column of Figure 4 (gray).
In contrast, our results indicate that inverse design facilitates
highly directive beams even with a limited phase modulation
range of merely 210° where directivity is enhanced by up to
55% compared to the respective stairstep forward design
(Figure 4d). As the phase modulation range is further reduced,
a decrease in the optimized directivity is observed, with
increasing sidelobe amplitude at 0° and −θr (Figure 4f,h).
Nonetheless, the optimized directivity reported with Δφ =
150° (Figure 4h) is 41% higher than the corresponding
forward design and comparable to the directivity of the
stairstep phase profile introduced with Δφ = 270° in Figure 2d.
This result underscores the ability of the inverse design to
create high-performing arrays despite covarying phase and
amplitude. However, it does not allow for any decoupled
conclusions on the independent effects of phase and amplitude
modulation on the optimized performance. Hence, to analyze
the significance of limiting the phase modulation range, we
studied a series of hypothetical arrays with limited phase
modulation, where amplitude was held at a constant value A =
1. In addition, we artificially generated representative trial
values of the amplitude-voltage relation with modest amplitude
modulation where the phase modulation range was held at a
constant value of Δφ = 360°. For generality, the arrays
considered here consist of 100 antennas spaced at a period of
400 nm, with an operating wavelength of 1550 nm.
Figure 5a demonstrates the optimized directivities for active

metasurfaces with constant, unit amplitude and varying phase
modulation range Δφ. Phase is assumed to be a sigmoidal
function of the applied bias (see Supporting Information Part
10). As Δφ is reduced, directivity is maintained up to a
threshold phase modulation range Δφthreshold. With further
distortion in the information carried by each phase element,
destructive interference results in intensified sidelobes that
reduce directivity. We define Δφthreshold as the phase
modulation range required to obtain the threshold directivity
of 0.9 × Dideal(θr), where Dideal(θr) corresponds to the

Figure 3. (a) Optimized directivity (green) for beam steering angles θr ranging from 0° to 90° at angular increments of 0.5°. The results are
obtained for the active metasurface as introduced in Figure 2. The optimized performance approaches ideal beam directivity (dashed violet)
at all steering angles. The directivity of forward designs consisting of linear, truncated (gray), or stairstep (red crossed) phase profiles are
shown as comparison. (b) Beam divergence (FWHM) as a function of steering angle θr for the active metasurface with an aperture of 38.4
μm. Inset: Sidelobe level (SL) as a function of steering angle θr. All values are computed with the assumption of omnidirectional antennas
(Eantenna = 1).
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directivity of an ideal, forward-designed antenna array. Figure
5b compares Δφthreshold for forward-designed antenna arrays
with linear truncated phase profiles to those of the
corresponding inverse designs. Our results indicate that inverse
design lowers the required phase modulation range to obtain
threshold performance by a considerable amount. By
introducing disorder into the phase profile, the inverse design
succeeds in suppressing power coupled into undesired
directions. Thus, the inverse design approach outperforms
intuitively motivated forward design for reduced phase
modulation range. The difference in Δφthreshold becomes
particularly noticeable at large steering angles due to an
additional reduction of the FWHM, as discussed in Figure 3b.
In contrast, we consider antenna arrays exhibiting a phase

modulation range of 360° but nonideal amplitude character-
istics, as shown in Figure 5c. The three different amplitude
profiles represent distinct cases: constant amplitudes, linear
functions, and Lorentzian line shapes. To obtain comparable
results, the amplitude modulation of the two latter cases is
chosen to be Amod = 20.0. Figure 5d shows a comparison of the

directivity values obtained with forward and inverse designs for
steering at θr = 15°. For constant amplitude, the directivity of
both the forward- and inverse-designed arrays is ideal. Minor
variations in the optimized directivity are attributed to the
stochastic nature of the algorithm. In comparison, linearly
varying amplitude leads to lower directivity. However, due to
the assumed sigmoidal variation of phase, amplitudes vary
minimally over a large segment of the phase modulation range.
As a result, near-ideal performance can be attained with both
forward and inverse design. In the case of the Lorentzian
amplitude profile, however, the largest change in phase occurs
precisely in the low amplitude regime. This introduces a
considerable difference in the performance of forward and
inverse designs. The forward-designed phase gradient profile
relies on a constant phase shift between adjacent antennas. As
a consequence, forward designs are highly sensitive to the
antenna-specific amplitude profile and the directivity is
reduced to DLorentz,forward = 0.85 × Dconst,forward. By contrast,
the inverse-designed array is able to maintain considerably
higher directivity with DLorentz,inverse = 0.94 × Dconst,forward. An

Figure 4. Optimized phase and amplitude designs for steering at θr = 18.3° with reduced phase modulation ranges Δφ of (a) 240°, (c) 210°,
(e) 180°, and (g) 150° for the active metasurface shown in Figure 2. Bias voltages are limited to ±4.5 V to stay away from the breakdown
voltage of ITO. In addition, the phase modulation is truncated symmetrically around the ENZ transition which occurs at a bias voltage of
2.75 V. Panels (b), (d), (f), and (h) illustrate the normalized far-field intensity I/Imax as a function of the polar angle θ for the inverse-
designed array phase and amplitude profiles as well as the forward-designed stairstep phase profile (gray). The optimized directivity with
reduced Δφ is labeled in the upper right corner of the figure.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c05026
ACS Nano XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acsnano.0c05026?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05026?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05026?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05026?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05026?ref=pdf


analysis of the optimized amplitude profile indicates that even
though there is no significant difference in Amod, inverse design
adjusts the distribution of the phases across 360° such that
there are considerably fewer antennas exhibiting low
amplitude. As a result, sidelobes can be suppressed, increasing
directivity (see Supporting Information Part 11 for an
illustration of the optimized results). This study illustrates
that array-scale inverse design is most beneficial for highly
nonideal active metasurfaces that exhibit low amplitude under
conditions of large phase shift. It is to be noted that such cases
are typically reported in tunable structures that rely on intrinsic
resonances. The results generated using array-level inverse
design approach the ideal performance obtained for constant
amplitude and a given phase modulation.
Experimental Validation of Array-Level Inverse

Design. Here, we experimentally validate the array-level
inverse design approach for an active beam steering metasur-
face. The previously introduced metasurface element (Figure
2a) is redesigned to ensure an operating wavelength of the
fabricated metasurface around 1550 nm (Supporting Informa-
tion Part 12). The resulting layer thicknesses are tb = 80 nm,
talumina = 9.5 nm, tITO = 5 nm, th = 9.5 nm, and ta = 40 nm. The
antenna and electrode dimensions are defined as la = 210 nm,
wa = 160 nm, and we = 130 nm, respectively, and the period is
dx = 400 nm. Additionally, we added a 60 nm thick silica
(SiO2) capping layer to increase device durability (Figure 6a).
A scanning electron microscopy (SEM) image of the
metasurface is shown in Figure 6b. We would like to note
that the period of the metasurface postfabrication was
measured to be dx = 430 nm.
Once the metasurface was fabricated, we measured the

spectra of the reflected light intensity (i.e., reflectance) and

phase in order to characterize the tunable optical response of
the metasurface under different applied biases. To do so, we
measured the amplitude and phase of the reflected light using a
tunable NIR laser in the wavelength range of 1420 nm −1575
nm. The phase shift of the reflected light was determined using
a Michelson interferometer in which interference fringe
patterns were generated by the superposition of the beam
reflected from the metasurface and the incident reference
beam. The acquired phase shift was then extracted by fitting
the interference fringe patterns to sinusoidal functions. The
experimental setup and the procedure for phase and reflectance
measurements is described in Supporting Information Part 13.
The voltage-tunable optical response of the metasurface was
then characterized by measuring the amplitude and phase of
the reflection from the nanoantenna array while changing a
bias voltage that was collectively applied to all antennas,
resulting in a uniform change in phase across the metasurface.
Figure 6c shows the experimentally measured reflectance as
well as a total acquired phase shift of 223° for the light
reflected from the fabricated metasurface. The operating
wavelength was chosen to be λ = 1548 nm such that the
phase shift provided by the metasurface could be maximized.
Notably, considerably larger amplitudes than those reported in
the full-wave simulation are obtained. This phenomenon has
been observed previously27,30 and is attributed to a misalign-
ment in the incident polarization. As the misaligned
component of the incident light does not interact with the
antenna, this effect leads to increased reflected intensity normal
to the metasurface. Furthermore, since the misaligned
component does not contribute to the accumulated phase
shift, we assume reduced reflectance to approximate the actual
amplitude contributing to the beam steering performance.

Figure 5. Analysis of a series of hypothetical structures consisting of a 1D array of 100 antennas uniformly spaced at 400 nm. The operating
wavelength is λ = 1550 nm. (a) Optimized directivity D vs phase modulation range Δφ for a metasurface with constant amplitude A = 1.
Optimized results are shown for steering at θr = 15° (blue), 30° (orange), 45° (yellow), 60° (violet), 75° (green). (b) Required phase
modulation Δφthreshold for threshold directivity of 0.9 × Dideal(θr) vs steering angle θr. Required phase modulation range is shown for forward
(blue) and inverse designs (yellow). (c) Trial amplitude A as a function of the bias voltage V for three distinct cases: constant (orange),
linear (blue), Lorentzian (gray). Vmin and Vmax are the minimal and maximal applied voltages, respectively. (d) Directivity D of forward-
designed, linear phase profiles and inverse-designed arrays using amplitude relations shown in (c). The phase modulation corresponds to
Δφ = 360° and the steering angle is θr = 15°.
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Thus, a constant offset of Δr = 6.6% is subtracted from the
measured reflected light intensity (dashed black line in Figure
6c), leading to a minimum reflectance of 1%. The offset was
accounted for in the array factor calculation by increasing the
intensity at θ = 0° by Δr. This approach was verified for
previously measured far-field radiation patterns obtained using
forward design,30 as discussed in Supporting Information Part
14. Finally, an array-level optimization was performed using
the measured phase shift and the actual approximated
amplitude. Due to the difference between the work functions
of Au and ITO, the ITO layer is slightly depleted at zero
applied bias.24 Thus, to avoid breakdown of the gate dielectric
during beam steering measurements, we omit bias voltage
applications below −3.6 V. Hence, a bias voltage range of [-3.6
V, + 4.8 V] was used for the optimization, as indicated by the
gray box in Figure 6c. As a result, a phase shift of Δφ = 221°
was obtained. The optimized array phase and amplitude
profiles are shown in Supporting Information Part 15. We note
here that we confirmed through full-wave simulations of the
forward- and inverse-designed array profiles that the fabricated
reflectarray metasurface could be treated using the independ-
ent scatterer approximation (see Supporting Information Part
16), vindicating our approach to an array-level inverse design.
Figure 6d illustrates the analytically obtained beam steering

performances using forward-designed four-level stairstep phase
profiles with repetition numbers (RN) varying from RN = 3 to
6, as shown in Figure S18a. The far-field radiation patterns for

forward design are illustrated in gray. The corresponding beam
steering radiation patterns obtained using array-level inverse
design are overlaid in color in the respective figures. As can be
seen, even though sidelobes are not entirely removed due to a
reduced phase modulation along with operation at low
amplitudes, a considerable sidelobe suppression that increases
beam directivity is achieved (Table 1). We note that while the

optimization was performed for the entire half-space (i.e.,
additional sidelobes at larger polar angles were suppressed to
increase directivity), we only visualize and evaluate the
directivity for the experimentally detectable range from −23°
to +23°.
As a comparison, the experimental measurements for the

beam steering active metasurface using forward- and inverse-

Figure 6. (a) Side-view schematic of the experimentally fabricated metasurface with a SiO2 top-coat layer. The thickness of the coating layer
is tc = 60 nm. (b) Scanning electron microscopy (SEM) image of the fabricated nanoantennas with a scalebar of 1 μm. (c) Measured phase
shift (blue) and reflectance (black) as a function of the applied bias voltage. The dashed black line indicates the approximated reflectance
contributing to the beam steering performance. Phase/amplitude values within the gray box were not used for optimization. (d) Analytically
calculated and (e) experimentally measured far-field radiation patterns obtained using forward- (gray) and inverse-designed array profiles
(colored). Forward designs are obtained using a four-level stairstep phase profile with repetition number (RN) varying from RN = 3 to 6
(left to right). All figures are plotted for the experimentally detectable angular range from −23° to +23°.

Table 1. Analytically Computed vs Experimentally Measured
Directivity D for θ = [−23°, +23°]

directivity D
analytical,
forward

analytical,
inverse

experimental,
forward

experimental,
inverse

θr = 17.4°
(RN = 3)

16.1 19.8 (+23%) 8.7 9.7 (+11%)

θr = 12.9°
(RN = 4)

16.2 19.6 (+21%) 10.2 9.8 (−5%)

θr = 10.3°
(RN = 5)

13.9 18.3 (+32%) 8.4 9.6 (+15%)

θr = 8.5°
(RN = 6)

13.8 19.7 (+43%) 9.6 12.0 (+25%)
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designed array profiles are illustrated in Figure 6e. Increased
sidelobes as well as increased relative intensities compared to
the analytically computed case, in particular for the specularly
reflected light, are reported in both forward and inverse design.
Notably, in the experiments conducted for stairstep phase
gradient profiles with repetition numbers varying from 3 to 6
(i.e., RN = 3, ..., 6), inverse design has resulted in an overall
reduction in reflected optical power that is spuriously radiated
outside the main steered beam, including specularly reflected
power. The discrepancies in the amount of power radiated into
undesired sidelobes between the analytical computations and
experimental measurements are caused by the interplay of
several effects, including antenna reflectances that are different
from the assumed values, as well as a reduction in the available
phase modulation range. Reduction in the achievable phase
modulation range is caused by extrinsic damage from
application of large bias voltages which results in a change in
the leakage current as well as the breakdown field of the gate
dielectric (Supporting Information Part 17). Since the
fabricated metasurface operates around phase modulation
values that are near the previously reported values of Δφthreshold
(Figure 5b), further reduction in the phase modulation range
can result in deviations of the beam steering performance from
that analytically predicted using both forward- and inverse-
designed array profiles. Furthermore, it should be noted that
small variations in nanoantenna size can be introduced during
metasurface fabrication. As a result, one can expect
inconsistencies in amplitude and phase for individual scattering
elements compared to the collectively measured optical
response. Since the current experimental capability does not
allow for an amplitude and phase measurement on a single-
antenna basis, the notion of a phase/amplitude error becomes
a crucial topic of discussion that is further investigated in the
subsequent section. Notwithstanding the mentioned chal-
lenges, we were able to demonstrate experimentally that
nonintuitive, inverse-designed array profiles can reduce
spurious power coupled into sidelobes resulting from a
nonoptimal metasurface phase and amplitude response, and
this enhances the beam steering performance. For the
measurements shown in Figure 6e, a maximal increase in
directivity of 25% was obtained in comparison to the respective
forward design for θr = 8.5° (Table 1). In addition, inverse
design decreased specular reflection by an average of 33%. We
note that a broadening of the main lobe due to experimental
angular resolution errors resulted in lower beam directivity for

θr = 12.9° (RN = 4). Nonetheless, the peak sidelobe intensity
was reduced by 43% in this case.

Beam Steering Arrays with Phase Disorder. The
experimental realization of optimized, nonintuitive array
designs is challenged by various sources of nonideality, error,
and noise, such as discrepancies in actual phase and amplitude
as a result of inconsistent nanoantenna sizes postfabrication,
errors in bias application or interantenna coupling. The validity
of the independent scatterer model was verified via full wave
electromagnetic simulation for both forward and inverse
designs in the case of the experimentally studied transparent
conducting oxide reflectarray metasurface (Supporting In-
formation Part 16). However, this fundamental assumption
becomes nontrivial for alternative metasurface platforms
exhibiting leaky resonant modes. As a consequence, the
resulting deviation from the optimized phase and amplitude
profiles are expected to cause additional scattering in undesired
directions that lowers the directivity. Here, we perform a
sensitivity analysis of the optimized designs to error and noise.
To do this, we systematically introduce random phase noise
and identify threshold values beyond which a strong decrease
in directivity is observed. We characterize f as the fraction of
antennas in the array differing from their original phase value
φoriginal. The phase disorder range δ further quantifies the
maximal amount of phase error at each deviating element
(Figure 7a). The disordered phase values φdisorder are calculated
as

φ φ δ δ= + − +
Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

rand
2

,
2disorder original (6)

Here, rand [x, y] computes a uniformly distributed random
value between x and y. Capping of φdisorder at the minimal and
maximal phase values ensures that upon adding phase noise,
the antenna phase stays within the available phase modulation
range. To account for the covarying amplitude and phase,
φdisorder is additionally mapped to the corresponding amplitude,
which is obtained from the antenna-specific optical response.
Figure 7b illustrates the error tolerance of an inverse-

designed array phase profile for our example electro-optically
tunable active metasurface steering at θr = 18.3° (Figure 2e).
The optimized array design is insensitive to small phase errors
corresponding to small f and/or small δ. In the limiting case of
f = 100%, phase error is introduced into every antenna in the
entire array. This case is characteristic of interantenna coupling
that would lead to a distortion of the phase at each antenna

Figure 7. (a) Schematic for phase noise introduction in spatial phase profile. The phase disorder range δ is defined such that it allows
distortion of each antenna phase by a uniformly distributed random phase value between 0° and ± δ/2. The schematic illustrates a phase
disorder range of δ = 100°. The gray dashed line represents the disordered phase value. (b) Phase disorder range δ vs fraction of antennas f
that are changed from their original value for the optimized array design illustrated in Figure 2e (θr = 18.3°). In the limiting case of f = 100%,
the inverse-designed array can tolerate up to ±30° phase error (δ = 60°) before going below 0.9 × Dinverse (red dashed line). The data set is
averaged over 100 implementations.
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due to its nearest neighbors. Our analysis shows that optimized
designs can tolerate up to ±30° phase error (δ = 60°) before
reaching the directivity threshold of 0.9 × Dinverse. In
comparison, forward design of nonideal active metasurfaces
supports an increased threshold value of phase noise beyond δ
= 100° (see Supporting Information Part 18 for the error
tolerance of forward designs in nonideal devices). The reduced
error tolerance for inverse design is understandable, consider-
ing that our nonintuitive inverse-designed arrays typically
exhibit more disordered phase profiles, even prior to any
introduction of noise. As a result, they tolerate smaller errors
before reaching substantial loss of information. Nonetheless,
the findings reported in this analysis imply a considerable
tolerance of phase noise for inverse-designed arrays.

CONCLUSION
In conclusion, we have developed a useful array-scale inverse
design approach for active metasurface antenna arrays. Inverse
design allows the array phase and amplitude profiles to be
prescribed by change in the operating parameters of identical
active antennas, rather than by geometrical shape optimization
of individual antennas. We found that iterative optimization
gives rise to nonintuitive array designs that enable high-
directivity beam steering with nonideal antenna components.
Specifically, for the electro-optically tunable metasurface
analyzed in this work, directivities were enhanced by up to
84% compared to previously demonstrated forward designs.
Sidelobe suppression approached ideal values. Near-ideal
performance was demonstrated for continuous beam steering
by optimization at angular increments of 0.5°. Inverse design
reduced the required phase modulation range for high beam
directivity. High-directivity beam steering was further reported
for a phase modulation range as small as 180°. Furthermore,
enhanced beam directivities using nonintuitive, inverse-
designed array profiles were reported for an experimentally
fabricated metasurface exhibiting a phase modulation of
approximately 220°. Finally, a sensitivity analysis to antenna
phase noise indicated that optimized designs could tolerate
approximately ±30° phase error at each antenna without
significant performance losses.
While the current work illustrates the power of an array-level

inverse design on the beam steering performance in active
metasurfaces, the same optimization framework can also be
applied to a variety of alternative objective functions and active
metasurface platforms. Similarly, a system-level optimization
can also be performed for passive metasurfaces that rely on
nonideal antenna components.55

The results presented in this work constitute a compelling
design approach for high performance in nonideal active
metasurfaces. As an outlook, we expect that by combining
array-level inverse design with optimization of individual
antenna performance as well as optimization protocols applied
to materials selection,56,57 a modern era for codesign of
materials, device and system is arriving for nanophotonics.
Ultimately, such an approach will enable the realization of
highly efficient multifunctional metasurfaces capable of many
functions beyond beam steering that allow complete space-
time control of the scattered light wavefront.

METHODS
Full-Wave Simulation of Reconfigurable Metasurface. The

full-wave electromagnetic simulation for the electro-optically tunable
metasurface was performed using finite difference time domain optical

simulations (FDTD Lumerical). Here, a mesh size of 0.1 nm was used
in the ITO layer. Moreover, we used 0.025 nm thick mesh sizes in the
active regions of ITO (∼2 nm thick) in order to carefully resolve the
inhomogeneous permittivity profiles and capture the accurate optical
response of the unit cell. The spatial distribution of the charge carriers
in the ITO layer was calculated using finite element method (Device
Lumerical). The scattered light amplitude and phase properties are
extracted at the operating wavelength by simulating a periodic
nanoantenna array biased at the desired voltage.

Genetic Optimization. The iterative genetic algorithm was
implemented using the global optimization toolbox on MATLAB
R2018b. A matrix containing the antenna-specific tunable phase-
amplitude relation is provided as an input to the algorithm. Then a
discrete integer optimization over the matrix rows (that define the
scattered light response for various applied voltages) is performed
with variable lower and upper bound defining the first and last row of
the matrix, respectively. The default creation, crossover, and mutation
functions of discrete genetic optimization enforce each variable to be
an integer, as discussed in ref 58. To accommodate for the large
number of parameters that are to be optimized, the population size is
increased to 200. The optimized results are obtained with a crossover
fraction of 0.95 and an elite count of 20. Each iteration stops when the
average change in the best function value over 250 generations is less
than 10−6. The evolution of the iterative genetic optimization toward
an optimal solution is illustrated in the supporting movie. Further
details on the numerical framework can be found in Supporting
Information Part 6.

Beam Steering Metasurface Device Fabrication. First, we
clean silicon (Si) substrates with a 1 μm thick silica (SiO2) layer on
top using standard cleaning processes. Then the outermost parts of
the connection pads are patterned using photolithography. After
developing the exposed photoresist, we deposit a 20 nm thick
titanium (Ti) layer followed by a 200 nm thick gold (Au) layer via e-
beam evaporation. The excess resist and the Ti/Au film are removed
through a lift-off process in acetone. Then, the Au back reflector is
patterned using electron-beam lithography (EBL) [VISTEC EBPG
5000+] at an acceleration voltage of 100 keV after spinning an e-beam
resist layer. The exposed e-beam resist layer is then developed and 3
nm of chromium (Cr) followed by an 80 nm-thick Au layer are
deposited using an e-beam evaporator. In a next step, a 9.5 nm-thick
alumina (Al2O3) layer is deposited on the samples through shadow
mask via atomic layer deposition (ALD). Then, we pattern the ITO
layer via EBL. Once the exposed resist is developed, we sputter a 5 nm
thick ITO layer via room-temperature RF magnetron sputtering. The
deposition pressure is 3 mTorr and the applied RF power is 48W. The
plasma is struck by using argon (Ar) gas with a flow rate of 20 sccm,
and argon/oxygen gas (Ar/O2:90/10) with a tunable flow rate is used
to control the carrier concentration of the deposited layer.27 After
lifting off the excess e-beam resist and films, the contact pads of the
ITO layer are patterned via EBL followed by deposition of a Ti/Au
film (20 nm/200 nm) using an e-beam evaporator. We then deposit
the hafnium/aluminum oxide laminate (HAOL) gate dielectric layer
through shadow masks by ALD.27 In the next step, the nanoantennas
as well as the inner contact lines are patterned on the sample using
EBL. After developing the exposed e-beam resist, a 2 nm-thick
germanium (Ge) layer followed by a 40 nm thick Au layer is
deposited on the sample using an e-beam evaporator. Once the lift-off
process is done, a 60 nm thick SiO2 layer is deposited as the top coat
through shadow mask via e-beam evaporation. Finally, 96 metasurface
element pads and 4 ITO pads are wire-bonded from the sample to
100 conducting pads on a sample mounting printed circuit board
(PCB) which itself is controlled by using a voltage-driving PCB.30
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