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Abstract: Optical metasurfaces, planar subwavelength
nanoantenna arrays with the singular ability to sculpt wave-
front in almost arbitrary manners, are poised to become a
powerful tool enabling compact and high-performance optics
with novel functionalities. A particularly intriguing research
direction within this field is active metasurfaces, whose
optical response can be dynamically tuned postfabrication,
thus allowing a plurality of applications unattainable with
traditional bulk optics. Designing reconfigurable optics based
on active metasurfaces is, however, presented with a unique
challenge, since the optical quality of the devices must be
optimized at multiple optical states. In this article, we provide
a critical review on the active meta-optics design principles
and algorithms that are applied across structural hierarchies
ranging from single meta-atoms to full meta-optical devices.
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The discussed approaches are illustrated by specific examples
of reconfigurable metasurfaces based on optical phase-
change materials.
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1 Introduction

Reconfigurable optical systems allow dynamic optical
response tuning and thus bring in dramatically expanded
functionalities compared to their passive counterparts. The
capability is conventionally realized by mechanical means,
for example, in zoom lenses and deformable mirrors.
However, the additional degrees of freedom (DOFs) usually
impose significantly increased system complexity and size,
as well as sensitivity to mechanical actuation accuracy.
Optical metasurfaces consist of nanostructured meta-
atoms arranged in subwavelength arrays that allow on-
demand manipulation of the phase, amplitude, and po-
larization of light [1-8]. The promise of metasurface optics
lies in the arbitrary control of electromagnetic waves with
an optically thin form factor that cannot be obtained by
traditional bulk optics. Passive metasurfaces have suc-
cessfully demonstrated important spherical, chromatic,
and angle-dependent aberration correction capabilities [9—
18]. Integrated with active components, the flat, pixelated
metasurface architecture further facilitates the local and
global tuning of their optical responses. These tunable
devices are customarily known as active metasurfaces.
Active metasurfaces have received concentrated
attention recently, emerging as a promising area on the
path toward practical implementations. While several re-
view articles have covered the development of this field
[19-26], we choose to approach this topic from a distinctive
perspective by focusing on the design principles of active
metasurfaces at optical frequencies (i.e., ultraviolet [UV] to
infrared [IR]). We outline practical challenges and address
how the design strategies are correlated to and can be
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harnessed to improve the performance of such meta-
optical devices. We quantitatively show that challenges for
designing reconfigurable metasurfaces are exacerbated as
compared to their passive counterparts since multiple ob-
jectives are typically required to realize a plurality of
functionalities. Meanwhile, the active meta-optical device
architecture demands a multiscale, multiphysics system-
atic design framework spanning from individual meta-
atoms to macroscopic meta-optical systems.

In this paper, we first provide a critical review of the
basic switching mechanisms to realize active metasurfaces
and device implementations. This is followed by a com-
parison of key performance metrics, which are further
specified based on various application requirements. As
design complexity increases with performance goals,
traditional meta-optic synthetization methods are con-
fronted with accuracy, computation efficiency, and scaling
challenges. To address such issues, we further discuss
advanced design and optimization approaches suitable for
multifunctional active metasurface optics. We then elab-
orate on the design principles and procedures for con-
structing active metasurfaces exemplified by the ones
based on optical phase-change materials (O-PCMs). The
same methods can be generically applied to other active
metasurface platforms. In contrast to passive devices, the
multiscale, multiphysics, and multi-objective nature of
active metasurfaces requires awholistic yet efficient design
process bridging all critical phases across materials char-
acterization, device fabrication, and system operation.

2 Active switching mechanisms: an
overview

The tuning mechanisms in active metasurfaces at optical
frequencies can, in general, be classified into two cate-
gories: lattice deformation, where spacing between meta-
atoms is changed while their individual responses remain
unmodified; and meta-atom tuning, where the optical
properties of meta-atoms are modulated. In the latter
approach, a number of mechanisms have been applied for
direct modulation of meta-atom properties, including free
carrier injection; thermo-optic [27], electro-optic, or
magneto-optical [28—33] effects; O-PCMs; electrochemical
processes; or optical nonlinearity.

2.1 Mechanical deformation or motion

Lattice deformation is most conveniently implemented by
embedding meta-atoms inside an elastomer matrix. The
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soft substrate can then withstand large strains, allowing
continuous change of meta-atom spacing. Simultaneously,
the meta-atoms experience negligible deformation or
modification, as they are usually made of high-index
semiconductors or dielectric materials with elastic moduli
several orders of magnitude larger than the elastomer
matrix. Many reconfigurable metasurface devices have
been created based on this approach, including metalenses
with variable focal lengths [34—36], switchable hologram
[37], metasurfaces for dynamic coloration [38—40], and
tunable resonant filters [41—43]. In addition to facilitating
mechanical tuning of optical responses, such stretchable
metasurfaces further foresee conformal integration on
curvilinear surfaces of traditional refractive or reflective
optical elements [9, 44, 45] or coupling with other flexible
photonic components to achieve added functionalities
[46-51]. Mechanical actuation of metasurface structures
can also be driven by stimuli-responsive materials as an
alternative to direct strain exertion [52, 53].

Besides lattice deformation, mechanical tuning of a
meta-optical device can be implemented by relative motion
of constituent metasurfaces with respect to each other or
other optical elements. In this case, the individual meta-
surfaces can still be passive. For example, the focal length
of a microelectromechanical system (MEMS)-tunable met-
alens can be varied by adjusting the spacing between two
metasurfaces [54]. Other examples include tilting of
MEMS-integrated metalens for beam steering [55] and
relative displacement between metasurface plates for var-
ifocal zoom imaging [56, 57].

2.2 Free carrier density modulation

Free carrier accumulation or depletion in conventional
semiconductors and transparent conducting oxides (TCOs)
induces complex refractive-index change via plasma
dispersion effect [58—61]. Free carrier concentration in
these materials can be controlled by leveraging all-optical
techniques [62, 63]. However, it is more convenient to use
the field effect in metal-oxide-semiconductor (MOS)
capacitor structures [64—69] or semiconductor hetero-
junctions [70]. The free carrier—induced changes in the real
and imaginary parts of the refractive index are useful for
modulating the phase [65—-68] and amplitude [69, 71, 72] of
light. In addition to plasma dispersion effect, free carrier
injection alters band filling in doped materials, leading to
the Moss-Burstein effect [73] or Pauli blocking that shifts
the optical absorption edge. The band filling effect is
particularly pronounced in low-dimensional materials
such as graphene as well as other 2-D compounds, which,
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given their low carrier density, can be readily tuned via
electrostatic gating [74—80]. This mechanism has been
widely employed to demonstrate tunable plasmonic de-
vices in the infrared spectral domain [81—86].

2.3 Thermo-optic tuning in semiconductors

Optical properties of semiconductors can also be
controlled with temperature. At room temperature, the
thermo-optic effect in conventional semiconductors is
usually dominated by bound electron-phonon interactions
[87] with small thermo-optic coefficients typically of the
order of 10™ K™. At elevated temperatures and/or high free
carrier concentrations, thermal excitation of the carriers
causes plasma frequency blue shift and, subsequently,
leads to a drastic change in the thermo-optic coefficient
[88]. For instance, an exceptionally large free carrier—
induced index change (An up to 1.5) has been shown in
InSb in the long-wave IR with a 435-K temperature swing
[89]. Lead chalcogenides are another class of compounds
with significant thermo-optic coefficients, although, unlike
InSb, their thermo-optic response mainly originates from
anomalous temperature-dependent bandgap dispersion
rather than the free carrier effect [90]. As device imple-
mentation examples, switchable metasurface reflectors
and beam deflectors have been realized capitalizing on
thermo-optic effects in Si [91, 92].

2.4 Electro-refractive switching

While free carrier—based switching methods are versatile
and amenable to on-chip integration, the simultaneous
occurrence of refractive index and absorption changes
imposes parasitic loss penalties, which compromises op-
tical efficiency of devices and further introduces undesir-
able wavefront distortion. Pure index-only modulation
can be accomplished through electro-refractive mecha-
nisms. This mechanism of metasurface tuning often relies
on electro-optic materials exemplified by electro-optic
polymers [93, 94], liquid crystals [95-98], and multi-
quantum wells [99]. In liquid crystals, the birefringent
molecules can be reoriented along the electric field di-
rection, thereby creating a large refractive-index change
possibly exceeding 0.3 [100]. By immersing metasurface
structures in a liquid crystal cell, electrical tuning of res-
onances in plasmonic [101-104] and dielectric [105, 106]
resonator arrays has been demonstrated. Electrically
tunable liquid crystal metasurfaces engineered using an
inverse-design approach have demonstrated high-
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efficiency and wide-angle steering performances [107].
Besides electrical tuning, it is also possible to thermally
switch liquid crystals. By heating them up to above the
phase-transition point, liquid crystals convert from the
aligned nematic phase into an isotropic phase with
disordered molecular orientations. Optical responses of
metasurfaces in contact with liquid crystals can be
modulated by harnessing the moderate change in refrac-
tive index [108-113] (typically of the order of 0.1) or change
in chirality [114]. Amajor challenge of liquid crystal—based
tuning is to separate modulation of phase and amplitude
responses. This problem has been addressed by using
transmissive phase-only nanoantennas immersed in a
liquid crystal layer [113]. Magnetic field—assisted align-
ment [115] and photoisomerization [116, 117] are among the
other viable switching mechanisms for liquid crystals.
Overall, the relatively small refractive-index change
innate to electro-optic media limits the phase coverage of
tunable meta-atoms based on electro-refractive switching.

2.5 Optical phase-change media

Unlike electro-refractive effects which generate relatively
small refractive index perturbations, optical phase-
transition and phase-change materials boast gigantic
refractive index contrast (with An usually well-exceeding
unity) upon undergoing a solid-state phase transition. This
unique behavior is identified in a handful of correlated
oxides exemplified by vanadium dioxide (VO,) [118-120]
and chalcogenide compounds, such as Ge—Sh—Te (GST) or
Ag—-In—-Sh—Te (AIST) alloys which switch between amor-
phous and crystalline phases [121-124]. The structural or-
igins of the optical contrast in correlated oxides and
chalcogenides are, however, fundamentally different. The
oxides exhibit a Mott-type metal-insulator transition (MIT)
where the optical property change is intimately linked to
electron doping [125], whereas in the chalcogenide phase-
change alloys, the refractive index contrast has been
attributed to a nonvolatile change in the chemical bonding
type [126—128]. The two classes of materials also rely upon
distinctive switching methods. In VO,, the MIT is largely
volatile. It is, however, possible to control the nucleation
kinetics during MIT to engineer the hysteresis loop in VO,
(e.g., via doping [129-131]), thereby introducing nonvola-
tile responses over a finite temperature window [132—136].
The MIT in VO, is most commonly induced by heating,
although the transition can also be triggered via other
stimuli such as electric field [137], terahertz pulses [138], or
optical pumping [139, 140]. In contrast to VO,, the phase
transformation of chalcogenide O-PCMs is predominantly
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nonvolatile [141], and thus, the devices are “quasi-pas-
sive”, requiring power supply only during the active
switching process. The transition between the amorphous
and crystalline phases in chalcogenides can be actuated
via laser pulses [142-146] or electrothermal heating with
integrated microheaters [147-150].

The phase-transition and phase-change materials have
enabled a wide variety of metasurface devices [151]. VO, has
been applied to the frequency control of plasmonic antenna
arrays [152—155], free-space phase [156, 157], amplitude [158—
162] and polarization [163] modulators, plasmonic color
generation [164, 165], adaptive thermal camouflage [166],
tunable absorbers and emitters [167-171], and free-form
metadevices [134]. Compared to VO,, chalcogenide O-PCMs
exemplified by GST offer even larger optical contrast in the
near-IR and UV spectral regimes with an index change up to
2.8[172—176]. In addition to tuning response of identical meta-
atom arrays [177—189], advanced active control of metasur-
face devices, including varifocal metalenses [190-193], met-
asurface color display [194], spatial light modulators [188],
spectral filters [180, 187, 189], beam-steering metadevice [195],
reconfigurable holograms [196], tunable thermal absorbers
[197] and emitters [198—201], switches [202], free-form re-
writable metasurfaces [203, 204], and topologically optimized
metadevices [205], have also been experimentally demon-
strated leveraging phase-change behavior of GST alloys.

While the vast majority of active metasurface appli-
cations have been based on the two archetypal composi-
tion groups of VO, and GST alloys, alternative O-PCMs
affording enhanced performance attributes have also been
actively explored. For instance, new correlated oxides with
nonvolatile [206, 207] and tri-state phase transformation
characteristics [208] have recently been discovered. Optical
absorption losses, in particular, emanating from the
metallic phase of correlated oxides and crystalline GST can
severely compromise the optical efficiency and phase-
tuning range of dielectric metasurface devices. Moreover,
the small switching thickness of GST (bound by the heat
dissipation rate during melt-quenching to < 100 nm [182])
limits field overlap with the active O-PCM medium and
further constrains the attainable phase-tuning efficiency. A
new O-PCM Ge,Sh,Se,Te; (GSST) with broadband low op-
tical loss in both phases and large switching volume has
been developed to overcome these limitations [209-215].
As another example, the diminished optical contrast of GST
in the visible spectrum has motivated the investigation of
Sh,S; as an alternative O-PCM suitable for active photonics
in the visible regime [216, 217]. Phase-change materials
based on other emerging systems such as halide perov-
skites and 2-D van der Waals crystals can potentially also
be utilized for active metasurface tuning [218, 219].
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2.6 Electrochemical modulation

Electrochemical methods have been employed to tune the
optical responses of metasurface structures via two mecha-
nisms. In the first scheme, the surface charge density of
metals is modulated by an applied electrochemical potential,
leading to changes in the metals’ plasmonic properties. Large
wavelength shift of plasmonic antennas has been realized
using this approach [220—222]. The second technique in-
volves chemical changes of the meta-atoms instigated by
electrochemical redox reactions in metals [223—226] or mo-
bile ion intercalation in transition metal oxides [227]. Active
metasurfaces with reversible and nonvolatile switching
behavior have been materialized using this technique [227].

2.7 All-optical activation of metasurfaces

Using light to modulate active metasurfaces often relies
upon nonlinear optical interactions such as Kerr non-
linearity, photogenerated free carrier injection, and
photothermal effects [228]. It has been established
that these nonlinear interactions can be significantly
enhanced capitalizing on resonances in metasurfaces
[229-235], and the optical behavior of the meta-atoms is in
turn strongly modified by the nonlinear effects [236—239].
Besides optical nonlinearity, the properties of meta-
surfaces can also be actively controlled leveraging optical
interference between the mutually coherent pump and
probe light beams. By strategically placing a metasurface
layer with subwavelength thickness at antinodes (or
nodes) of the spatial interference pattern formed by the two
beams, optical absorption by the metasurface can be
enhanced (or suppressed) [240, 241]. Strictly speaking, this
approach operates by varying external optical beams
rather than directly reconfiguring the device properties.
However, we note that such coherent absorption, when
integrated with optically thin metasurface platforms, pro-
vides a facile route for active control of metadevices with
diverse functions including switching, beam steering, and
optical computing at extremely high bandwidths
exceeding 100 THz [242—-246].

2.8 Other mechanisms toward
reconfigurable metasurfaces

Several other mechanisms have also been attempted for
reconfiguring metasurfaces. Metasurface patterns can be
rearranged by solvent-assisted dissolution reshaping [247],
laser welding [248-252], laser-assisted growth [253] and
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polymerization [254], or templated dewetting [255-258].
The optical properties of many metals are drastically
altered upon hydrogenation [259], a useful trait that has
been exploited in reconfigurable plasmonic metasurfaces
[260—263]. These techniques present promising new solu-
tions to reconfigure metasurface devices, although their
throughput, cycling endurance (or reversibility), and
scalability remain to be further investigated or optimized.

3 Active switching mechanisms:
summary and performance
benchmark

In Table 1, we summarize the main switching mechanisms
used in active metasurfaces and compare the key perfor-
mance metrics of these approaches.

In this table, the refractive index (real part) tuning
range gives an approximate measure of the tuning capacity
or switching contrast of metasurface devices, where large
index change facilitates high-efficiency reconfigurable
metasurface designs with low cross talk between different
states. What is not listed is the modulation of the imaginary
part of the refractive index accompanying the real part
change. This coupling between index change and absorp-
tion is inherent to mechanisms where modulating free
carrier density accounts for the optical contrast. The
coupling is beneficial or even essential for many applica-
tions, such as on/off optical switching, dynamic thermal
camouflage, adaptive perfect absorbers, and tunable
plasmonics. For other applications, in particular, for
transmissive meta-optical devices, optical loss penalties
and wavefront distortion due to excess material absorption
must be carefully mitigated.

Another consideration not explicitly accounted for in
the table is the optical modal confinement. For example, in
MOS structures, the index change is confined within the
carrier depletion or accumulation regions of a few nano-
meters in thickness. In chalcogenide O-PCMs, the critical
thickness is constrained by the need to rapidly cool down
the material in re-amorphization cycles to prevent crys-
tallization. The small active material thicknesses in these
examples inevitably reduce mode field overlap and
diminish the attainable tuning range.

For endurance or switching cycling lifetime, numbers
representing the largest experimentally measured values
in each class of devices are quoted. It should be noted that
the numbers do not necessarily correspond to intrinsic
lifetime limits of the technologies. For instance, stretch-
able electronic components based on elastomeric
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materials have been demonstrated to sustain over one
million deformation cycles [268], and there is ample
reason to justify that stretchable optical devices can
achieve similarly exceptional durability with judicious
mechanical designs [269-271].

Similarly, the bandwidth numbers cited represent the
state of the art and may not imply fundamental physical
limits. Free carrier injection and multiquantum well-based
devices can possibly be engineered to achieve modulation
speeds well beyond 1 GHz [272-276]. In contrast, the
bandwidth of active metasurfaces based on thermo-optic
tuning and O-PCMs is often limited by the thermal time
constant of the system to the MHz regime, despite the
remarkably faster phase-transition kinetics of the materials
[277,278]. Meanwhile, it should be noted that the switching
speed is also dependent on the device architecture, e.g.,
switching of individual unit cells or an array of unit cells.

Last but not least, individual meta-atom control un-
leashes the ultimate DOFs for active tuning of metasurface
devices. To date, such fine control has only been experi-
mentally implemented using optical means [134, 203] and to
alimited extent (e.g., in 1-D metagratings [65, 71, 279]) using
electrical actuation. Promising advances have also been
made with individually addressed display pixels based on
O-PCMs [280], and the scheme can potentially be scaled to
higher spatial density for single meta-atom addressing.
Alternatively, dimensionality reduction [281] offers a prac-
tical route to circumvent 2-D meta-atom manipulation with
1-D control for certain applications. Overall, electrical con-
trol of individual meta-atoms in dense 2-D arrays remains a
critical research challenge yet to be overcome.

4 Applications of active
metasurfaces

As summarized in Table 1, the performance of active met-
asurfaces can be gauged with several metrics including but
not limited to switching contrast, cycling lifetime, speed,
optical efficiency, power consumption, etc. It is important
to emphasize that while some of the parameters are almost
ubiquitously relevant (e.g., switching contrast and optical
efficiency), others are useful only for specific applications
(e.g., speed, cycling lifetime, and power consumption). In
Table 2, we list the potential applications of active meta-
surfaces and assign relative importance of the different
metrics. We must stress that the perceived importance of
the performance parameters can also vary depending on
the specific use cases even within an application domain,
and thus, the table should be viewed as a general guideline
and need not substitute case-by-case analysis.
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Table : Switching mechanisms of active metasurfaces: the table compiles the best experimentally reported values to date, and the values
listed do not necessarily represent fundamental limits to the performance metrics.

Type Material or Refractive ~ Endurance Attainable Individual Volatility Planar integration
mechanism index tuning (cycling bandwidth®  meta-atom compatibility
range lifetime) control
Mechanical Elastic stretching - [ P Hz - - N/A
deformation MEMS actuation — > Hz[ P - Design- MEMS
dependent
Free carrier density Semiconductor LT Very large MHz[ ] Possible Volatile MOS or
modulation heterojunction
TCOs . T Very large MHz[ ]° Possible Volatile MOS structure
Graphene ] Very large MHz[ ]° Possible Volatile MOS structure
Thermo-optic Semiconductor L Very large kHz[ T’ Possible Volatile Microheater
Electro-optic EO polymer . [ 1T Verylarge MHz[ ] Possible Volatile Capacitor
Liquid crystal . > Hz[ | - Volatile Liquid crystal cell
Multiquantum well . [ 1 Verylarge MHz[ ] Possible Volatile Semiconductor
heterostructure
Phase-change/ VO . > x [ 1 kHz[ T° Possible Volatile® Microheater
transition media Chalcogenide . F .oX [ P . MHz[ 7 Possible Nonvolatile Microheater
Electrochemical Metal (chargedensity . [ ] - - - Volatile N/A
modulation)
Metal/oxide A [ 1] Hz[ 1 - Nonvolatile  N/A
(chemical reaction)
Chemical Metal [ F > ] Hz[ ] - - N/A
(hydrogenation)
All-optical Kerr media . [ 1 \Verylarge THz[ ]* Possible Volatile N/A
Coherent absorption — Very large THz[ ]° Possible Volatile N/A

*Maximum index change across the operational spectral regime.
°Best values reported in literature for the type of devices.
‘At . -um wavelength with c¢cm™ hole concentration.

“When only the response time T is reported, the corresponding -dB bandwidth f is estimated using f=/( m).

“Mg prior to and after hydrogenation at . -um wavelength.

‘Requires using an external electric field to expedite the liquid crystal molecule re-orientation process; thermal relaxation without external fields

is much slower and occurs over seconds.

VO devices can operate in a nonvolatile mode within a finite temperature range defined by its phase-transition hysteresis.

5 Advanced design and
optimization: toward
multifunctional metasurfaces

By harnessing the electromagnetic multipoles within
tunable meta-atoms, their optical responses can be
controlled to precisely tailor the output wavefronts. How-
ever, such multipole responses can be very complicated
and difficult to predict, sometimes even for simple geom-
etries. This challenge escalates when the design domain
expands from individual meta-atoms to metasurfaces and
multifunctional metadevices. In addition, imperfections
originating from material and device fabrication further
complicate the design process. As a result, the design
space rapidly becomes enormous, and the traditional
brute-force searching approach for meta-atoms turns out
to be extremely inefficient.

In this section, we discuss advanced design and opti-
mization approaches that can be utilized to potentially
address such multifunctional design tasks in an efficient
and yet accurate manner. In dielectric metasurfaces, unit
cells or meta-atoms are typically comprised of nano-
antenna inclusions which are designed to produce a
desired set of complex reflection and transmission co-
efficients [282]. In the optical and IR regimes, these nano-
antennas are usually limited to simple canonical shapes
such as triangles, rectangles, rings, cylinders, and their
combinations. However, it has been shown that nano-
antennas based on unintuitive shapes (i.e., free-form ge-
ometries) can significantly outperform more traditional
geometries in various metrics, such as maximum trans-
mission or reflection magnitudes, phase coverage, field of
view, and spectral bandwidth [283, 284]. When paired with
active materials, metasurfaces comprised of unintuitive
nanoantenna shapes offer the potential to achieve major
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Table : Applications of active metasurfaces: green-yellow-red colors indicate decreasing relevance of the metric to the

target use case (very important-some what important-not relevant).

Switching
Application contrast (relevant  Optical efficiency
metrics listed
modulation
Spatial light
modulation
Beam steering
(LIDAR)

Tunable filter

Phase correction
coverage
Focal length
tuning range

Adaptive optics

Lens autofocus

Endurance
(cycling lifetime)

Power

Speed consumption

0.1-1 kHz

100 kHz

1 kHz

> 0.1 kHz

Zoom lens

Holographic display

Reflective display
(electronic paper)
Dynamic projection
display

Optical limiter

Adaptive thermal
camouflage

Must be

>1Hz X
nonvolatile

0.1 kHz

performance boost across multiple functionalities. The
number of design variables used to define a metasurface
unit cell also impacts the ability to find optimal solutions;
unit cells parametrized with fewer variables are easier to
explore than those with larger numbers of variables.
Therefore, exploration of the significantly expanded free-
form design space necessitates advanced optimization
tools and inverse-design strategies [283].

Optimization methods for metadevice design are
broadly categorized into local, global, and multi-objective
strategies. Local and global algorithms differ in their pur-
suit of function minima: local algorithms generally fall into
local minima, while global algorithms attempt to find the
true global minimum. In metadevice design, both local and
global algorithms are employed to minimize user-defined
cost functions which are used to measure the quality of a
given design against a set of predetermined performance
criteria. These cost functions are generally hyperdimen-
sional, and their input values are limited to finite ranges in
order to incorporate constraints related to the chosen
fabrication techniques, materials selection, and SWaP
(size, weight, and power) considerations.

While ill-suited for problems with many minima,
local optimizers have found success in topology optimi-
zation of optical nanoantenna and metasurface designs

due to their ability to exploit gradient information
generated through adjoint analysis [285—-292]. In partic-
ular, topologically optimized multifunctional metagrat-
ings were shown to realize wavelength-dependent
deflection of incident light into predefined diffraction
orders [293]. When building large-area, aperiodic meta-
surfaces, libraries of topology-optimized unit cells can be
constructed and arrayed to stitch the output beams
together for desired wavefront shaping [294], such as
lensing [295]. Furthermore, free-form metasurfaces with
dimensions = 100 wavelengths and multiple layers have
been realized, yielding multi-angle and multiwavelength
metalens designs [296]. Topology optimization’s greatest
strength is its ability to generate relatively free-form ge-
ometries due to its lack of strict unit cell parameterization.
Still, topology optimization suffers from the same draw-
backs that limit local optimizers, namely, the tendency to
get stuck in local minima and the inability to optimize
highly multimodal problems.

Global optimization algorithms are largely able to
overcome these issues. While nearly countless examples of
global optimizers exist today, algorithms such as the ge-
netic algorithm (GA) [297, 298], particle swarm optimiza-
tion (PS0O) [299, 300], and the covariance matrix adaptation
evolution strategy (CMA-ES) [301-303] are among the most
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popular for optical device optimization [283]. Most global
optimizers are population-based evolutionary algorithms
which update and adapt a population as they explore a
function’s response surface to produce new generations
better suited to finding the true global minimum. Global
optimizers have many advantages over local algorithms,
which include forgoing of potentially expensive gradient
calculations and applicability to more general and multi-
modal problems.

Regardless of their specific construction, conventional
local and global optimizers generally only seek to optimize
a single cost function. Nevertheless, in most cases, engi-
neering problems have multiple competing objectives that
designers would like to optimize. With single-objective
optimizers (SOO0s), the traditional procedure is to include
all objectives in a single weighted sum. However, this
typically requires a priori knowledge of how best to weight
the objectives and can actually eliminate portions of the
solution space where the optimizer is unable to explore.
Moreover, SOO algorithms yield only a single solution and
provide no additional information to the user as to how to
judge the design objective tradeoffs inherent to the system.
In contrast, multi-objective optimizers (MOOs) such as
NSGA-III [304], multi-objective CMA-ES [305], and Borg
[306] are able to globally optimize problems with multiple
competing cost functions [307]. Furthermore, they produce
a collection of solutions called the Pareto set, which con-
tains information about the inherent tradeoffs between
design objectives. Finally, it has been shown that optimi-
zation is crucially important to maximizing the perfor-
mance of multifunctional metadevices [205, 308]. To this
end, MOO algorithms are ideally suited to this task and
form the basis of the proposed reconfigurable metasurface
inverse-design process. In Section 7, we show exemplary
reconfigurable metasurfaces based on O-PCMs using such
optimization approaches.

In addition to optimization techniques, machine
learning (ML)—based design methods have emerged as a
computationally efficient solution to exploring large design
spaces in nanophotonic devcies [309—313]. One should first
collect training data, which contains sets of nanophotonic
structures and their respective electromagnetic (EM) re-
sponses extracted from full-wave simulations. Then, a
neural network (NN) is trained with that data to establish
correlations between the parameters and attributes. Once
appropriately trained, the NN can perform accurate and
rapid prediction of EM responses of a given nanostructure,
or inversely, it can search for the design parameters corre-
sponding to the desired response. Therefore, this method
enables efficient nanophotonic device evaluation and its
design prediction. Overall, ML-assisted design approaches
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have already shown promising progress in developing a
variety of high-performance metasurfaces [310, 314-318].

Due to the immense DOFs in constructing meta-
surfaces, early demonstrations using traditional NNs are
restricted by the initial training sets with limited geomet-
rical parameters. Generative adversarial network (GAN)
methods, which are based on a self-evolving critic evalu-
ating generated designs, allow efficient creation of arbitrary
design patterns [319-323]. Such techniques customized for
specific electromagnetic processes with complex meta-
atom geometries have also been developed [324—328]. In the
study by Jiang and Fan [324], adjoint variable calculations
were incorporated into generative NNs to produce topology-
optimized structures through a global search.

When applied to active elements, the ML-assisted ap-
proaches were demonstrated to generate efficient designs
of multifunctional and reconfigurable metadevices [316,
323, 325]. Encountered by the dramatically enlarged DOFs
and associated uncertainties, design constraining rules,
which take into account experimental imperfections, have
been incorporated in several design frameworks to enhance
their robustness [316, 317, 320]. In Section 7, we illustrate
the use of ML methods to blueprint multifunctional active
metadevice designs based on O-PCMs.

6 Active metadevice design and
fabrication: general principles
and case studies

The subwavelength pixelated device architecture and
capability of on-demand control in principle allow nearly
arbitrary wavefront-tuning functionality. In this section,
we will focus on nonmechanical active metasurfaces, in
which tuning is attained via refractive index change in the
material composing meta-atoms.

The operation principles of nonmechanical active
metasurfaces can be generally categorized into two
groups: individual meta-atom tuning and collective
metasurface tuning. The individual meta-atom tuning
approach, schematically illustrated in Figure la, sim-
plifies unit cell designs by leveraging additional DOFs
from the switching matrix. Moreover, individual meta-
atom modulation in principle enables arbitrary and
continuously tunable optical functions for a single de-
vice. However, scalable electrical control of individual
meta-atoms remains a major challenge for switching
large-area 2-D meta-atom arrays. Alternatively, instanta-
neous switching of metasurface patches (schematically
illustrated in Figure 1b) considerably simplifies the control
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Figure 1: Basic design principles of reconfigurable metadevices: (a) individual meta-atom tuning; (b) collective metasurface tuning. Red and
blue colors indicate different optical states of the meta-atoms upon external stimulation.

process. However, the collective modulation scheme, in
general, can only achieve switching between a discrete set of
states with predefined, albeit arbitrary, optical functions.
One embodiment of this approach is to mix meta-atom
subarrays designed for different functions on the same
aperture region and selectively turn on/off part of the array
to allow optical function switching [190]. This “shared
aperture” approach, while being straightforward to design
and implement, suffers from limitations on optical efficiency
and scalability of optical functionalities due to spatial
division of the aperture.

In this section, we focus on a generic design method
enabling full-aperture active phase-gradient metasurfaces
via collective tuning: the meta-atoms are individually
designed to achieve distinctly variable optical responses
upon external stimulations. When switched under a single
control signal, collectively they provide variable optical
functionalities utilizing the full metasurface aperture. This
approach allows the most straightforward control mode,
since only one tuning signal is required for each state, but
meanwhile, this method requires judiciously designed unit
cells and device architectures. Here, we use O-PCM—based
all-dielectric metasurfaces to exemplify the design process,
strategies and challenges, which cover the essential stages
of developing reconfigurable metasurfaces spanning de-
vice design, fabrication, calibration, and operation. We
note that the design principle is generic and can be
applied across all the nonmechanical active metasur-
face platforms discussed in Section 2.

6.1 O-PCM—-based meta-atom modulation:
an overview

O-PCMs can be used as either a blanket layer to trigger the
mode transitions in metallic structures resting upon them
[178, 329-331] or the building materials of meta-atoms
which modulate the transitions directly [175, 332]. In the
study by Chen et al [333], a tunable resonator composed of
a gold nanodisk array placed on a GST thin layer was

designed and experimentally verified. As shown in
Figure 2a, dimensions and periodicity of the gold nano-
disks, together with the thickness of the GST layer, were
carefully chosen to achieve a significant resonance shift
in the near IR. This resonance shift enabled a large
modulation of the transmitted light intensity of around
50% at 2.4-ym wavelength. Apart from GST, this modu-
lation approach can also be achieved with other mate-
rials, such as VO,. In the study by Peng et al [329], a
subwavelength gold grating array was deposited on a VO,
film coated on a glass substrate to realize a reconfigurable
polarizer (Figure 2b). To maximize the switching effi-
ciency, the transmission properties of the structures were
studied through a complete exploration of the parameter
scope including the gap g between the gratings, the duty
cycle w/p, the height h of the gratings, and the thickness
of the VO, thin film. After an optimal parameter combi-
nation was found during the parameter sweep, the high
transmission contrast between transverse electric (TE)
and transverse magnetic (TM) incidence can be explained
by the electric field dissipation behavior revealed by the
simulation results.

When O-PCMs are used as the building materials of
meta-atoms, different multipole resonances can be
excited inside the material during the structural transi-
tion, which in turn can be utilized to modulate the
amplitude and phase of the incident light. Several works
have realized optical reconfiguration based on pure
amplitude modulations. In the study by Wang et al [334],
through harnessing reflection and transmission reso-
nances at specific wavelengths, reconfigurable devices
such as multifocus Fresnel zone plates, lenses, and
grayscale holograms can be achieved by writing, erasing,
and rewriting 2-D binary or grayscale patterns on a GST
canvas. More specifically, a continuous relative change of
reflectance up to 100% was achieved using excitation
laser pulses. In addition to the optical transmission con-
trol, Zou et al [335] showed that the structural transition of
GST in patch antennas can also trigger continuous phase-
shift modulations. In both nanoantenna types shown in
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Figure 2: Modulation of phase-change/transition material-based meta-atoms: (a) Illustration of a hybrid phase-change plasmonic crystal

realized as an array of gold nanodisk on a GST film [333]. (b) Diagram of a linear polarizer consisting of gold gratings deposited on a VO, film
[329]. The geometrical parameters were optimized to achieve the highest switching efficiency and extinction ratio. (c) Drawing depicting two
types of patch nanoantennas and their corresponding phase-shift ranges [326]. (d) Top: schematic of a tunable GST nanorod placed on top of a
gold substrate. Bottom: maps of phase shifts vs. width and length of GST nanorods in amorphous and crystalline states [332]. GST, Ge—Sbh—Te.

Figure 2c which consist of a silver patch placed on GST,
continuous phase modulation up to 2m can be achieved
by tuning the length of the silver patches. Similarly, Chu
et al [332] employed two distinct meta-atoms to augment
the phase coverage. The optical structure proposed in this
paper consisted of rectangular-shaped GST nanorods
placed on a gold mirror with a spacer layer (Figure 2d). A
complete parameter sweep of length and width of the GST
rods were carried out to find the geometry that yields the
largest phase shift of 120° under two different states,
respectively. It should be noted that the works described
above mostly used parameter sweeping to identify the
optimal designs, while strategies on determining other
key dimensions such as dielectric layer thickness or
period were not mentioned. In Section 7, we outline the
limitations of using this prevailing unit cell-searching
method and discuss more advanced meta-atom design
approaches.

6.2 Metasurface synthetization

Here we discuss the design method of constructing phase-
profile reconfigurable metasurface optics via collective
tuning. We use a varifocal metalens operating at 5.2-ym
wavelength as an example to illustrate the design pro-
cedure (Figure 3a), while the same design principle can be
adopted for tuning between arbitrary functionalities via
wavefront engineering. Key device performance metrics
are optical efficiency, contrast ratio, and imaging quality
at different optical states. This generic design approach
can be used for a variety of meta-atom platforms across
different spectral ranges. Assuming N is the number of

phase levels covering the 2m phase range and M is the
number of switchable metadevice states, then one would
need N" distinct meta-atom designs to realize M arbitrary
functionalities. In the simplest-case example, two phase
levels (i.e., 0° and 180°) are used to sample the 21t phase
range; a larger number of phase levels are expected to
increase the optical efficiency [9]. For transitioning be-
tween the two states (e.g., amorphous and crystalline
states of the O-PCM), the metasurface design requires a
library of four meta-atoms. Each of the selected meta-
atoms provides a distinct combination of two phase
values corresponding to the O-PCM states. The selected
meta-atoms are then subsequently assembled into a 2-D
array to generate the desired phase profiles. The meta-
atoms are implemented as all-dielectric Huygens reso-
nators, which feature an ultrathin, deep subwavelength
profile that facilitates a simple one-step etching fabrica-
tion process [336]. Other types of metasurfaces (e.g.,
truncated waveguide or geometric-phase antenna) can be
utilized as well using the same design framework. GSST
was selected as the building block material due to its
broadband transparency, large refractive index (n = 3.2—
4.7), and large index contrast during phase transition
(An 1.5at5.2 um). CaF, was chosen as substrate material
due to its high IR transparency.

In the case of a varifocal metalens, one could first
generate hyperbolic phase profiles for the two specified
focal lengths by using the following equation [10]:

21

_ f2+ 2 4 Z_f
M Ty

¢ @

where Aq is the wavelength of the incident light, xand y are
the coordinates of meta-atoms, and f is the focal length of
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Figure 3: (a) Schematic drawing of a varifocal metalens based on O-PCMs. (b) Ideal hyperbolic phase profiles designed for two focal lengths at
different material states. (c) Two-dimensional discretized phase masks at amorphous (left) and crystalline (right) states. Two phase levels, 0°
(colored white) and 180° (colored black), are used to sample the 2r phase range. O-PCMs, optical phase-change materials.

the metalens at a certain state. The total size of the phase
profiles was 1 x 1 mm?, and they were designed to exhibit
aberration-free focusing at the focal lengths of f; =1 mm
and f, = 1.5 mm for amorphous and crystalline states,
respectively. The ideal hyperbolic phase profiles are shown
in Figure 3b. The two continuous phase profiles were then
discretized in the spatial domain according to the meta-
atom arrangement (i.e., with a lattice constant of approx-
imately Ao/2) and in the phase domain into multiple phase
levels.

The reconfigurable metalens was designed and
modeled utilizing a hierarchical combination of full-wave
simulations and Kirchhoff diffraction integral. At the
subwavelength scale, full-wave simulations can be
implemented to design and model the meta-atoms. With a
GSST thickness of 1 um, a pool of Huygens meta-atoms

with various shapes (such as “I” and “+” shapes) were
generated in a commercially available full-wave electro-
magnetic solver (CST Microwave Studio), and a group of
four meta-atom structures were chosen based on their
phase and amplitude responses at both states
(Figure 4a,b). The meta-atoms were designed and gener-
ated in compliance with certain design constraints, such
as minimum and maximum feature sizes, rounded cor-
ners, fabrication tolerance, etc. At the macroscopic level,
phase masks were designed and verified using the
Kirchhoff integral method to evaluate the metalens per-
formance. Such a model can be further combined with
performance figure of merits (FOMs) to guide the selection
of meta-atoms and constructing metasurfaces with
enhanced optical contrast and efficiencies for the two
states, as detailed in the study by Shalaginov et al [192].
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Figure 4: (a) Top view of a group of four GSST Huygens meta-atoms covering 2m phase shift. (b) Each meta-atom provides a distinct
combination of the two phase levels close to 0° and 180° in both states. Cross-sectional plots of focal plane optical intensity simulated using
the Kirchhoff integral method at (c) amorphous and (d) crystalline states. Sensitivity study of metalens performance (focusing efficiency and
contrast ratio) dependence on (e) refractive index variance (An) and (f) meta-atom thickness variance (Atgsst). GSST, Ge,Sh,Se Te;.
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The diffraction integral method incorporating the full-
wave simulation data enables computationally efficient
validation of the optical performance of the entire metal-
ens [336].

We modeled the metalens response by using the
diffraction integral method and plotted the cross sections of
the optical intensities in focal planes 1 and 2 designed for the
amorphous and crystalline states, respectively (Figure 4c,d).
For comparison, we added the optical intensity curve of the
ideal diffraction-limited lens having the same optical pa-
rameters. The metalens performance metrics, including
focusing efficiency and contrast ratio, are summarized in
Figure 4e,f. For the primary focal spots, the focusing effi-
ciencies for amorphous and crystalline states were 27.1 and
24.3%, respectively. The efficiencies are defined as the ratio
of the power confined within a radius of 5\ to the total
power incident on the lens aperture. In contrast to passive
meta-optics, the performance of reconfigurable metadevices
is further weighted by cross talk across different states. This
results in the appearance of phantom images, which are
formed by the additional “erroneous” focal spots, and
should always be minimized. Cross talk can be quantified by
switching contrast ratio (CR) between the two states:

Pra Pac

CR 10log,q (in dB) 2

PZ,a lc
where Py o) denotes the focused optical power at focal
plane 1 (2) at the amorphous (crystalline) state. The simu-
lation shows a CR of 32.2 dB, indicating negligible cross
talk. Another important lens characteristic is the Strehl
ratio, which is defined as the ratio of the peak intensity of
an evaluated point spread function (PSF) to the peak in-
tensity of a diffraction-limited PSF for an ideal, aberration-
free optical system. The Strehl ratios for our varifocal
metalens exceed the 0.8 threshold in both states, hence
confirming that the metalens operates in the diffraction-
limited regime.

The simulation results are consistent with theoretical
diffraction efficiency limits of multilevel diffractive optical
elements [337] and can be explained by examining the
average phase errors and transmittance of the meta-atom
group (shown in Table 3). The average phase errors are
estimated by subtracting the ideal phase masks from the
actual ones and averaging the phase deviations. Since the
selected meta-atoms provide phase values at approxi-
mately 0° or 180°, any target phase value between 0° and
360° can be sampled using these two phase levels with an
averaged error of approximately 45°. Theoretically such a
phase sampling accuracy results in maximum diffraction
efficiency of about 41%, assuming unity optical
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Table : Simulated focusing efficiency, averaged phase errors, and
meta-atom transmittance of the bistate varifocal metalens with two
phase levels.

Amorphous state Crystalline state

Focusing Phase Focusing Phase
eff. error (avg.) eff. error (avg.)

Focal plane . % L % L
Focal plane . % L . % L
Avg. meta-atom eff. . % . %

Strehl ratio Close to unity

transmittance of the meta-atoms [337]. On the other hand,
the averaged transmittances of the meta-atoms used to
assembly the metasurface are 64.6 and 67.6% for the two
states. The theoretically predicted focusing efficiencies of
27.7 and 26.5%, calculated as the products of the diffraction
efficiency and the average meta-atom transmittance
values, are in excellent agreement with the numerical
simulation results. To further improve the optical effi-
ciencies, one can increase the number of phase levels (e.g.,
4 and 8 phase levels correspond to 81 and 94.9% maximum
diffraction efficiencies, respectively); meanwhile, the
overall meta-atom transmittance can be further enhanced.

6.3 Calibration: bridging the gap between
numerical models and experimental
implementations

Once an initial metasurface design is obtained, a calibra-
tion step is essential to identify deviations between the
design and fabricated structures. The deviations typically
arise from meta-atom geometry and refraction index dif-
ferences from the assumed values in the model. Here we
perform a sensitivity study to illustrate the impact of such
deviations by introducing refractive index and thickness
variances (An = 0.1 and AT = 0.1 ym, respectively) to the
numerical models of the varifocal metalens. The simula-
tion results are summarized in Figure 4e,f. The optical re-
sponses (both amplitude and phase) of the Huygens meta-
atoms exhibit strong dependence upon such disturbances
due to the locally induced resonance shifts at both amor-
phous and crystalline states, resulting in up to 60 and

55% relative reduction on metalens focusing efficiency
and contrast ratio (in dB). In particular, phase deviations
not only reduce diffraction efficiencies but also exacerbate
cross talk between the two states. Therefore, to fully ac-
count for the impact of such imperfections, it is important
to quantify the deviations of meta-atom geometry and
material optical properties from the design model values.
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The meta-atom geometry deviation usually originates
from the material deposition and lithographic patterning
process. The typically observed fabrication imperfections are
thickness variance, angled sidewalls, surface roughness,
edge rounding, etc. To quantify such deviations, we calibrated
the metasurface design by importing the “as-fabricated”
geometries into the numerical models. Shapes and, subse-
quently, the contour profiles of the fabricated meta-atoms
were retrieved from scanning electron microscope (SEM)
images. As illustrated in Figure 5a—d, the original top-view
SEM image was processed using image processing tools to
extract contour profiles of the top and bottom of the meta-
atoms. Additional details can be retrieved from the angled
SEM images (Figure 5e) to reconstruct 3-D geometries fully
resembling the fabricated meta-atoms (see Figure 5f). The 3-D
“as-fabricated” model incorporating all geometric deviations
was subsequently fed back to full-wave simulation tools
to re-evaluate and optimize their optical responses. Conse-
quently, the geometric mismatch between design and
fabrication can be effectively minimized to realize meta-
surfaces with “as-planned” functionalities and sufficient
tolerance to imperfections.

Another source of potential deviation between the nu-
merical model and experimental results is the refractive
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index and its dispersion in fabricated devices. In an
exemplary calibration protocol, the film thickness is first
measured using a stylus profilometer. Then the precali-
brated film is patterned and fabricated into periodic arrays
of nanodisk antennas with various diameters. These an-
tennas are designed to produce distinct resonances, which
originate from the excitation of multipole modes inside the
dielectric nanodisks. Using a commercial spectrophotom-
eter setup, the transmittance spectra are subsequently
measured and fitted with the simulated data, where the
refractive index is adjusted so that the simulations match
well the experimental results. The same calibration pro-
cedure can be performed for samples under different states.

7 Implementation of advanced
design and optimization
approaches

In the example discussed in Section 6, we adopted a

traditional parameter sweeping approach to identify the

active meta-atom design. Building a meta-atom library for
such multistate metasurfaces poses a multi-objective
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Figure 5: Generation of 3-D meta-atom geometry from scanning electron microscope (SEM) images of fabricated samples. (a) SEM top-view
image of an exemplary meta-atom. (b) Image processing technique to identify the possible boundaries. (c) Subsequent extraction of the
bottom contour. (d) Binary image of the meta-atom cross section. () Angled-view SEM micrograph depicting the sidewall shape. (f) Three-

dimensional geometry resembling the as-fabricated meta-atom.
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optimization challenge which is far more difficult than
constructing a passive metasurface design. Additionally,
the number of meta-atoms needed increases exponentially
with the number of states. In reality, the accessibility of
optimal meta-atoms may be limited by the pool of candi-
dates obtained from full-wave simulations. These difficulties
render the traditional parameter sweeping approach highly
inadequate. In this section, we will discuss the imple-
mentation of advanced meta-atom design and searching
methods to accelerate and improve the design process.

7.1 Multi-objective optimization for
reconfigurable metasurface synthesis

In this section, a multi-objective optimization enabled
design framework is proposed for the efficient generation
of multifunctional meta-atoms based on O-PCMs. Two
exemplary reconfigurable dielectric metasurface devices
are then presented in order to advocate the efficacy of the
proposed optimization framework. Importantly, while here
we choose O-PCM—based active metasurfaces to illustrate
the optimization process, these algorithms are broadly
applicable to other tuning mechanisms summarized in
Table 1 that modulate the optical responses of meta-atoms.

As discussed in Section 5, MOO algorithms are ideally
suited to the design tasks of multifunctional metadevices,
an overview of which can be found in Figure 6. The goal of
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the proposed inverse-design and optimization process is to
synthesize reconfigurable metasurfaces either directly, if
time permits and sufficient computational resources exist,
or, more commonly, through the generation of a “periodic
table” of meta-atoms which can later be aperiodically tiled
to form a complete metasurface. The process begins with
the initialization of the optimizer, which generates an
initial set of candidate meta-atoms to simulate. The next
step is to enforce several, or all design constraints (e.g.,
minimum feature size, radius of curvature, etc.), and alter
the meta-atom geometries accordingly. For simplicity and
speed of simulation, meta-atoms are then evaluated under
plane wave illumination with doubly periodic boundary
conditions which mimic their behavior in an infinite array.
Next, data (e.g., complex transmission and reflection co-
efficients) are gathered from the simulations and are used
to evaluate a set of predetermined cost functions which the
optimizer seeks to minimize. The values generated by the
cost functions are then used to evaluate end (stopping)
condition (e.g., maximum allowed function evaluations or
other convergence criteria). Finally, data are fed back to the
optimizer and the process repeats until the end condition is
met. When the process is finished, a Pareto set of solutions
is generated, which in the hypothetical example shown in
Figure 6 showcases the tradeoffs between the perfor-
mances achievable at binary states of the O-PCM. Finally,
these solutions are used to populate the periodic table of
elements.

Periodic Table of Elements

Met?

Functions Performance: State 1 Poor
_
W Synthesized
End Condition Matsihics

Figure 6: Flowchart showing the multi-objective optimization-powered process for synthesizing multifunctional metasurfaces based on

0O-PCMs. Once the (left) optimization process is complete, a set of solutions (middle) is presented to the user. The blue dots represent feasible
designs while the purple, red, and green dots represent Pareto optimal designs. All of these designs can be used to generate a periodic table of
elements (right top) which form the basis for synthesizing a complete metasurface (bottom right). O-PCMs, optical phase-change materials.
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As previously discussed, the performance achievable
by the optimized meta-atoms is highly dependent on what
geometrical inclusions they can assume. While topology
optimization is an attractive option for generating unin-
tuitive meta-atom shapes, it is challenging to pair it with
global optimization algorithms. Nevertheless, the ability to
generate relatively free-form geometries, while simulta-
neously exploiting the global robustness and multi-
objective support afforded to us by state-of-the-art opti-
mizers, is highly desired. To this end, we employ a level-set
method based on Bézier surfaces, which has been shown to
offer extraordinary geometrical flexibility while only
requiring a few variables to define the surface [338].
Moreover, these surfaces are readily optimizable with
global and multi-objective algorithms, making them an
ideal choice for generating reconfigurable and multifunc-
tional meta-atoms. An overview of the meta-atom genera-
tion process is provided in Figure 7. The generated 3-D
control surface is first converted to a binary representation
to determine the meta-atom borders. These 2-D outlines are
then vertically extruded to realize initial 3-D shapes. Next,
predefined fabrication constraints can be enforced. The
sharp corners of the original design are rounded to meet
some hypothetical fabrication specification while yielding
the added benefit of removing areas that may produce
significant field enhancements. Additional constraints can
then be employed to leave only the largest island and
further eliminate narrow areas. These geometrical alter-
ations can be applied via a combination of simple matrix

o\

Further Reduce
Corners and
Remove Islands

Extrude 3D

Geometry Reduce Sharp

Figure 7: Meta-atom generation process: (top left) a Bezier control
surface which is intersected by a level-set plane to determine the
meta-atom border, (bottom left) extruded 3-D meta-atom, (top right)
initial application of fabrication constraints to remove sharp cor-
ners, and (bottom right) application of additional constraints to
remove small islands.
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manipulations and image processing techniques before
extrusion.

The proposed optimization framework is general
enough to be applied to a tremendous variety of multi-
functional and reconfigurable metasurface problems. To
test the efficacy of the proposed framework, two exemplary
reconfigurable metasurface-based devices are presented
further, along with thorough discussions of the optimiza-
tion and performance results.

7.2 Exemplary reconfigurable dielectric
meta-optic design based on O-PCMs

Perhaps the most exciting aspect of optical nanoantennas
is their ability to offer simultaneous control over amplitude
and phase (and polarization) [339]. In traditional optical
devices, one normally would not want to tune the ampli-
tude since that always means a decrease in the transmitted
power which can negatively affect system performance.
However, in reconfigurable metasurfaces, control over
both amplitude and phase is extremely desirable. For
example, one could design a metadevice to have large
transmission or reflection in one state and no transmission
or reflection in another. Also, a device could be synthesized
to switch from transmitting to reflecting modes or provide
on-demand tunable beam-steering capability.

We first take GST, the classical O-PCM, as an example.
In the study by Pogrebnyakov et al [205], a meta-atom was
developed using a genetic algorithm to achieve high trans-
mission when the GST was in its amorphous state and high
absorption in its crystalline state. Using the material data
from the study by Pogrebnyakov et al [205], the proposed
multi-objective optimization framework was employed to
generate an unintuitive unit cell with the same objectives,
albeit with a different periodicity and material thickness and
for a wavelength of 1.55 um. The unit cell was illuminated
with a linearly polarized plane wave normally incident from
the top (air side). The period was set to be 800 nm and the
thickness 250 nm. The refractive indices of the constituent
materials at 1.55 pm were 1.444 for SiO, as well as
4.164 +0.140i and 7.722 + 2.271i for GST in its amorphous and
crystalline states, respectively. The GST layer patterning was
generated using the proposed design method with 5 x 5
uniformly spaced control points while enforcing fourfold
symmetry and optimized using a state-of-the-art multi-
objective optimizer, Borg [306], with two objectives: maxi-
mizing (1) amorphous state transmission and (2) crystalline
state absorption. Figure 8 shows the optimization results.
Each circle represents a different meta-atom geometry
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simulated with a full-wave Maxwell solver employing
doubly periodic boundary conditions. Looking at Figure 8,
the ideal solution would be a dark blue circle in the top right
corner, which would correspond to a design that achieves
complete transmission and absorption in the amorphous
and crystalline state, respectively. However, due to losses in
the amorphous state and unwanted reflection/transmission
in the crystalline state, this ideal solution is unattainable.
Fortunately, as one can see, there is a range of solutions that
nearly achieve this goal with differing amounts of tradeoff
between the two objectives. Note that higher transmittance
values in the amorphous state leads to a reduction of crys-
talline state absorption. These designs (near the bottom
right of the figure) contain very little GST material which is
the cause of their low loss values. If one wants to minimize
the power transmitted in the crystalline state (blue color),
then one must accept a slight reduction in the maximum
transmittance in the amorphous state. From Figure 8, one
can see that the transmittance achieved in the crystalline
state can be quite low (dark blue), indicating a very strong
spectral filtering effect in this reconfigurable device.

From the data set shown in Figure 8, one of the best
performing designs was selected for further examination.
Figure 9 summarizes the reflectance, transmittance, and
absorption of a homogeneous GST slab on an infinite SiO,
substrate and compares it to that of the optimized meta-
surface unit cell. Both simulations were performed using
COMSOL Multiphysics v5.3 [340]. One sees that the opti-
mized design achieves a significant enhancement in the
absorption magnitude through intelligent patterning of
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Figure 8: Multi-objective results for the GST active metasurface unit
cell optimization. Each dot represents a unique unit cell geometry,
and their color indicates the transmittance in the crystalline state.
The data show the tradeoffs between the achievable crystalline state
absorption and amorphous state transmittance. GST, Ge—Sb—Te.
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GST. This confirms that the optimized design enhances the
intrinsic behaviors of GST in both states. Interestingly,
while the homogeneous GST slab is highly reflective due to
its large refractive index, the patterned-GST layer has a
very low reflection in both states. However, in the amor-
phous state, the loss is significantly less than in the crys-
talline state, which is why the transmission and absorption
are so pronounced in these states, respectively. In the
amorphous state, the optimized unit cell achieves broad
transmission behavior while the crystalline state has a broad
absorption behavior with very low transmission. Such a
device could be used as an optical switch, a nonmechanical
shutter or a spectral filter in an imaging system.

The proposed MOO framework can also be employed to
efficiently generate a periodic table of meta-atoms that
each offer a unique optical response. The elements of this
periodic table can then be used as building blocks to syn-
thesize complete metasurfaces. Diffraction efficiency mea-
sures the percentage of incident power the metasurface can
steer into a desired transmitted or reflected diffraction order
and is an important metric to judge metasurface perfor-
mance. To this end, dielectric metasurfaces are extremely
desirable for their low loss [341], which can be exploited to
achieve very high diffraction efficiency [342]. As discussed
earlier, reconfigurable meta-optics using traditional
O-PCMs, such as GST, are inherently limited by high ma-
terial absorption losses. Fortunately, another O-PCM GSST
offers a large refractive index change when switching from
the amorphous to crystalline states, while still maintaining
low loss [211, 343]. The reduced loss makes GSST an
enticing material option for high-efficiency transmissive
and reflective reconfigurable metasurfaces [192].

In the second example, we design a GSST reconfig-
urable phase-gradient metasurface operating at 5.2-pm
wavelength. As a first step, a multi-objective optimization
was carried out to find the best performing meta-atoms in
both states of GSST. The meta-atoms were simulated at a
design wavelength of 5.2 pumand with a period 0f2.548 pm. A
normally incident linearly polarized plane wave illumina-
tion was imposed on the GSST layer from the top. The unit
cell was comprised of a 1-um GSST layer on top of a 200-nm
platinum layer with permittivity €, = —409.96 + 178.69i [344].
The thick platinum layer effectively serves as a ground
plane to prevent transmission and is electrically heated to
change the GSST material state. The GSST permittivity is
€,=12.16 + 0.1213i and €, = 19.03 + 0.1658i in the amorphous
and crystalline states, respectively. As in the previous
example, the meta-atom designs were created using the
synthesis methods described above.

The data shown in Figure 10 indicate that a tremen-
dous variety of solutions exist owing to the low loss and
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Figure 9: (a) Cross-sectional view of the homogeneous GST slab on an infinite SiO, substrate. The reflectance, transmittance, and absorption
(RTA) spectra of the GST slab unit cell in the (b) amorphous (c) crystalline states. (d) The patterned-GST meta-atom which maximizes
transmission in the amorphous state and absorption in the crystalline state at the 1.55-uym wavelength. The RTA spectra of the optimized
metasurface in the (e) amorphous and (f) crystalline states. GST, Ge—Sb-Te.

large tunability of GSST. Each dot represents a unigue
meta-atom geometry, and the dot color represents the
reflectance in the amorphous and crystalline states
(Figure 10a,b), respectively. Since the purpose of this
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design is to achieve a high-reflection-efficiency reconfig-
urable metadevice, the dots with the highest reflection
magnitudes are plotted on top of other designs. It should be
noted that in both states, there exist meta-atom geometries
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Figure 10: The meta-atom reflection phase for the two states with the colorbar indicating the reflectance for the (a) amorphous and
(b) crystalline states. Each circle represents a different meta-atom design whose reflection phase in the amorphous and crystalline state are
plotted along the x- and y-axes, respectively. The colors represent the reflectance magnitude in the (a) amorphous and (b) crystalline states.
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Figure 11: GSST reconfigurable reflectarray. (a) The finalized supercell design over a platinum substrate. (b) Diffraction efficiencies for the
optimized GSST-based supercell design in the (blue) amorphous and (orange) crystalline states. Electric field plots in the vicinity of the
supercell in the (c) amorphous and (d) crystalline states. GSST, Ge,Sb,Se4Te;.

that achieve a range of reflection magnitudes in addition to
reflection phases. The goal in designing these meta-atoms
is to create a reconfigurable beam-steering metasurface
where, in the amorphous state, the incident light is re-
flected into the -1 diffraction order, and in the crystalline
state, the light is normally reflected (Oth order).

To synthesize the beam-steering device, only geometries
that achieve large reflection magnitudes in both states are
considered. The meta-atoms were chosen to achieve a linear
phase gradient in the amorphous state while simultaneously
maintaining a fixed reflection phase in the crystalline state.
The chosen meta-atoms were combined into a supercell (see
Figure 11a) whose x- and y-periods are 7.644 and 2.548 pm,
respectively. The synthesized design achieved diffraction ef-
ficiencies of 72.2 and 79.9% in the —1 and O diffraction orders
for the amorphous and crystalline states, respectively
(Figure 11b). The reflectarray design also exhibits high
contrast ratio of 23 dB. The ripple in the reflected waves seen
in Figure 11c is due to the presence of minor contributions
from the other undesired diffraction orders. These results
serve to demonstrate the power of the proposed reconfig-
urable metasurface framework.

7.3 Multifunctional meta-atoms design
using deep neural networks (DNNSs)

As discussed earlier, building a meta-atom library serving
multistate metasurface designs is significantly more

challenging than performing the same task for a passive
metasurface. The extra complexity arises from the need to
fulfill multiple design objectives, thereby demanding an
exponentially increased number of meta-atoms. Addi-
tionally, the requirements for phase and amplitude preci-
sion, as well as tolerance to fabrication and operation
deviations, become even more stringent in order to avoid
cross talk and efficiency reduction during the state transi-
tion. While the MOO techniques enable the exploration of
significantly expanded design spaces, it is also highly
desirable to develop design generation and validation tools
in place of full-wave electromagnetic modeling to com-
plement the optimization algorithms and enhance the
design throughput.

A recently emerged DNN-based metasurface design
and characterization approach [316, 323, 328] offers a
promising solution to address the design throughput
challenge. In the study by An et al [316], an all-dielectric
reconfigurable meta-atom design based on NNs was pre-
sented. After training with data, the meta-atom perfor-
mance predicting NNs can rapidly evaluate phase and
amplitude responses of nanodisks of various radii, heights,
periods, and refractive indices over a broad spectral band.
A closed-loop NN, illustrated in Figure 12a, was con-
structed to generate meta-atom designs with on-demand
optical responses. In this NN, the model generator pro-
duces a meta-atom structure, which is then fed to the
predicting neural network to assess their amplitude
and phase responses. The response data are then
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sent back to the model generator, where a new meta-
atom structure is produced with the goal of reducing the
difference between the current and the desired meta-
atom responses. The process reiterates until a satisfac-
tory meta-atom design is reached. The model generator
can be readily modified to meet diverse design re-
quirements. By leveraging this design framework, a
cylinder-shaped meta-atom structure yielding over
310° phase coverage, while its refractive index continu-
ously varies from 3.5 to 4.5, was obtained within several
minutes of computation time (Figure 12b). With con-
ventional approaches, convergence to similar designs
would require intensive parameter sweeping and elab-
orate field distribution analysis, which can easily take
hours or days [345].

Reconfigurable meta-atom designs are usually
composed of simple canonical shapes, such as cylinders
[333], bars [329, 335], and gratings [187, 329], which have
a narrow space of variable design parameters leading
to limited metadevice performance. Fortunately, NN
approach incorporating GANs can dramatically increase
the design DOFs by exploring free-form meta-atom ge-
ometries. A recent paper discusses the possibility of
using GANs to produce free-form all-dielectric multi-
functional meta-atoms and entire metadevices [323]. As
a demonstration, this method was tested on the design
of a polarization-multiplexed bifocal lens (Figure 12c),
whose performance was further verified with full-wave
simulations. By using the training data, including phase
and amplitude responses of meta-atoms at different
material states, a reconfigurable meta-atom design
network can be constructed based on this framework.
This novel approach is extremely time-efficient (i.e., on-
demand meta-atoms can be produced within millisec-
onds) and allows exploration of numerous design de-
grees of free-form with meta-atom geometries. We
envision that this approach will empower the process of
designing metasurfaces, especially those with multi-
functional and reconfigurable features.

8 Outlook

As we have elaborated in this review, active metasurfaces
have taken major strides over the past decade, and the
technology is maturing to the point where it is ready to
make an impact on practical applications. Indeed, in very
recent years, several startup companies such as Tunoptix
[346] and Lumotive [347] have emerged seeking to
commercialize various active metasurface technologies, a
growing trend we will likely witness in the near future. It,
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therefore, comes as no surprise that the research
emphasis in the area is starting to transition from
exploring different optical modulation mechanisms to
perfecting the meta-optics performance such that they
can start to compete with and even topple their traditional
bulk counterparts. This paradigm shift prompts the or-
ganization of our discussions herein and the O-PCM
metasurface design example, through which we aim to
highlight the useful techniques in optical engineers’
toolbox for developing active meta-optics with high op-
tical quality.

Besides optical quality, scalability is another key
challenge that must be addressed for active meta-
surfaces. In many examples of active metasurfaces cited
here, the optics were demonstrated with apertures of the
order of tens of microns or even smaller. Scaling to much
larger areas (mm to cm scale), which are the norm for
most practical optical systems, is important for two
reasons. First, the optical performance measured on
small-aperture optics might not be representative of the
same design with larger apertures. This is in part
because fabrication nonuniformity is often exacerbated
with large areas, and in part, because optical aberrations
also scale with increasing aperture size in optical sys-
tems where systematic deviations from the ideal
diffraction-limited phase profiles are present. Addition-
ally, large aperture size also presents a hurdle toward
electrical addressing of meta-atoms, which is probably
the preferred active tuning scheme for many practical
applications. The collective switching scheme illustrated
in Figure la faces possible challenges associated with
large-area uniformity and multistate tuning, whereas the
individual meta-atom addressing scheme (Figure 1b) is
hardly practical given the extremely large number of
meta-atoms (easily exceeding 10°) in macroscopically
sized optics. The subwavelength meta-atom pitch and
large array size may further pose stringent requirements
on (electrical or thermal) cross talk suppression. We,
therefore, anticipate that the solution may entail some
“hybrid” switching configurations combining features
from both schemes — offering adequate spatial granu-
larity to facilitate continuous or quasi-continuous
multistate tuning while leverages collective switching
of groups of meta-atoms to mitigate the electrical
addressing complexity. Specifically, the symmetry of the
optics can be harnessed to minimize the number of in-
dependent electrical controls. For instance, a varifocal
metalens with continuously variable focal length can be
realized by modulating meta-atoms grouped on a series
of concentric ring—shaped electrodes given circular
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Figure 12: Multifunctional meta-atom design using deep neural networks (DNNs). (a) Schematic illustrating the process of meta-atom
design generation by employing predictive neural networks [316]. (b) Top: transmission amplitude and phase responses of cylinder-
shaped all-dielectric meta-atoms in the continuous range of material states (n = 3.5—4.5) at 5.2-ym wavelength. Bottom: diagram of
electric (arrows) and magnetic (color coded) fields inside the meta-atom in the states #1 and #4 (indicated on the polar plot above).
Incident light propagation direction is marked with an orange arrow [316]. (c) Artistic rendering and layout of a polarization-
multiplexed, transmissive bifocal lens designed with DNNs [323]. Focal lengths for x-polarized and y-polarized incidences are 80 and
60 um, respectively. A quarter of the metalens layout is shown at the bottom, where the yellow areas correspond to the dielectric meta-

atoms.

symmetry of the lens. An alternative strategy involves
mapping the optical functions into two orthogonal di-
rections. As an example, a 2-D metalens can be synthesized
from two orthogonally arranged 1-D cylindrical metalenses
with considerably reduced electrical routing complexity.

Finally, performance consistency, integration compat-
ibility, and manufacturability are among other important
metrics that researchers should strive to improve to enable
active metasurface technologies that will make a tangible
impact on practical applications.
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9 Conclusion

Active metasurfaces possessing a flat, pixelated device
architecture enable local and global optical response tun-
ing, thus introducing new opportunities for dynamic
wavefront control. In this review, we survey recent prog-
ress in reconfigurable metasurface optics, which covers
tuning mechanisms, material platforms, and design ap-
proaches. We outline key device metrics and review
outstanding questions and gaps. Using O-PCM-based
active metasurface as an example, we outline a generic
design principle for all-dielectric, collectively tuned,
reconfigurable metasurfaces. Advanced unit cell optimiza-
tion tools and design approaches are also discussed to
address the escalating design complexity with active meta-
surfaces. The multiscale, multiphysics, and multi-objective
wholistic design framework presented herein is expected to
inspire new designs enabling meta-optical devices with
unprecedented optical quality, and expedite their deploy-
ment in practical reconfigurable optical systems.
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