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ABSTRACT | Structured interfaces with subwavelength features
enable modulations of phase, amplitude, and polarization on
demand, leading to a plethora of flat-profile devices and
metasurfaces. Plasmonic and dielectric metasurfaces have
been intensively explored, building up the frameworks of
flat optics for ultrathin and integrated nanophotonics. The
in situ controllability and tunability of aforementioned family
of metasurfaces, however, has been a grand challenge, due
to the intrinsic limitations of the materials. Semiconductors
with diversified catalogs of material candidates thus demon-
strate promising potentials, owing to the mature and versatile
technologies developed nowadays. The fuse of semiconduc-
tors and nanostructured metasurfaces has been witnessed
more recently, paving a distinct avenue toward active, tun-
able, reconfigurable light manipulation for next-generation
optical nanodevices. Judicious selection of the active mate-
rials for metasurfaces empowers the active functionality of
the designer applications. This paper presents a review of
this merging semiconductor paradigm for active metasurfaces
across a wide range of spectrum and shows unprecedented
potentials in the future interface-based optoelectronics, quan-
tum optics, nano-optics, and surface engineering with full
compatibility of semiconductor foundry.

KEYWORDS | Active materials; active tuning; metasurfaces;
phase engineering; semiconductors.

I. INTRODUCTION

Metasurfaces are flat interfaces composed of subwave-
length artificial media (metaatoms) showing tailored prop-
erties of electromagnetic (EM) wave on demand [1]-[4].
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By controlling the phase delay and/or amplitude by each
of the metaatoms, one can realize metasurfaces that would
enable complex wavefront engineering and the develop-
ment of a generalized form of Snell’s law [5]. The flat
optics open new pathways to realize flat lens [6], [7],
holography [8], and optical vortex generation [9], among
others. Due to the flat-profile nature of metasurfaces,
it even demonstrates some potentials in replacing the
bulky 3-D optical elements in the optical systems, such
as biomedical endoscopic imaging [10], computational
imaging [11], and augmented reality (AR) [12], [13].
However, passive element-based metasurfaces present a
static feature once they are fabricated. Dynamic control of
metasurfaces with postfabrication modulation to achieve
arbitrary control of phase, amplitude, and/or polarization
of individual metaatoms is the holy grails in this field.

Various tuning mechanisms have been studied and
reported, such as electrooptic modulation [14], magne-
toelastic control [15], mechanical stretching [16], [17],
micro-nanoelectromechanical systems (M-NEMS) [18],
and thermo-optic modulation [19]. There are many
review articles about tunable and reconfigurable meta-
surfaces [20], active material-based metasurfaces [21],
and light-induced tunable metasurfaces [22]. However,
most of the reviews focus on the classifications of the
functionalities and/or performance control methods, such
as by switching spin, polarization, and wavelengths of the
input light. A comprehensive material-paradigm review to
address the complementary nature between versatile new
materials and advanced active metasurfaces is still missing.
In particular, this era has been an era of materials, and
metasurface area is not an exception either. In this paper,
we focus on the hybrid metasurfaces with semiconductors
as active materials and mainly discuss the electrical and
optical tuning mechanisms. Since semiconductors show
mature and versatile technologies and foundry-ready
compatibility, we believe that the semiconductor-based
metasurface will play a pivotal role in bridging the gaps
between fundamental science, industrial adoption, and
mass production.

In Sections II-VI, we overview the recent developments
of functions and applications in metasurfaces hybridized
with or made of semiconductors. We categorize the sec-
tions with different catalogs of semiconductors, such
as transparent conductive oxides (TCOs), 2-D materials,
phase change materials (PCMs), silicon, and III-V semi-
conductors. The versatile modulation methods are also
discussed, depending on the properties of the active mate-
rials, including electrical, optical, and thermal modulation.
The various active functionalities, e.g.,phase, amplitude,
and polarization modulation will also be discussed in each
category, along with possible schemes to obtain faster,
high-efficiency active metasurfaces.

II. TRANSPARENT CONDUCTIVE OXIDES

TCO is one typical kind of transparent heavily doped
n-type semiconductors well applied in our daily electric

appliances. The TCO materials, such as indium-tin oxide
(ITO), doped zinc oxide (e.g., Al:ZnO and Ga:ZnO), and
doped cadmium oxide (e.g., CdO:In), have much lower
loss than that of gold and silver in the visible and
near-infrared (NIR) region [23]-[25]. The dielectric per-
mittivity of TCOs can be described by the Drude model
where the plasma frequency is related to the carrier
density. One can modulate the permittivity of TCOs by
controlling the doping concentration to achieve epsilon-
near-zero (ENZ) at the desired wavelength. TCOs can
also be electrically tuned by applying static electric field
(change of carrier density) and optically tuned (change of
plasma frequency or plasma damping) due to its nonlinear
properties.

A. Electrical Modulation

Metal-oxide-semiconductor (MOS) configuration is
a common method to apply static electric field on
TCOs [see Fig. 1(a), top] where TCOs are used as the
active semiconductor layer [26]-[29]. When applied 0 or
negative bias between metal and TCOs, the conduction
band (F.) and the valence band (F,) of the active mate-
rial at the surface are brought into a definite energy
relationship with the Fermi level of metal. The band
structure and carrier concentration follow the bound-
ary conditions of the Poison equation and drift-diffusion
equation. At thermal equilibrium, TCOs usually have a
depletion layer around few-nanometer-thick near insula-
tor, where the carrier concentration is lower than intrinsic
doping [see Fig. 1(a), middle]. On the other hand, when
applying sufficient positive bias, accumulation layer forms
at the same position where the carrier concentration is
higher than intrinsic doping [see Fig. 1(a), bottom]. The
formed depletion or accumulation layer is the so-called
field-effect modulation because of the large variation
of electric field and the permittivity [26], [30]. This
phenomenon has been used to demonstrate electrically
controlled plasmonic waveguides [27], [30]-[32], meta-
materials [33], [34], emission control [35], amplitude
modulators [36], [37], and phase modulators [38]-[40].

Based on the field-effect modulation, top-gated
[see Fig. 1(b) and (c)] [38], back-gated [see Fig. 1(d)
and (e)] [39], and dual-gated metasurfaces [see Fig. 1(f)
and (g)] [40] have been demonstrated in the NIR region.
These metasurfaces provide both MOS configuration
and plasmonic reflective metasurfaces (metalantenna/
dielectric/metal-mirror) [41], [42], where the insulator
and TCO layers are regarded as the dielectric layer. The
operation wavelength of metasurfaces is controlled by
the antenna geometry, while the phase can be electrically
tuned by the dramatic change of plasmonic modes.
By selecting specific doping of ITO, one can design
a tunable metasurface that the active layer and the
ENZ region form at the operation wavelength under
reasonable bias applied. The top-gated metasurface has
been demonstrated around 184° phase change with little
amplitude change at 1550 nm [see Fig. 1(c)] and around
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Electrically tunable metasurfaces using TCO. (a) Schematic of the MOS field-effect dynamic (top) and its energy band diagram

under applying 0 bias (middle) and V volt (bottom). (b) Top-gated ITO metasurfaces and (c) measured phase [38]. (d) Back-gated ITO
metasurfaces and (e) its achievable complex reflection coefficient [39]. (f) Dual-gated metasurfaces and (g) measured phase [40]. Scale bar

is 500 nm in (f).

30% reflectance modulation ratio out of the operation
wavelength under the applied bias of 2.5 V [38]. The
modulation frequency can get higher than 2 MHz. The
back-gated metasurfaces have been demonstrated a similar
phase change at 5.94 ym via tuning the resonant scattering
by changing the applied bias from —40 to +40 V [39].
The achievable complex reflection coefficient is shown
in Fig. 1(e). The dual-gated metasurface incorporates two
independent field-effect channels, resulting in a wider
phase tunability [around 303° as shown in Fig. 1(g)] and
a larger reflectance modulation ratio (around 89%) under
the applied bias of 6.5 V [40].

B. Optical Modulation

In addition to electrical modulation, TCO properties can
also be altered by optical excitation. The basic idea is that
for a given change in the permittivity (Ae), the resulting
change in the refractive index (An) is given for a loss-
less material by An = Ae/(24/€). While the permittivity
becomes small (e.g., in the ENZ region), the change of
refractive index becomes large. Some studies have inves-
tigated the third- and second-harmonic generations in
the ITO film [43], [44] and ultrafast optical switching
(reflectance) in the AZO film [45]. The improvement of
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nonlinearity enhancement of ITO has been reported by
exploiting hot electrons in ITO. The hot-electron injec-
tion from patterned plasmonic nanoantennas to ITO films
under the excitation of femtosecond laser pulses results
in ultrafast nonlinear control [46] and active control
of plasmon-induced transparency [47], [48] and chiral-
ity [49]. ITO film itself can further achieve a refractive
index change of 0.72 in the ITO’s ENZ region [50]. The
wavelength-dependent effective nonlinear refractive index
coefficient ny with different angles of incidence is shown
in Fig. 2(a). The measured value of ny = 0.11 cm?/GW is
around 1837 times larger than that at not-ENZ-region con-
dition, while the effective nonlinear attenuation constant
3 is around 2377 times larger. The nonlinearity primarily
results from the modification of the energy distribution
of conduction-band electrons as a consequence of the
laser-induced electron heating. Fig. 2(b) shows the free-
electron temperature (7.) changes with wavelength and
angle of incidence. It goes higher, while the ENZ condition
holds and free carrier absorption increases, resulting in an
effective red shift in the material’s plasma frequency and
the change of permittivity Ae [50]. The plasma frequency
of ITO is governed by the conduction-band nonparabolicity
at higher electron temperature [see Fig. 2(c)] [51], [52],
where the energy-wavevector dispersion relation for a
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Fig. 2. Optical nonlinearity of TCOs. (a) Measured nonlinear effective refractive index and (b) calculated free-electron temperature of ITO
film [50]. (c) Schematic showing the electron configurations and electronic processes involved in the NIR intraband pumping [52]. (d) ITO
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spectral [55]. Gold nanoantennas coupled to (h) ITO for (i) large effective nonlinear refractive index and (j) nonlinear absorption [56].

conduction-band electron follows Kane’s model [53], [54].
An elevated electron temperature can also increase plasma
damping [55]. The transient behavior of the localized
surface plasmon resonances of patterned ITO, such as
ITO nanorod array, achieves peak change in optical den-
sity AOD [defined as tlogl0(Ton/Tor)] of t0.37, giv-
ing an estimated 24% absolute transmission change [see
Fig. 2(d) and (e)] [52]. A high-quality factor mode, such
as Berreman-type perfect absorber using high-mobility
indium-doped cadmium oxide (CdO), leads to a higher
absolute change (in reflectance from 1.0% to 86.3%),
resulting from the transient increase of the ensemble-
averaged effective electron mass [see Fig. 2(f) and
()] [55]. Furthermore, a large broadband nonlinear
response is investigated from the ENZ-region of ITO cou-
pled with gold antenna [see Fig. 2(h)], which achieves n.
of t3.73 cm?/GW with 3 of around 2.2 x 10° cm/GW [see
Fig. 2(i) and (j)] [56]. Note that both n, and 3 can be
positive or negative. The nonlinear response time of the
TCOs is a few hundreds of femtoseconds [50], [52], [55],
[56], which may enable applications in ultrafast lasing,
optical limiters, and optical switching.

III. TWO-DIMENSIONAL MATERIALS

Benefitting from their electrical and optical properties,
graphene and other 2-D materials, such as transition
metal dichalcogenides (TMDs or TMDCs), black phospho-
rus (BP), and hexagonal boron nitride (hBN), have been

widely studied and utilized in electrical and photonic
devices these years [57]. The 2-D feature provides the
possibilities for 2-D materials to be promising plasmonic
materials in a wide spectral range covering from the
infrared to terahertz regions [58], [59]. In contrast to
the conventional plasmonic devices made of noble metals,
plasmons in 2-D materials exhibit extremely tight field
confinement and long propagation distance. Furthermore,
the response is electrically and chemically tunable, which
is an extraordinary feature for the investigation of the
fundamental properties of plasmon itself and the potential
applications. It is a novel platform for tunable devices,
especially photonic metasurfaces [60]-[63]. hBN, with a
large bandgap of around 6 €V is an ideal 2-D dielectric
material, which has not been deeply exploited in the
field of active metasurfaces except some recent studies
and applications on enhanced quantum emitters [64] and
phonon polariton engineering [65], [66]. By virtue of few
reports on metasurfaces integrated with hBN, in what
follows, we focus on some typical 2-D materials (graphene,
TMDs, and BP) to illustrate their fundamental proper-
ties, operation principle, and possible applications for
metasurfaces.

A. Graphene Active Metasurfaces

Graphene, probably the best known 2-D material, con-
sists of a single atomic layer of carbon in a hexagonal
lattice. In its band structure, at the so-called Dirac points in
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the first Brillouin zone, the conduction and valance bands
touch each other. Close to the Dirac points, the electron
energy follows a linear dispersion relationship, F = hvrk,
where vr(~10° m/s) (~10° m/s) is the Fermi velocity,
which makes graphene semimetallic and leads to many
exceptional electrical and optical properties. The Fermi
energy is Er =~ hvpkr, where kp ~ \/mn is the Fermi wave
vector and n is the charge carrier concentration. Two kinds
of transitions can be excited when photons are absorbed by
graphene, which can be described by optical conductivity
of graphene under random phase approximation (RPA)
in the local limit [67], [68]. For undoped single-layer
graphene (n = 0 and Er = 0), its absorption exhibits
frequency-independent properties, about 2.3% from visible
to NIR spectral range. Once the graphene is electrically
doped and charge carriers are injected, 2Fr bandgap
opens and varies at applied bias voltage, making the
optical absorption strongly dependent on the sheet carrier
density. Considering the real situations based on electric
gating, the Fermi energy can be boosted to 1 €V and the
corresponding charge carrier concentration is at a value
around 7 x 10'3 em~2 [69]. Thus, with attractive plas-
monic properties, high carrier mobility, and electrostatic
tunability, graphene can help manipulate EM waves at a
deep-subwavelength scale and promise an avenue to active
metamaterials [70].

Despite all the potentials, the interaction between con-
tinuous graphene and free space radiation is limited by low
efficiency of plasmon excitations. To solve this problem,
patterning graphene into subwavelength structures, such
as microribbon arrays [see Fig. 3(a)], is a practical way.
It offers an additional momentum and energy to match
the properties of surface plasmons on the graphene film,
giving rise to remarkable absorption peaks [71], [72].
Furthermore, closely packed nanodisks with electrostatic
doping [73] and positioning doped graphene nanopatterns
above a metallic reflector [74] can further enhance the
absorption to 30% and 100%, respectively. Due to the
electrical tunability of graphene, plasmonic resonances of
graphene metasurfaces, such as nanodisk array as shown
in Fig. 3(b) and (c), can exhibit broadband tunabil-
ity [75]. As small as 15-nm-width graphene resonators
can highly confine plasmonic modes with local density of
optical states 10° larger than that in free space, which
are supported and sensitive to the sheet charge den-
sity, making large frequency range tuning possible [76].
However, exciting plasmonic resonances in single-layer
graphene resonators always requires high doping levels,
which limits their applications. Using patterned multilayer
graphene/insulator stacks instead of single-layer graphene
is an effective way to realize higher carrier density and
further enhance the plasmonic resonance frequency and
magnitude. Furthermore, carriers are redistributed within
different layers, making the plasmonic effects of elec-
trostatic biasing enhanced and leading to broad spectral
tuning range [77], [78]. Besides, patterned graphene is
also utilized to realize large dynamic phase range and light
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manipulating, such as beam steering [79]-[81], focus-
ing [82], cloaking [see Fig. 3(d)] [83], 84], and broadband
absorber [85].

A lot of applications related to graphene active
metasurfaces were demonstrated. With the help of inter-
action between standing plasmon excitations in arrays of
graphene nanoribbons and surface polar phonons of the
SiO, substrate, Freitag et al. [86] designed polarization-
sensitive graphene photodetectors with narrow spectral-
width resonances, allowing efficient tuning of modes by
a gate voltage. Apart from photodetectors, Brar et al.
[87] utilized graphene resonators to realize narrow spec-
tral blackbody emission [see Fig. 3(e)]. In such design,
when the patterned graphene sheets are heated, the path-
ways of infrared absorption and thermal emission are
linked. The plasmonic resonant modes can therefore cou-
ple to free space and give rise to thermal emission with
graphene sheets working as antennas. Based on gate tun-
ing of the carrier density in graphene, both the intensity
and the frequency can be electronically controlled [see
Fig. 3(f)] [87]. Patterned graphene also offers great poten-
tials for biosensing in the midinfrared range attributed to
the ability of graphene plasmons for extremely field con-
finement, which helps enhance light-matter interactions.
More importantly, by tuning the plasmonic resonances of
graphene nanoribbons in mid-IR with gate bias voltage
accordingly [see Fig. 3(g)], label-free probing of the pro-
teins at different frequencies with high sensitivity can be
realized [88].

Electrical connections are essential for gate-controlled
graphene devices, which greatly restrict the flexibility
of applications. Utilizing elastic vibration based on flex-
ural waves to modulate graphene may be a genuine
attempt. By varying the acoustic frequency that controls
the effective grating period, the radiation pattern, beam
angle, and frequency of operation can be dynamically
tuned [89]. Ultraviolet illumination is another practical
optional way to realize dynamically tuning of plasmonic
resonances in graphene. As shown in Fig. 3(h), once the
operational wavelength, power density, and illuminating
duration time of UV light are properly set, Fermi level
of graphene and corresponding response will be well
modified accordingly [90].

B. Hybrid Graphene Active Metasurfaces

Despite that patterned graphene metasurfaces could
exhibit tunability of EM resonances, the radiative coupling
is still too weak. Strong light confinement of metallic
plasmonic metasurfaces is widely used to promote the
interactions between EM waves and matters around. Thus,
by integrating graphene in the hot spots of conventional
plasmonic metasurfaces and changing its carrier density,
tunability of resonances can be greatly enhanced. Integrat-
ing split-ring resonators (SRRs) or dipole antennas on top
of graphene have been employed to realize tunable inten-
sity modulators with modulation depth from 11.5% [91]
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to 30% [see Fig. 4(a)] [68]. Extraordinary optical trans-
mission, always realized with subwavelength apertures in
a metallic film, becomes an ideal scheme for transmission
modulators. Owing to the ability of dense energy concen-
tration, the large modulation depth of 50% in the terahertz
frequency region was demonstrated [92]. It is essential to
have a high Q-factor and narrow spectral width, e.g., Fano
resonance, in order to reach a high modulation depth. High
sensitivity and large field enhancement of hybrid metasur-
faces composed with graphene and Fano antennas exhibit
good performances for amplitude modulators [93], [94]
and photodetectors [95]. Graphene hybridized with a
periodic array of gold slits serves as a strategy to realize
highly efficient modulators [96], [97], with modulation
depth nearly 100% [shown in Fig. 4(b)]. In another
work, a metal-insulator-metal waveguides metasurface on
graphene with 20-nm gap size realized a broad resonance
wavelength tuning range of 1100 nm at the midinfrared
region [98]. By incorporating with a subwavelength-
thick optical cavity, this structure furthermore behaves

as an optical modulator over a broad wavelength range
(5-7 pm) and perfect absorber with a modulation depth
of up to 100% [99]. In addition to continuous graphene
layers, graphene ribbons were also adopted and placed
in the subwavelength gold slits. Plasmonic resonances
of graphene ribbons work synergistically with plasmonic
nanostructures as shown in Fig. 4(c), which give rise
to more efficient modulations from 60% [100] to 100%
[101], [102].

In addition to intensity modulations, phase modulations
are investigated. In order to make metasurface response
actively controllable, Lee et al.[103] made metaunits
exhibiting Fano responses and continuous graphene layers
configured together as shown in Fig. 4(d) and realized
an electrically tunable extraordinary optical transmission
modulation of terahertz waves with an amplitude of 47%
and a phase of 32.2°. The phase modulation could be
further improved to 55° by devising a Fano resonant
plasmonic metasurface that contains nanoscale gaps with
monolayer graphene [104]. Another tunable metasurface
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Fig. 4. Hybrid graphene active metasurfaces. (a) Tunable plasmonic device with antenna array on a gated graphene sheet and the relative
reflectance spectrum indicating a maximum modulation depth of more than 30% [68]. (b) Transmission through the meta-graphene grating
for different carrier density levels [97]. (c) Transmission spectra of the graphene ribbon hybrid metamaterial devices at different back-gate
voltages [100]. (d) Schematic of gate-controlled terahertz active graphene metamaterial (top) and relative change in tr ission (bottom
left) and phase change (bottom right) plotted as a function of gate voltage based on the Fano responses [103]. (e) Schematic (top left) and
an optical image (top right) of gate-controlled phase modulation with reflective hybrid graphene metasurface and the gate-dependent
reflection phase spectra (bottom) [106]. (f) Schematic of the single-pixel imaging with hybrid graphene metasurface [112]. Scale baris 1 pum

in (c).

design is based on gap-mode reflective metasurfaces
(metal-antenna/dielectric/metal-mirror) [105]. A critical
transition of phase will occur, leading to a phase modula-
tion as large as around 240°, which can be used to realize
reconfigurable metasurfaces such as tunable polarizer [see
Fig 4(e)] [106] or beam-steering devices [107]. Recently,
by incorporating graphene supercapacitor with split-ring
resonators, a tunable metadevice was proposed. Phase
modulation of 90° with amplitude modulation of 50 dB
were experimentally demonstrated via electrically recon-
figurable and spatially varying metaatoms [108]. Nowa-
days, many applications based on this configuration have
been experimentally or numerically demonstrated, such as
slow light devices [109], chiral metadevices [110], [111],
spatial light modulator [see Fig. 4(f)] [112], dynamical
vector vortex beam generator [113], and dual-band light
focusing [114].

C. Transition Metal Dichalcogenides and
Black Phosphorus

Unlike graphene, TMDs with bandgaps show great
advantages such as low insertion loss and relatively
large optical absorption, enhanced modulation depths,
and strong near-field enhancement. Metasurfaces based
on TMDs and BP have not been fully investigated.
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There have been several interesting applications proposed
recently. Integrated MoS, and WSe, as active layers with
plasmonic metamaterials and THz modulators are demon-
strated [115], [116]. BB a direct bandgap 2-D semicon-
ductor whose bandgap is thickness-dependent, exhibits
extremely in-plane anisotropic features. By patterning
monolayer BP into periodic nanostructures or integrated
with subwavelength structures, efficient plasmonic reso-
nances can be excited. Anisotropic perfect absorber [117],
strong couplings between plasmons [118], and hyperbolic
metamaterials [119] can be realized and exhibit active
tunability with carrier doping at the mid-IR and THz
regions.

The direct bandgap in monolayer TMDs leads to much
stronger photoluminescence (PL) [120]. However, the lim-
ited light absorption (due to atomically thin thickness)
and large nonradiative recombination rate of excitons (far
exceeding the radiative recombination rate) result in low
PL efficiency (less than 1072), limiting their applications
in practical devices [121]. Fortunately, the integrations
of TMDs with metasurfaces, either by transferring TMDs
on metasurfaces or patterning metasurfaces on TMDs,
offer possible solutions and enable the significant manip-
ulation of the near-field and local optical density of
states, resulting in tunability of absorption/emission prop-
erties [122], [123]. Recently, a 2000-fold enhancement
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in the PL intensity of MoS: is achieved by simultane-
ously enhancing absorption, emission, and directionality
of the system [see Fig. 5(a) and (b)] [124], which
is around 50 times larger than typical PL enhance-
ment factor (EF) by plasmonic nanoantenna array [125].
By suspending monolayer WSe, flakes onto metasurface
consisting of sub-20-nm-wide trenches in a gold sub-
strate, a 20 000-fold PL enhancement has been achieved
[see Fig. 5(c) and (d)] [126]. Both the excitation and
emission processes dominate the PL intensity enhance-
ment. In the excitation process, incidence wavelength
matched with the resonance of the metasurface gives
rise to an enhanced near field, resulting in the increase
of excitation rate of electron-hole pairs in WSe.. In
the emission process, the metasurface enhances the
spontaneous emission rate of WSe, via the Purcell
effect.

The optical cavity can further improve the valley polar-
ization of PL. Namely, the handedness of the PL can
be controlled by the polarization of the incident light.
The phenomenon of valley polarization originates from
inversion asymmetry and strong spin—orbit coupling in
monolayer TMDs, leading to spin-valley locking at the
direct bandgap valleys [127]-[129]. The valley polariza-
tion degree is dramatically decreased at room temperature
owing to the large intervalley scattering, which can be
ameliorated by incorporating TMDs with metasurfaces.
Valley-polarized exciton polaritons have been observed
in monolayer MoS; embedded in a planar microcavity
[see Fig. 5(e) and (f)] [130] and in monolayer WS, cou-
pled to cavity photons [131] at room temperature. The PL
spectra of TMDs are generally dominated by excitons, i.e.,
electron-hole pairs bound by Coulomb force. The excitons
in monolayer WS; can be optically bright or dark according
to the spin configuration of electrons and holes [132].
The dark excitons have much longer radiative lifetime
than bright excitons because the parallel electron-hole spin
momentum is not conserved, which may be used to create
“fast” or “slow” light. Direct detection of dark excitons has
been observed in monolayer WSe, by placing it on top
of a single-crystalline silver film [see Fig. 5(g) and (h)]
[133]. The near-field coupling of WSe, to surface-plasmon
polaritons improves the experimental capabilities for prob-
ing and manipulating exciton dynamics of atomically thin
materials.

Nonlinear properties of TMDs can also be enhanced with
optical cavity or plasmonic structures. Around 200-fold
SHG enhancement of monolayer WSe; by coupling to
photonic crystals was demonstrated [134]. Further SHG
enhancement (~3300-fold) was achieved by integrating
monolayer MoS;with a doubly resonant optical cavity
[see Fig. 5(@) and (j)] [135]. Recently, ~7000-fold SHG
enhancement of monolayer WSe, on sub-20-nm-wide gold
trenches on flexible substrates has been reported [see
Fig. 5(k) and (I)] [136]. Besides, a synthetic Au-WS,
metasurface was investigated not only to achieve SHG
enhancement (tenfold) but also to steer the nonlinear

photons from different valleys to any desired direction in
free space at room temperature [137].

IV. PHASE CHANGE MATERIALS

Phase change materials (PCMs) [138] have intrigued
an extensive amount of interest in recent years due to
their exotic material properties, which can be thermally,
optically, electrically, or even mechanically switched. Such
exceptional materials have been adopted to realize opti-
cally reconfigurable metadevices, which is revolutioniz-
ing the data storage industries by affording high-speed,
portable, inexpensive, and reliable platforms to store
explosive information. In recent years, several promis-
ing materials come into our attention: vanadium dioxide
(VO2) [139]-[180] germanium-antimony-tellurium alloy
(Ge:Sb:Te, GST) [181]-[196], liquid crystals [197], [198],
and gallium [199]. They share the basic yet most impor-
tant feature in modulating optical response at structured
interfaces, i.e., the first-order phase transformation, which
induces the change in refractive index, electric conduc-
tivity, dielectric constant, and so on. In what follows,
we focus on two typical phase change materials (VO2 and
GST) to illustrate their fundamental properties, operation
principle, and possible applications for metasurfaces.

A. Vanadium Dioxide

VO, is probably the most frequently studied phase
change material due to its low transition threshold. The
phase transformation undergoes from the insulating phase
to metallic phase (IM) above the critical temperature
of 340 K (~67 °C) [139]. More specifically, VO is resistive
in the former case, while it is more conductive in the latter
case. Prior to intriguing properties and applications of VO,
the crystallization mechanism and basic physics behind
IM transition have been extensively studied [140]-[145],
for example, femtosecond structural dynamics [140],
coherent structural dynamics [141], near-threshold behav-
ior [142], gate field dependence of metal-insulator tran-
sition [143], breaking the crystallization speed limit with
a weak electric field and a subsequent stronger elec-
trical pulse [144], and even stabilization of the metal-
lic phase through electric field-induced oxygen vacancy
in VO2 [145]. Explosive studies have demonstrated that
the phase transition can be optically [140]-[142], elec-
trically [143]-[145], and thermally [146]-[148] driven.
In the former two cases, the triggered electrical current
and picosecond/femtosecond pulsed laser convert the elec-
tronic and photon energy into thermal counterpart. The
optically induced phase transition has been researched
over a broad spectral range from millimeter-wave [173],
terahertz [141], [142], and infrared [143], [146], [147]
to visible [148].

The phase transition and properties of VOzcan be
modulated by doping [149], [150], patterned nanoparti-
cles [146]-[148], and coupling to cavity resonances [151],
[152] and nanostructures [153]-[177], [180]. Doping VO-
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PL and SHG enhancement of TMDs. (a) Schematic of cavity-enhanced PL of MoS2 [124]. (b) Spatial map of the field enhancement

across the nanocavity at the second-order mode (top) and optical absorption (blue line) and PL (red line) spectra of monolayer MoS, on SiO,
(bottom) indicating a 2000-fold PL enhancement [124]. (c) SEM image of monolayer WSe, covering both metasurface and flat gold [126].

(d) Experimental PL EF (red line) and the simulated EFNF x EFPF (blue line) spectrum indicating a 20 000-fold PL enhancement [126].
Schematic of (e) valley-polarized exciton-polaritons in MoS; incorporated into a cavity and (f) valley-spin optical transitions [130].

(g) Schematic of the experimental setup for probing dark exaction emission [133]. (h) Normalized coupling ratio (SPP-PL/FF-PL) as a function
of gate voltage [133]. (i) Schematic of monolayer MoS in a doubly resonant on-chip optical cavity [135]. (j) Second-harmonic wave signal

indicating a 3300-fold SHG enhancement [135]. (k) Schematic of efficient SHG from ultrathin and flexible hybrid nanostructure of monolayer
WSe, on metasurface [136]. (I) SHG peak intensity of WSe, on gold trenches and on sapphire indicating a 7000-fold SHG enhancement [136].

Scale bar is 100 nm in the inset of (c) and 1 um in (c).

degrades the transition temperature and adjusts the tran-
sition property such as hysteresis in a reversible manner.
Hydrogen doping [149] and interfacial doping with Ti in
a core-shell scheme [150] are common methods. By pat-
terning VO, nanoparticles, the hysteresis width shows
narrower with increasing size of VO, nanoparticles and
the heterogeneous nucleation process at the nanoscale trig-
gered by oxygen vacancy defects gives rise to the IM phase
transition [148]. The phase transition temperatures of VO2
nanoparticles can even be lower by optimizing preparation
process, size, and shape [147]. Coupling ultrathin VO,
film with sapphire substrate has yielded a perfect absorp-
tion [151] because of its large imaginary part of refractive
index at intermediate state in the IM phase transition.
The ultrafast IM transition VO, enables to control the
spontaneous light emission of a quantum emitter [152].
The interaction of nanostructures with VO, has been
comprehensively studied in active metasurfaces and
plasmonic systems, demonstrating substantial advantages
and applications [153]-[177], [180]. Au nanoparticle
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covered by VO, film was employed to inspect the
blueshift of localized surface-plasmon resonance [153].
SRRs [154] or Y-shaped antenna [155] stacked on VO
realized the redshift of both permittivity and permeability
after IM phase transition. A similar strategy has been
demonstrated on reflected phase change [156], broadband
dynamic control ranges [157], and large amplitude
modulation [158]. The dynamic tuning of frequency
response can be utilized for memory use. As shown
in Fig. 6(a), by attaching a voltage pulse on electrodes
connected to two sides of in-plane SRR array fabricated
on a thin VO, film, hysteretic resistance behavior and
drastic redshift of resonance are clearly observed during a
complete temperature cycle [159]. The nanoscale interplay
of IM phase transition of VO» and plasmonic hysteresis has
been demonstrated, while the volume of VO, is contained
within the SRR gap [see Fig. 6(b)] [160]. The plasmon
resonance of nanoparticles establishes an efficient avenue
in assisting optical excitation with low-power laser-
induced or low-temperature switching. This configuration
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(b) Detecting nanoscale size dependence with VO, contained within the SRR gap [160]. (c) Antenna-assisted picosecond control of nanoscale
phase transition in VO, [170]. (d) Electrically triggered multifunctional control [171]. (e) Writing and erasing process on the

field-programmable photonic metacanvas [177]. (f) VO,-assisted bowtie antenna for dynamically reconfigurable metadevice [180]. Scale

bars are 100 nm in (c) and 100 pum in (e).

overcomes the Coulomb potential barrier for IM phase
transition of VO. [161] and induces hot-electron
injection-driven ultrafast phase transition [162]-[164]
and nonresonant plasmonic heating [165]-[167].
Strikingly, the enhanced modulation range and the
lowered IM transition temperature were realized by
employing hybrid nanogap-VO, through thermal [168] or
terahertz-pulse [169] excitation. Recently, the antenna-
VO hybrid manifests thermal memory for both pulsed
excitation by altering optical pumping repetition rate
and temperature change [see Fig. 6(c)] [170]. The
utilized pulse energy of the antenna-assisted system
has successfully lowered by 20 folds. There are some
applications based on the aforementioned properties, such
as electrical switching of reflectance [see Fig. 6(d)] [171],
electrically tuning the wavefront of the gradient
transmissive metasurface [172], [173] and reflective
metasurface [174], electrically modulating the polariza-
tion state of light [175], [176], rewritable metacanvas
[see Fig. 6(e)] [177], dynamic color generation [178], and
reconfigurable modulation of polariton wave [179]. As fast
as 1.27 ms, electrically tunable optical modulators have
been demonstrated with a bowtie field antenna to avoid a
large thermal mass of continuous film [see Fig. 6(f)] [180].

B. Germanium-Antimony-Tellurium Alloy

Although VO, exhibits low transition threshold, the res-
onance shift and spectrum contrast are trivial at NIR
frequencies, because the complex refractive index of VO

changes significantly in imaginary part but slightly in
real part during the phase transition. GST film affords
an alternative possibility to solve the above-mentioned
issue and has experienced an exponential growth of inter-
est in recent years [181], [182]. It typically contains
two phase states that can be reversibly switched: amor-
phous state and metastable cubic crystalline state. The
crystalline-to-amorphous transition can be actualized by
a melt-quenching process requiring a short (nanosecond
level), high-repetition-rate laser pulse that quickly raises
the temperature above the melting point of 7}, ~ 600 °C.
However, the transition from amorphous to crystalline
state is an annealing process that requires a longer, lower
intensity pulse to preserve the material above its crystal-
lization temperature 7. ~ 160 °C for a short time. Between
amorphous and crystalline states, the huge contrast of
dielectric properties is present. The resultant change in a
refractive index brings about substantial changes in spec-
tral dispersion of the resonances, transmissions, and reflec-
tions, especially at wavelengths close to the resonance.
GST has been widely exploited and commercialized in
rewritable optical disk storage and nonvolatile electronic
memories due to its good thermal stability, high switching
speed, and large number of achievable rewriting cycles.
The switchable optical properties of plasmonic
antenna [183], [184], metamaterials [185]-[187], and
metasurfaces [188] were demonstrated by the integration
with GST film. The Al nanoantenna covered by an
extremely thin GST film was reported to switch infrared
plasmonic resonances assisted by femtosecond laser
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pulses [183]. Such switching of resonance is marked,
nonvolatile, and reversible due to the phase transition
properties of GST. The GST can be utilized as an NIR
optical switch by inserting a short section of GST to
bridge two parts of a bowtielike metallodielectric dimer
nanoantenna [184]. The significant variations and
shifts of plasmonic resonance peaks between pulse-
induced amorphous and crystalline phases qualify it as
a switch platform. The GST films were hybridized with
plasmonic structures for optical resonance switching [see
Fig. 7(a)] [185], switchable perfect absorber [186], and
switchable chirality [187].

Massive switch contrast arises in the transmission
and reflection rate, which is ascribed to their dielec-
tric constant or refractive index change induced by
amorphous—-amorphous state transition [185]. The amor-
phous and crystalline dual-phase state of GST can be uti-
lized to multiplex different functionalities by interleaving
two different types of metaatoms in a metasurface to
demonstrate bifocal zoom lensing [see Fig. 7(b)] [188].
Two rows of antennas were alternated to impart different
geometric phases, resulting in bifunctional devices with
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independent design. In each phase state, the incident light
only interacts with one type of antenna.

The patterned GST nanostructures can also realize opti-
cally switchable resonance shifter [189], [190] and phase
shifter [191], [192]. The dramatic change of optical con-
trast of the patterned GST sphere in amorphous and crys-
talline phases was demonstrated to shift the mode between
an electric dipole resonance and an anapole state [190].
The nanostructured GST was employed as a basic build-
ing block of the metasurface in the NIR spectrum rather
than a background medium. By using GST rods as the
basic unit and controlling the crystallization fraction of
GST rods, the variable optical resonance of metaatom,
multilevel phase, and wave modulation can be engineered
in its amorphous and crystalline states [see Fig. 7(c),
top] [191]. Tuned Fano resonances and anomalous reflec-
tion beam steering can be modulated [see Fig. 7(c), bot-
tom]. Dielectric-plasmonic transitions in switchable GST
metasurfaces were demonstrated [see Fig. 7(d)] [192].
By stimulating the GST nanograting metasurface with a
different number of laser pulse, repetition rate, and energy
of the pulse, a positive-to-negative dielectric constant of
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GST is manifested. The GST metasurface transforms from
dielectric to plasmonic state from ultraviolet to visible
spectral range, enabling large switching contrast of reflec-
tions, transmissions, and color change [192].

Electrically or optically patterning GST film can realize
reconfigurable devices, such as color display [193], [194],
hologram [195], and metasurfaces [196]. In this scheme,
the GST film was typically encapsulated between two
thin films (e.g., ITO or ZnS-SiO;), which were protected
against atmospheric degradation. As shown in Fig. 7(e),
the GST film is sandwiched between top-and-bottom ITO
layers [193]. By changing the direct current attached
to the electrode and tailoring the thickness of the bot-
tom ITO spacer (crucial factor) and GST layer, reflec-
tivity (color) is modulated at specific wavelengths when
illuminated by white light. Then, by cautiously selecting
above-mentioned nanostructured films as pixels, electri-
cally tunable color display devices can be actualized [see
Fig. 7(e), bottom]. The reflective color display device
can be readily extended to a transmission scheme by
removing the mirror [193]. Such ITO-GST-ITO composite
metaatom was later adopted to realize a full-color digital
computer-generated hologram by varying the pulse energy
illuminated on the hologram without damaging the bottom
Al and ITO layer [195]. Optically reconfigurable GST-based
metasurfaces have been demonstrated with the continu-
ously controlled degree of multilevel crystallization on GST
film sandwiched between ZnS-SiO- layers [see Fig. 7(f),
top] [196]. Dynamically reconfigurable focusing lens with
different numbers of foci can be engineered based on a
write—erase-write reconfiguration cycle process, i.e., selec-
tive crystallization and reamorphization [see Fig. 7(f),
middle and bottom].

V. CARBON GROUP, III-V
SEMICONDUCTORS, AND
DIELECTRIC MATERIALS

Thanks to the low loss in visible frequency, many
high-index dielectric materials have been widely utilized
in the design of metasurface. The strong electric and mag-
netic resonances excited inside the dielectric metaatoms
bring advanced functionality. The main choices of dielec-
tric materials in the visible and NIR range are silicon (Si),
titanium dioxide (TiO:), gallium nitride (GaN), gallium
arsenide (GaAs), germanium (Ge), and other semiconduc-
tors with high refractive index and low loss. There are
mature technologies to process these materials in current
device technologies and foundries. There are some other
metasurfaces made of or integrated with different semi-
conductors, such as lead telluride (PbTe) metasurface for
thermal-optic tuning [200] and indium antimonide (InSb)-
based heterojunction for analogous voltage-dependent
phase shifts [201] in the midinfrared region. By virtue
of few reports on metasurfaces integrated with these
semiconductors, in what follows, we focus on the typical
materials (graphene, TMDs, and BP) to illustrate their

fundamental properties, operation principle, and possible
applications for metasurfaces.

As a high-refractive-index semiconductor, silicon has
been applied in a vivid structural color generation. Via
oxidation of silicon antenna, an oxide film can be deposited
on the surface and leads to the geometrical changes of
these antennas, which facilitate to shift the Mie reso-
nance wavelength and change the structural colors con-
sequently [202]. Based on this condition, monocrystalline
Si nanopatch arrays were fabricated and the generated
structural colors can be tuned from red to blue by the
oxidation of each nanopatch [see Fig. 8(a)]. Instead of
modifying the optical properties of the materials in dielec-
tric metasurface, Sun et al. [203] reported a tunable
structural color spanning the entire visible spectrum with
microfluidic reconfigurable TiO, metasurfaces by changing
the refractive index of the surrounding medium. Fig. 8(b)
shows the color of word “HIT” and its background varies
with the different surrounding refractive index. Once the
CS, was injected to the polymeric microfluidic channel,
the encoded information can be erased. The color tran-
sition time is less than 16 ms, far smaller than pre-
vious reports. Moreover, the structural colors can also
be controlled by varying the polarization degree of the
incident light. The polarization-sensitive TiO, metasur-
face has been experimentally demonstrated, which can
realize three-primary-color switching [204]. In Fig. 8(c),
it shows that the structural colors change a lot when
polarization angles change from 0° to 90°, e.g., green-
color metasurface at z-polarization switched to blue at
y-polarization. Furthermore, dynamic color display can
also be achieved via the combination of extrinsic struc-
tural color and intrinsic emission color. Gao et al. [205]
demonstrated an in situ reversible color nanoprinting par-
adigm via photonic doping, triggered by the interplay of
structural colors and photon emission of MAPbX3 gratings
[see Fig. 8(d)]. The presented color could be tuned by
modifying the emission intensity, which is determined
by the external pumping light density. Apart from res-
onance shifting for color application, dielectric metasur-
faces were also demonstrated static phase control in the
NIR (Si) [206] and visible (TiO> and GaN) [6], [207]
spectrum for application of metalens [6], [207], [208],
spin-to-orbital converter [9], [209], [210], full-color rout-
ing [211], and light-field imaging [212]. The metasurfaces
mentioned earlier are mainly made of active materials.
However, they are failed to demonstrate dynamic, tunable,
or reconfigurable modulation.

The combination of Si metasurface with microelectro-
mechanical systems (MEMS) provides another approach
to modify the functionality of metasurface device.
Arbabi et al. [213] proposed and demonstrated a silicon
metasurface doublet with electrically tunable focal dis-
tance. The designed tunable lens is composed of a station-
ary lens on a substrate and a moving lens on a membrane.
By applying different voltages, the distance between two
lenses can be modified at will and the absolute efficiency
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is more than 40% for all voltage values. Notably, the meta-
surface doublet is correctly designed that a small change
in the distance between two lenses leads to a significant
change in the focal length. Instead of tuning based on
longitudinal motion, lateral control of metalens can also be
utilized to vary focus and magnification. She et al. [214]
combined metasurface optics with dielectric elastomer
actuators (also called artificial muscles in soft robotics) to
realize an electrically tunable device. By applying different
voltages, the focal length can be directly tuned, resulting
from the lateral expansion or contraction of postspacing
[see Fig. 8(e)]. Holsteen et al. [215] achieved a strong
dependence of the optical properties of Si nanowires on
the external environment. The resonance and scattering of
Si nanowire shifts across a large part of the visible spec-
trum, while it puts above an aluminum mirror at different
heights [see Fig. 8(f), left]. A nanoelectromechanical sys-
tem (NEMS) platform was further developed to actively
tune the scattering intensity and spectral properties of a
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Si nanowire to achieve active tuning of light scattering at
1 MHz [see Fig. 8(f), right]. Furthermore, by activating
different combinations of electrodes, other functionality,
such as astigmatism and image shift, can also be realized.
Another degree of freedom to tailor the performance
of metasurfaces is the nonlinear response. One significant
nonlinear characterization is that the refractive index of
semiconductor could be modulated via the injection of free
carriers. When integrated with metasurface, the nonlinear-
optical properties were found to be orders of magnitude
stronger than that of the constituent material. For instance,
all-optical ultrafast switching can be achieved by utilizing
enhanced two-photon absorption (TPA) in hydrogenated
amorphous silicon (a-Si:H) metasurface [see Fig. 8(g)]
with a depth of 60%, switching time as low as 65 fs [216],
and full recovery to zero within about 20 ps [217]. As a
direct-gap semiconductor with large nonlinear suscepti-
bilities, GaAs is a material for all-optical modulation and
active metasurface more attractive than silicon, a kind of
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indirect semiconductor. Shcherbakov et al. [218] realized
the ultrafast and high-efficient all-optical tuning of GaAs
metasurface based on ultrafast injection and relaxation of
free carriers for the first time. Under low pump fluence
value, the absolute reflectance tuning of up to 0.35 and
the spectral position tuning of the MD resonance up to
A = 30 nm were demonstrated [see Fig. 8(h)] due to
generated free carriers. Nonlinear optics vastly extends
the functionality of metasurface and makes it possible to
integrate more functionalities into a single optoelectronic
device. Liu et al. [219] experimentally demonstrated a
GaAs metasurface that generates seven different nonlinear
optical processes, which include second-harmonic, third-
harmonic, and fourth-harmonic generation, sum-frequency
generation, TPA-induced PL, four-wave mixing, and six-
wave mixing, occurring simultaneously [see Fig. 8(i)].

VI. DIODE IN MICROWAVE REGION

Microwave region is also a common frequency band of
EM wave, to which metamaterial and metasurface research
has devoted [220], [221]. Wide potential applications
about active metasurfaces in microwave, such as radio
and microwave transmission, are to be developed. Since
the size of metaatoms in the microwave region is rel-
atively larger and easier to demonstrate, the develop-
ment of active metasurface in this region about regulatory
approaches is earlier than that of visible and infrared
region. Some concepts in the microwave region might
be useful in the visible and infrared region. The active
metasurface can be realized by combination with active
devices, such as transistors and varactor diodes, which are
typically useful for microwave manipulation. There have
been some interesting developments of active metasur-
faces that can switch functions based on diode operating
in the microwave region, such as microwave absorbers,
cloaks, scattering modulation, and polarization converters.
Microwave absorbers have drawn significant attention in
recent 20 years for its wide application values. An elec-
trically active absorber in the microwave frequency was
designed and presented, in which the dividable frequency
and amplitude modulation on active magnetic resonator
can be respectively controlled by varactor and pin diodes
[see Fig. 9(a)] [222]. For the application of cloaks, previ-
ous passive cloaks can only function for geometry-specific
objects as well as preset phase profile and surface profile.
A reconfigurable carpet cloak based on active metasurface
was presented in [223]. By controlling the bias voltage
of varactor diodes loaded on the metasurface, the surface
phase distribution can be dynamically tuned and, hence,
the cloak will change the scattering fields as predesigned.

For the application of polarization converters, it is
possible to switch the functions among various polariza-
tions in a wideband [224]. A reconfigurable and broad-
band reflective polarization converter was designed with
metaatom composed of a butterfly-shaped antenna embed-
ded with a varactor diode and a dielectric substrate backed
with a modified metal ground [see Fig. 9(b)] [225].

The active metasurface imposes the difference phases
for two orthogonal polarizations of the incidence and
controls the polarization states of the reflected waves.
When applying bias at 0 V, the device acts as a linear
polarization converter, rotating a linearly polarized wave
to its cross-polarized direction in a wideband. In con-
trast, the device acts as a circular polarization converter
when applying bias at t19 V. The other reconfigurable
conversion was demonstrated to switch different functions,
such as reflections, transmissions, and polarizations of EM
waves [226]. It is composed of two metallic layers with a
middle dielectric layer in between. The top metallic layer
is designed as periodic metallic short wires to convert lin-
ear polarized incidence into its orthogonal direction (OFF
state). The bottom metallic layer connected to pin diodes
can reflect the incidence, while the pin diodes switch ON
(ON state).

Comparing with the reflection-type tunable metasur-
faces [227], [228], transmission-type metasurfaces face
the challenge of relatively low efficiency and limited phase
coverage. Huygens’ metasurface is known to provide full
2m-phase coverage with high manipulation efficiency by
suitably engineering both electric and magnetic polariz-
abilities of the metaatoms [221]. A reconfigurable Huy-
gens’ metasurface was realized by loading active elements
in resonating metaatoms, and hence, the metasurface
can tune the transmission amplitude and phase responses
simultaneously, showing complex focal spots at distinct
spatial positions [see Fig. 9(c)] [229]. These multiple focal
spots can be moved along predesigned trajectories with
high efficiency and fast response time, by changing the
control voltage applied to the varactors.

The next milestone for diode-based active metasur-
face is to achieve full modulation of phase/amplitude/
polarization at individual pixels or metaatoms. In this
connection, Cui et al. [230], Li et al. [231], [232],
Zhang et al [233], [234], Zhao et al. [235], and
Zhang et al. [236] proposed the binary digital coding
metasurfaces that are composed of only two types of
unit cells named as “0” and “1” elements within opposite
phase responses (7 phase different) for 1-bit coding [230].
Such metasurfaces can be controlled in a digital way by
using the field-programmable gate array (FPGA). There-
fore, the programmable metasurface can be realized to
manipulate EM waves in real time by programming differ-
ent coding sequences with 2-bit coding or higher. A single
metasurface can thereby accomplish various functions via
FPGA, such as single-sensor and single-frequency imag-
ing [231] and reprogrammable holograms with modula-
tion time around 33 ns [see Fig. 9(d)] [232]. One can also
control various functions of digital coding metasurfaces
by light. Light-controllable digital coding metasurface has
been proposed and designed to tune the reflection phase
as desired by changing the intensity of the illumination
light [233]. Moreover, the digital coding metasurface can
numerically achieve free switches of the transmission
status in two different manners by remotely tuning the
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illumination intensity or shifting the frequency of the inci-
dent wave [234].

Furthermore, the digital coding metasurface can be
extended from the space domain to the frequency and time
domains. Recently, a dynamic time-domain digital coding
metasurface was introduced to enable efficient manipu-
lations of spectral harmonic distributions [235]. Driven
by different combinations of output voltages from FPGA,
the metasurface can implement many functions by con-
trolling the time-domain digital coding states. The idea of
space-time modulated digital coding metasurface was pro-
posed to obtain simultaneous manipulations of EM waves
in both space and frequency domains [see Fig. 9(e)] [236].
Hence, the EM metasurface can exert control to the spatial
beams and harmonic power distributions simultaneously.

VII. CONCLUSION

In the last few years, remarkable progress has been made
in semiconductor-based active metasurfaces or devices
thus far. It is important to outline the difference in
modulation speed, tuning mechanism, and operational
wavelength across different semiconductor candidates.
Different types of materials and the modulation methods
(mainly focus on electrical and optical tuning) and prop-
erties mentioned in this paper are compared in Table 1.
Based on the comparison shown in Table 1, one can iden-
tify the most suitable semiconductors to realize a designer
metasurface, and our review may help as a timely guide.
The modulation speed of nonlinearity of these materials
is relatively faster than other modulation methods. As fast
as 65 fs of switching time has been demonstrated in a-
Si:H-based Huygens’ metasurface [216]. As a comparison,
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from subpicosecond to few picoseconds, switching time
has been investigated in TCO- and GaAs-based meta-
surfaces [50], [52], [55], [56], [218]. Considering the
electrical modulation, graphene-based metasurface can get
repetition rate up to tens of gigahertz [99], faster than
that of the p-i-n diode (hundreds of megahertz) [232]
and ITO-based (few megahertz) [38] metasurfaces. How-
ever, their main operation frequency regions are dif-
ferent. ITO-based metasurfaces are mainly in the NIR
and midinfrared region [36], [38], [40]. While graphene
and p-i-n diode-based metasurfaces are mainly in the
midinfrared-to-far-infrared [106], [107] and microwave
regions [225], [231], [232], [236]. As a comparison,
although the crystallization speed of VO, can achieve as
fast as 500 ps [144], the repetition rate of VO,-based meta-
surface that can get is around hundreds of hertz operating
in the visible and NIR region [180]. In contrast to the other
PCMs, GST-based metasurfaces can get faster repetition
rate similar to ITO based (few megahertz) and operate in
the NIR region but are usually tuned by optical modula-
tion [185], [188], [192]. In addition, the metasurface can
modulate the fast optical processes in TMDs, such as light
absorption and emission with the related exciton lifetime
of tens of picosecond in MoS. [237]. The metasurface-
enhanced optical spectra of TMDs are generally in the
visible-light range [124], [126], [135], [136].

About the dynamic transmission/reflection phase
modulation, ITO and graphene-based gate-tunable
metasurfaces achieve around 37/2, respectively, operating
in NIR and midinfrared [40], [106], [107]. Varactor
diode-based metasurfaces can get near 27 phase
modulation in the microwave region [229]. The coding
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Material type | Material | Operation Tuning Modulation Modulation and range
spectrum |Mechanism| speed or
repetition rate
1. TCOs ITO INIR - MIR  [Electrical {100 kHz - 10  [Reflectance: AR/R =35% [36]
MHz IReflectance: AR = 89% [40]
Reflection phase: 303° [40]
Optical ~1ps INonlinearity: AOD = -0.37 and AT/T =
134% [52]
Nonlinearity: n, = 3.73 cm?/GW, =
2160 c/GW [56]
CdO:In  NIR - MIR  |Optical ~1ps Nonlinearity: AR = 85.3% and
polarization extinction ratio = 91 [55]
2.2D Materials |Graphene MIR - FIR  [Electrical 30 MHz-20 [Transmittance: AT/T = 100% [97]
GHz IAbsorption: AA =~ 100% [99, 102]
Reflection phase: ~240° [106, 107]
Optical ~ 1 min Transmittance: AT/T = 5% [90]
IMoS, VIS Optical INA IPL intensity 2,000 fold [124]
SHG intensity 3,300 fold [135]
IWSe; VIS Optical INA IPL intensity 20,000 fold [126]
SHG intensity 7,000 fold [136]
3. PCMs VO, INIR-MIR Electrical |l ms-500ms [Resonance wavelength: Ak: ~360 nm
and AMA: ~33% [180]
Reflectance: AR = 80%, AR/R = 75%
[171]
IReflection Phase: 180° [174]
GST IVIS-NIR Optical ~100 ns IResonance wavelength: AA: ~200 nm
~1MHz and AMA: ~30% [185]
IFocal length: Af=~0.5mm and Af/f=
~50% [188]
Transmittance: AT =~23% and AT/T =
~65.7% [192]
4. Carbon IPerovskite [VIS Optical INA IResonance wavelength: AL = ~ 100 nm
group, III-V and AMA =~19% [205]
semiconductors,a-Si w/  [NIR Electrical ~ [NA [Focal length: Af=~ 200 um and Af/f=
etc. IMEMS ~30% [213]
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Table 1 (Continued.) Comparison of Different Mechanisms

a-Siw/  [NIR Electrical [NA Focal length: Af=~ 53.5 um and Af/f=
DEA ~107% [214]
a-Si:H INIR Optical 65 fs Transmittance: AT =~ 60% [216]
GaAs INIR Optical 1 ps-10ps Reflectance: AR =~ 35% and AR/R =~
73% [218]
5. Diodes Varactor |Microwave |Electrical |l kHz- 1000 [Reflection phase: ~320° [223]
diode kHz Transmission phase 350° [229]
Reflection phase: 285° and time-coding
[235]
PIN diode Microwave [Electrical |100 kHz - 100 [Reflection phase: ~260°and 1-bit coding
MHz [232]
Transmission phase: ~100° and 2-bit
coding [231]
Space-time-coding [236]
Polarization conversion ratio 80% [225]
PIN Microwave |Optical INA Reflection phase 180° [233]
iphotodiode] Transmittance: AT = 88.5% and AT/T =
and 93.3% [234]
varactor
diode

methods, such as 2-bit coding and space-time coding
developed in diode-based metasurfaces, provide a
path that other phase modulation metasurfaces can
investigate in the future. Mature display technology
also provides a path that can individually modulate
each metaatom for further possible spatial light
modulation.

Although great progress has been made in this field
thus far, we realize that this is just the beginning of its
rapid development. There are still some challenges and
topics for present active metasurfaces that need to be
explored.

1) Performance: The tuning range and depth of active
metasurfaces are usually smaller than passive meta-
surfaces. There is still room for improvement
through judicious designs and new materials.

2) Tolerance: The hybridized metasurfaces with semi-
conductors may require more stringent fabrication
process. Taking field-effect configuration for exam-
ple, the quality of the insulator is very crucial
for the measurement, posing more difficulty in the
high-quality fabrication process. More accurate sub-
wavelength pixel independent control, more com-
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pact integration and interconnection of the devices
are essential for completing and promoting the func-
tionalities and performances.

3) Phase Control: Some mechanisms have not demon-
strated the decent phase modulation yet. For
instance, the optical modulation of TCOs has sub-
picosecond modulation speed, but the difficulties in
design and measurement limit the phase modulation
demonstration with such high speed. Besides, for
most of the present devices, at the same time of
phase control, the modulation efficiencies always
keep low, which significantly hamper the practical
applications.

4) Working Band: Adequate studies are still needed
for devices working in the visible range, where
the active functionalities for most of the traditional
semiconductors cannot cover but in heavy demand.

Considering the recent achievements in passive
metasurfaces, structured semiconductor interfaces may

be inspired from its passive counterparts, such as
arbitrary polarization basis [206], [238], dispersion
engineering [207], [239], [240], and topology

optimization [241]-[243]. On the other hand, the more



advanced semiconductor device-making technologies and
synthesis and discovery of novel materials are of
great importance for light manipulation with active
semiconductor interfaces. The cooperated progress in
multidisciplinary sciences (materials, optics, synthesis,
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