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Tunable and reconfigurable metasurfaces and
metadevices

Arash Nemati'?, Qian Wang!, Minghui Hong?, Jinghua Teng*

Metasurfaces, two-dimensional equivalents of metamaterials, are engineered surfaces consisting of deep subwavelength
features that have full control of the electromagnetic waves. Metasurfaces are not only being applied to the current de-
vices throughout the electromagnetic spectrum from microwave to optics but also inspiring many new thrilling applica-
tions such as programmable on-demand optics and photonics in future. In order to overcome the limits imposed by pas-
sive metasurfaces, extensive researches have been put on utilizing different materials and mechanisms to design active
metasurfaces. In this paper, we review the recent progress in tunable and reconfigurable metasurfaces and metadevices
through the different active materials deployed together with the different control mechanisms including electrical, ther-
mal, optical, mechanical, and magnetic, and provide the perspective for their future development for applications.
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or perfectly absorbing metasurfaces allows accurate re-
sonance tuning to perfectly match the operational condi-
tion or switching of operational frequency in signal mod-

Introduction
Metamaterials are artificial media in which the

propagation properties of the electromagnetic wave are
mainly defined by their underlying structures with the
feature size far smaller than the operational
wavelength''*. Metasurfaces are the two-dimensional
equivalent of metamaterials, composing discrete
subwavelength structures in an ultrathin film at the
interface and possessing the capability of full control of
light properties in terms of amplitude, phase, dispersion,
momentum and polarization®?. These newly invented
devices have attracted enormous attention for their
versatile functionality, ultra-thin feature, and easiness for
integration compared with conventional refractive optics.
There has been intensive research on different types of
metasurfaces such as frequency selective metasurfaces
high-impedance metasurfaces™, perfectly absorbing
metasurfaces®, and wave-front shaping metasurfaces**.

The importance of active, tunable, or reconfigurable
devices in modern electromagnetic and photonic systems
is undebatable. It is highly desirable to create such meta-
surfaces capable of dynamic manipulations of the
incident wave. For example, tunable frequency selectively
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ulation. A tunable metalens made from active wave-front
shaping metasurface allows fine tuning of focal length
which is very desirable in the imaging process.

Various tuning mechanisms have been studied and re-
ported, such as electrical®™', thermal®*~*, optical’*®,
magnetical®* %, mechanical stretching®”®, and mi-
cro-nanoelectromechanical ~ systems  (M-NEMS)7* %,
M-NEMS, which uses a combination of electrical, me-
chanical, and/or thermal control mechanisms to add tu-
nability to current passive devices, is a well-known tech-
nology for designing reconfigurable devices in a variety of
applications. Besides M-NEMS, in order to tune a meta-
surface, one needs to change the property of its underly-
ing unit cells or its ambient. This could be done by em-
ploying active materials in unit cells, which can have their
properties changed by external stimuli. A great variety of
active or tunable materials are available in nature and
have been used in metamaterials and metasurfaces so far,
such  as, transparent conductive  oxides'%%,
ferroelectrics® %, two dimensional (2D) materials (i.e.
graphene and MoS,)***¥! phase change materials®*%,
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liquid crystals (LCs)***"'%, and semiconductors™'"".

Fig. 1 | Schematic art view of the different mechanisms in
tunable metasurfaces.

Each type of these materials has different properties
and tuning mechanisms. For example, indium tin oxide
(ITO) can be stimulated electrically®® and optically®, and
liquid crystals can be tuned electrically'®, optically'®,
thermally'®, and magnetically”’. Moreover, the electrical
tuning of the transparent conductive oxides is happening
in a very thin layer of the material and requires extra di-
electric material as an insulator. Whereas, a simple capa-
citor structure with a ferroelectric material as the dielec-
tric would suffice to tune the whole ferroelectric film, no
matter how thick or thin it is. As a result, as shown in Fig.
1, this review is divided into two parts: tunable materials
and microelectromechanical systems (MEMS). In each
part, first, the properties of the tunable material are de-
scribed in details, and then the different mechanisms of
tunability with examples are explained.

Transparent conductive oxides (TCO)

Transparent conductive oxides (TCO) are materials opti-
cally transparent and electrically conductive. These mate-
rials have been widely used in photovoltaics, organic light
emitting diodes (OLEDs), displays, and electro-optics
devices in general"*!**, Recently, the tunable property of
TCOs such as ITO has attracted great attention for its
application in metasurface and nano-optics.

ITO is a conducting material and has free electrons. It

is modeled using the Drude model:

o, X
o +iol M
where & is the material permittivity, ¢ is the high
frequency permittivity, w is the angular frequency, w, is
the plasma frequency, and I' is the damping rate. The
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plasma frequency and the damping rate are defined as:
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where 7 is the scattering time, e is the electron charge, y is
the electron mobility, & is the vacuum permittivity, m" is
the effective electron mass, and N is the carrier
(electron/hole) concentration. The real and imaginary

parts of the permittivity are given by:
2
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The electrical conductivity o and resistivity p are given
by:

*
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By changing the carrier concentration, the plasma fre-
quency changes, thereby changing the dielectric constant.

The complex refractive index is given by:

it =(n+ik)’ =& f, , (7)
where 7 is the complex refractive index, n is the ordi-
nary refractive index, « is the extinction coefficient, &
is the complex relative permittivity (dielectric constant),
and i is the complex relative permeability. Since ITO
is a non-magnetic material at optical frequencies, its rela-
tive permeability is very close to 1. Hence the refractive
index and extinction coefficient is given by:
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It could be seen from Eq. (8) that changing the dielec-
tric constant will change the refractive index. The proper-
ties of ITO film, i.e. the conductivity and carrier concen-
tration, could be controlled during the film deposition,
which in turn will change the dielectric constant and the
tunability of the refractive index of ITO film.

The epsilon-near-zero (ENZ) wavelength (Aexz) is the
wavelength at which the real part of the dielectric con-
stant passes through zero'">'”. If the imaginary part of
the permittivity is zero or very small at the same wave-
length, the refractive index would become close to zero,
much smaller than the refractive index of vacuum. Al-
though common materials i.e. metals have & =0 at
plasma frequency, the imaginary part of the permittivity
is quite large. However, in transparent conductive oxides,
the ENZ wavelength can be tuned in the visible or near
infrared spectrum with a very small value of the imagi-
nary part of the permittivity due to low loss . The epsi-
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lon-near-zero is given by:
2mc
A

, (10)

ENZ
ENZ

where c is the speed of light in vacuum. As shown in Eq.
(10), changing plasma frequency will change the epsi-
lon-near-zero wavelength. If the electron density N in-
creases, according to Eq. (3), the plasma frequency in-
creases and the epsilon-near-zero wavelength decreases.
According to Eq. (8), when the ¢/, the real part of the
permittivity, becomes zero, refractive index n becomes
the minimum possible value of /e//2  epsi-
lon-near-zero wavelength. However, as seen from Eq. (5),
the imaginary part of the permittivity ¢’ is correlated
with loss and increases as the plasma frequency increases.

In order to tune the electron density in the ITO layer,
different structures have been proposed. As shown in Fig.
2, a metal-oxide-semiconductor heterostructure with ITO
as the active material is used to realize the tunability with
the DC voltage applied to the two gold electrodes'’. Since
the ITO is conductive, the electrons with negative charges
are absorbed toward the positive electrode and accumu-
lated in the conductive oxide-dielectric interface. The
simulation and measurement results showed that the
electron density was increased from N=1x10*' cm™ to
N=2.8x10* cm? in an electron accumulation layer of
(5+1) nm layer of ITO, while the DC voltage increased
from 0 to 2.5 volts.

The changes in refractive index versus wavelength at
different bias voltages are shown in Fig. 3. The refractive

Au Active material (ITO)
250 nm 300 nm

Insulator (SiO,)

Au _1+
100 nm 20 nm

Fig. 2 | The metal-oxide-semiconductor heterostructure with ITO
as the active material. Figure reproduced from ref."'®, American
Chemical Society.

index decreases and the extinction coefficient increases as
the bias voltage increases. The change in refractive index
due to bias voltage is much larger at higher wavelengths
as it is getting closer to epsilon-near-zero. Change of the
refractive index can reach 1.39 (around 70%) at 800 nm,
which is extremely large compared to other types of ma-
terials.

Furthermore, it was found that there is no change in
refractive index when DC voltage was applied reversely
since the opposite electric field would result in the
formation of the depletion layer. When the thickness of
the ITO layer is reduced by half, the same change in the
refractive index was observed for the same electric field
because the change is only due to the accumulation of
electrons in a thin layer at the ITO-SiO, interface.
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Fig. 3 | The refractive index (n) and extinction coefficient (k) in a
5 nm accumulation layer, extracted data from the ellipsometry
measurements. Figure reproduced from ref."'®, American Chemical
Society.

In one example of a modulator, as shown in Figs. 4(a)
and 4(b)'%, the ITO layer is used as the top electrode and
the voltage is applied directly to the ITO layer. Formation
of a 5 nm depletion (under positive voltage V,=10 V) and
accumulation layer (under negative voltage V,=10 V) is
assumed. The rest of the ITO layer remains un-changed
with the value of the blue markers (voltage V,=0 V).

Fitting of the real and imaginary part of the dielectric
constant of the active ITO layer is shown in Fig. 4(c).
When a negative voltage is applied to the ITO film, posi-
tive carriers (holes) accumulate at the ITO-HfO, interface.

*80’ .80” * gp' " Ep" * En' -en"

WSO mA
— ITO —HfO,

“ [

10 mm

1250 1350 1450 1550 1650
Wavelength (nm)

Fig. 4 | The tunability of ITO in a multilayer modulator. (a) Cross
section of the multilayer ITO modulator. (b) Picture of the fabricated
modulator. (¢) Solid and dashed lines are from further fitting by the
Drude model. Figure reproduced from ref.'?’, Optical Society of
America.
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On the other hand, under positive bias, the active layer
will be depleted and negative carriers (electrons) would
accumulate at the interface. The carrier concentrations
for the accumulation and depletion states are calculated
as N,=3.23x10* cm™ and Ng=1.57x10*" cm?, respectively.
By comparison with the original value Ny=3.05x10*' cm?,
we can see that the free carriers are more easily depleted
than accumulated.

Combination of tunable ITO layer with metal plas-
monic resonators has been used to design different active
metasurfaces*>%08>8121 “ As shown in Fig. 5(a), a reflec-
tive gold plasmonic resonator is used to modulate the
amplitude and phase of the electromagnetic wave”. Each
unit cell has one gold resonator on top and one gold
backplate at the bottom. Between them, there are two

layers of ALO; insulator and ITO with a thickness of 5
nm and 20 nm, respectively. By applying a DC bias vol-
tage, an electric field is created between the top gold re-
sonator and bottom gold plate and a charge accumulation
layer is formed in the ITO film at the interface with the
ALO; insulator. This charge accumulation layer causes a
huge change in the refractive index of ITO film which in
turn changes the phase and amplitude of the reflected
electromagnetic waves. Since the change in refractive
index happens only in ~5 nm thick layer of the ITO, the
largest change in the phase of the reflected wave occurs
near the resonance of the plasmonic structure, whereas
the loss is usually very high and the efficiency is very low.
The relative reflectance change and phase change are
shown in Figs. 5(b) and 5(c). The maximum relative ref-
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Fig. 5 | Tunable metasurfaces using ITO as an active layer. (a) Schematic of the tunable metasurface which consists of a quartz substrate,
gold backplane, and a thin ITO film followed by a thin alumina film on which gold stripe nanoantenna array is patterned on. (b) Measured relative
reflectance change from the metasurface for different applied voltages. (c) Measured and simulated phase shift as a function of applied bias for
the applied voltage. The black lines show the cross-section for analyzing the phase. (d) Device schematic showing an electrically-tunable ITO
film clamped between an HfOp-coated Au substrate and an array of Au strips. With positive and negative electric biases, the carrier concentration
of ITO can be decreased (depletion) or increased (accumulation), leading to changes in the optical properties of the ITO. (e) Reflectance spectra
were taken from the device measured using an FT-IR microscope. The red, blue, and green curves denote the reflectance spectra under 0 V for
no bias, -5 V for accumulation, and +5 V for depletion, respectively. The grey curves represent reflectance spectra for intermediate voltages with
an incremental step size of 1 V. (f) Schematic structure of the meta-molecule and (g) top-view small-scale SEM image of the metamaterial. (h)
Measured reflectance changes of a 1550 nm probe laser as a function of delay time between pump and probe pulses. The red solid line is the
exponential fit to the data. (i) The calculated reflectance spectrum of the metamaterial with different pump intensity by the finite element method.
Figure reproduced from: (a—c) ref.*’, American Chemical Society; (d, ) ref.%°, Creative Commons Attribution 4.0 International License; (f-i) ref.*°,
Creative Commons Attribution 4.0 International License.
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lectance change of 30% and phase change of 184° are ob-
tained at 2.5 V DC bias. Relative reflectance change is
defined as the ratio of reflectance change due to applying
bias [AR=R(V)-R(0)] to that without an applied bias
[R(0)].

The same principle is used to achieve tunability for the
amplitude of the reflected light* as shown in Fig. 5(d).
However, since the ITO layer (6 nm) is on top of the in-
sulator layer (20 nm), the electric field and DC voltage are
opposite compared to previous design and the voltage is
applied directly to the ITO layer. Strong absorption mod-
ulation is shown when the ITO is operated in the ENZ
spectrum [shown in Fig. 5(e)].

ITO film can also have its properties tuned by optical
excitation®®®'?'. Y. Zhu, et al. reported that under the
excitation of a femtosecond laser with a wavelength at the
optical communication range, the hot-electron injection
from gold to ITO film enhanced nonlinearity of poly-
crystalline ITO”. Furthermore, the field reinforcement
provided by plasmonic resonances also contributes to the
nonlinearity enhancement of ITO.

As shown in Fig. 5(h), the measured reflectance peak at
1550 nm (center of the transparency window) is tuned by
increasing the delay time between the pump and probe
pulses by using the femtosecond laser pump and probe
method. The refractive index n of the polycrystalline ITO
is given by™:
3Re"Y
—=1, , (11)
dceyng
where 1y and n, are linear and nonlinear refractive indices
of poly-crystalline ITO, respectively, and Ref) is the real
part of the third-order nonlinear susceptibility of poly-
crystalline ITO. Since n, is negative in polycrystalline ITO,
the linear refractive index of polycrystalline ITO decreas-
es under the excitation of a pump laser'’. Therefore,
when there is a zero delay between probe and pump
pulses, the central wavelength of the transparency win-
dow shifted towards the short-wavelength direction.
Hence, the reflectance of the 1550 nm probe laser in-
creased under excitation of the pump laser. The central
wavelength of the transparency window could be tuned

n=n,+nI=n,+

o

Polar phase Non-polar phase
Memory . Microwave tunable
applications *... applications

o

0

Tc
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by 86 nm [shown in Fig. 5(i)].

Ferroelectric materials

In ferroelectric materials, the crystal structure lacks a
center of symmetry. As a result, they have a spontaneous
electric polarization that can be reversed by the applica-
tion of an external electric field'*. Tunability, #, of an
electrically tunable ferroelectric material, is defined as the
ratio of its permittivity at a zero applied electric field to its
permittivity at a specific non-zero applied electric field
B,

£(0)
n= . (12)
e(E,)
Relative tunability can be defined as:
£(0)—&(E,)
= 13
=00 (13)

The performance of a tunable dielectric material is

generally evaluated using the figure of merit (K):
K=_I_ (14)
tand

The relative permittivity of a ferroelectric crystal is
temperature dependent and undergoes a phase transition
as the temperature is increased. The crystal possesses a
spontaneous polarization below the phase transition
temperature known as the Curie temperature (7¢).

The variation in dielectric constant with temperature is
most pronounced near the Curie temperature resulting in
a considerably large permittivity and tunability. It is thus
desirable for tunable applications to operate the crystal
just above the Curie temperature to take advantage of the
high tunability while avoiding losses associated with the
hysteresis of the ferroelectric phase.

Most common ferroelectric materials used to design
tunable metasurfaces are barium strontium titanate (BST),
barium titanate (BTO)'%, lithium niobate
(LiNbQ;)¢:126-128 - and strontium titanate (STQ)>>°312-138,
Electrical and thermal tuning of ferroelectric materials is
two most commonly used approaches for realizing tuna-
ble metasurfaces by changing the dielectric constant of
ferroelectric materials in paraelectric phase.

P
A
SF(K

IE

n P
Ps_._$;

B

E

Fig. 6 | Phase transition in ferroelectric materials. (a) Temperature dependence of the dielectric constant of a ferroelectric material. The
material transitions from a polar to a non-polar phase at the Curie temperature T;. (b, ¢) The corresponding polarization and dielectric constant
as a function of applied field below and above T.. Figure reproduced from: (a—c) ref.?*, AIP Publishing.
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A few examples of thermal tuning of ferroelectric ma-
terials in metasurfaces are shown in Fig. 7. A planar tera-
hertz metamaterial made of gold split-ring resonators
array is fabricated on a single-crystal strontium titanate
(SrTiO;) substrate [Fig. 7(a)]. As shown in Fig. 7(b), the
resonance frequency of the metamaterial is tuned over
43% by changing the temperature from 409 K to 150 K.
As the temperature changes the refractive index of the
STO substrate changes (An ~11), which leads to change in
the resonance frequency. Figures 7(c) and 7(e) show two
absorber metasurfaces which have 17 pm thick STO film
between the gold ring/cross resonators and back plate.
The resonance frequency in the ring resonator is in-
creased from 0.126 THz at 150 K to 0.227 THz at 400 K,
which is up to 80% frequency tuning [shown in Fig. 7(d)].
In the cross resonator, the resonant frequency is increased
from 0.116 THz at 150 K to 0.208 THz at 400 K and a 79%
frequency tunability is obtained [shown in Fig. 7(f)]. In
Figs. 7(g) and 7(h), a negative permeability metamaterial

which is made of STO bars (width w=42.5 pm) with a
thickness of t=52 um is shown. The theoretical and expe-
rimental magnitudes of the transmittance are shown in
Fig. 7(i). The resonance frequency has been tuned from
0.2 THz at 180 K to 0.28 THz at 324 K.

Tunable metasurface has also been demonstrated using
BST as the tunable ferroelectric material®, as shown in
Figs. 8(a) and 8(b). Common split ring resonators (SRR)
are designed to have the desired resonance frequency and
separate interdigital electrodes are added to apply DC
voltage and electric field to tune the BST layer beneath
the SRR resonator specifically in the area in the vicinity of
the SRR gaps. As shown in Fig. 8(c), by increasing the
electric field from 0 to 33 kV/cm, the resonance frequen-
cy is increased from 1.52 THz to 1.57 THz. This approach
is straightforward and adaptable to other frequencies.
This type of electrical tuning method is simpler and easi-
er for practical applications.

A new active BST-silicon hybrid metamaterial with
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Fig. 7 | Thermal tuning of ferroelectric materials in active metamaterials. (a) Microscopic image of the metamaterial consisting of a gold
electric split-ring resonator array fabricated on an STO substrate and (b) measured normalized THz transmission amplitude spectra through the
metamaterial. (c) and (e) show the unit cell of the proposed frequency tunable metallic ring and cross absorbers, respectively and (d) and (f)
show the calculated absorption spectra of the proposed frequency tunable metallic ring and cross absorbers at different temperatures,
respectively. (g) Schematic view of the structure. (h) Scanning electron microscopy image of the metamaterial. (i) Theoretical and experimental

transmission spectra. Figure reproduced from: (a, b) ref.%?

Springer Nature.

, Optical Society of America; (c—f) re

f.%, Optical Society of America; (g—i) ref.'®,
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aluminum square split-ring resonators (SRRs) was re-
ported'”. Experimental design with the illustration of the
device and the microscopic image of the device are shown
in Figs. 8(d) and 8(e). Under the optical excitation, a
conductive silicon layer is generated beneath the 150 nm
thin BST layer where the electron density was enhanced
due to carrier generation. The electrons would migrate
into the BST film from silicon layer and get trapped there
until a new equilibrium is reached and leads to a large
increase of the absorption coefficient in BST film. Figure
8(f) shows the measured amplitude transmission with the
different electric current. An LC resonance is observed at
0.64 THz at zero gate current. The amplitude modulation
depth reaches ~70% at the resonance frequency and
~79% at 1 THz when the current is increased to 530 mA.

Graphene
Graphene, a two-dimensional (2D) material with
unprecedented properties has attracted tremendous
attention for future electronic and photonic applications
since it was discovered in 2004'’. Graphene has a low
carrier density of states near the Dirac point, hence its
Fermi level can be tuned with small bias gate voltage'*"'*,
This phenomenon leads to novel ways of manipulating
the interaction between light and matter. Moreover, it has
high carrier mobility, which makes it a desirable candi-
date for plasmonic material with relatively low loss™.

Due to these unique properties, graphene has been
used to design different types of tunable metasurfaces
from THz to near-IR'*"'**. Majority of these metasurfaces
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employ either metal or dielectric resonators with a layer
of graphene to realize the tuning function®®$%!146-15,
while some metasurfaces use the patterned graphene as
plasmonic resonator directly*”®?%7-16!" There are also
metasurfaces which use multilayers of graphene with dif-
ferent materials, such as dielectric or ferroelectric mate-
rials, to achieve tunability without using any nanostruc-
tured resonators'** ',

Figures 9(a) and 9(b) show a tunable perfect absorber
metasurface composed of optical antennas on graphene
as shown in ref.*®. Aluminum (Al) is used as the resona-
tors, gate pad, and bottom plate. Aluminum oxide is used
as the dielectric spacing between the bottom Al and top
graphene monolayer. By applying DC voltage to the gra-
phene via gate pad, the absorber is switched on and off
the critical coupling condition, which causes a modula-
tion depth of up to 95% [shown in Fig. 9(c)]. Since the
resonant frequency of the metasurface is controlled by the
dimensions of the unit cells, it could be scaled from the
near-infrared to the terahertz by changing the metasur-
face and cavity dimensions.

Figures 9(d) and 9(e) show schematics of a tunable ab-
sorber metasurface over a broad terahertz frequency
range composed of graphene micro-ribbon arrays. Figure
9(f) is the AFM image of the fabricated graphene mi-
cro-ribbon array sample. The carrier concentration in the
graphene monolayer is controlled using the V; applied to
the top gate on ion-gel. As can be seen in Fig. 9(g), in the
transmission spectra in mid-IR, T/Tcnp, the resonance
frequency of the metasurface shifts to lower wavelength
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Fig. 8 | Electrical tuning of the ferroelectric material in active metamaterials. (a) Schematic view of the SRR unit cell and the IDE patterns.
(b) SEM image of the SRRs and the IDE patterns. (c) Transmission spectra of the metamaterial at various electric fields. (d) Schematic
illustration of the metamaterial and experimental design. (e) Microscopic image of the fabricated BST-silicon hybrid metamaterial. (f) Measured
transmission amplitude spectra of the BST—silicon hybrid metamaterial at various gate currents. Figure reproduced from: (a—c) ref.”’, AIP

Publishing; (d—f) ref.”®, John Wiley and Sons.
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and higher frequency by increasing V, from -0.5 to -2.2 V.

Another tunable hyperbolic absorber metamaterial at
THz spectrum made by stacking graphene sheets and
dielectric layers is shown in Fig. 9(h)'®. The dielectrics
are 100 nm thick SiO; films, and the number of the layers
is N. The surface conductivity o(w, y) of a monolayer
graphene could be tuned by chemical potential (u.),
which is controlled by electrostatic biasing. By applying a
voltage to the graphene layers y. is increased from 0 to 0.4
eV. As it could be seen the absorbance resonance of the
metasurface with 10 and 20 layers is increased [shown in
Figs. 9(1)-9(D)].

Phase change materials

Chalcogenide phase change materials composed of alloys
of Germanium (Ge), Antimony (Sb), and Tellurium (Te)
can be easily transited between disordered-amorphous
state and ordered-crystalline state by a heat-quench cycle.
They have been used in optical storage and non-volatile
memory by exploring the change in the optical or elec-
tronic properties. More recently, this GST based chalco-
genide material has gained a lot of interest as a new plat-
form for tunable and reconfigurable metasurfaces due to
their pronounced contrast of dielectric properties, high
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Fig. 9 | Tunable metamaterials using graphene as the active material. (a) Schematic view of the ultrathin optical modulator based on a
tunable metasurface absorber. (b) SEM image of the metasurface on graphene (a zoomed-in view of a portion of the metasurface is shown in
the inset). (c) Normalized measured reflection spectra of the metasurface absorber for different gate voltages (Vo—Vene= Venp is the gate
voltage when the concentrations of electrons and holes in the graphene sheet are equal) to the reflection spectra from a 300 nm Al film on the
same silicon substrate. Schematic (d) top and (e) side view of a typical graphene micro-ribbon array on a Si/SiO, substrate, (f) AFM image of a
graphene micro-ribbon array sample with a ribbon width of 4 mm and a ribbon and gap width ratio of 1:1, and (g) relative mid-infrared
transmission spectra ( T/Tcne) of the graphene ribbon array as gate voltage (Vy—Venp) varies from -0.3 to 2.2 V (the voltages corresponding to
the un-labeled lines, starting with the red line and alternating downwards, are 2.0V, 1.6 V, 1.2V, 0.7 V and 0.3 V). (h) Schematic view of the
composite multilayer material made by stacking graphene sheets and dielectric layers (under certain conditions, it exhibits hyperbolic-like
iso-frequency wavevector dispersion which is shown in the inset, where Vj; indicates the direction of the group velocity), (i) reflection and (j)
transmission for a finite thickness graphene-silica multilayered HM, at normal polarization, calculated by transfer matrix method (solid lines) and
EMA (circles) when graphene layers are unbiased, i.e., y.=0 eV, and (k) reflection and (I) transmission versus frequency, for the same set of
parameters, except that now graphene layers are biased with t,=0.4 eV. Figure reproduced from: (a—c) ref.®®, American Chemical Society;
(d—g) ref.*, Springer Nature; (i) ref.'®2, Optical Society of America.
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switching speed, and good thermal stability. When the plasmonic metamaterials'®. The single pulse laser excita-
chalcogenide is heated above the glass transition temper- tion was used to homogenously phase transition across
ature by a laser pulse or electronic excitation, they pro- the large areas of the hybrid metamaterial devices, which
duce a thermal nature transition process occurring by bring dramatic changes in the optical transmission and
nucleation and crystallization growth. Re-amorphization reflection characteristics. Similarly, as shown in Fig. 10(a),
is achieved by heating the material above the melting non-volatile tuning of gold nano-disk resonance is
temperature followed by rapid cooling. The large opti- achieved over a broad spectral range of 500 nm (1.89 pm
cal/electronic contrast between the two states is attributed to 2.27 um) by including thin GST layer as a refractive
to atom re-arrangement. index tunable environment®”. Transmission spectra of the

The thin GST layer was introduced into the met- hybrid plasmonic crystal are measured at different inter-
al-dielectric-metal configuration for realization of a tuna- mediate phases and shown in Fig. 10(b). With an in-
ble  plasmonic  resonance'®®'’,  absorber®''"'”, creasing baking time, a more metal-like portion generat-
reflector'”®, circular dichroism'”>'’, chirality’””'”* and ed in the phase-change thin film is seen due to a red-shift
negative index metamaterials'”®. A non-volatile all-optical of the lattice resonance. Specifically, at 1.89 um wave-
modulation of resonance in infrared is reported as a length, the transmittance is increased from 16% (black
broadband switch through the combination of chalcoge- curve) to 72% (blue curve) after baking for 20 min.
nide glass phase change medium with nanostructured Laser-induced reversible switching of infrared nanoan-

z
a Experiment ~ Baking n y -
5 time
1 < 0min X =T
! Amorphous Crystalline
- 10 min
i B = » i
s RCP Jrep
c i
2 n RcP b\ Lcp tep £ rep
£
(7]
=
© Amorphous Crystalline
= 3 3
G 8
2 2
B3 3
| c j=
: ! ] g
1000 1500 2000 2500 £ £
Wavelength (nm)

-1%5 .10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Angle (deg) Angle (deg)

Tungsten n n
Experiment Experiment

Y 1.0

9 . ////‘+++Ff
Frequency (THz) FHett

¥
, at 300 K it

t m t, (400 K) ——Phase m Phase (400 K)
08 ——t, ®1,(400K)

0.6
0.4

Transmission
Phase delay

e
f, at 400 K el ///

0.2

Heater 0.0 ;
03 04 05 06 03 04 05 06

Frequency (THz) Frequency (THz)

Fig. 10 | Tunable metamaterials using GST as the active material. (a) Schematic diagram of the plasmonic metamaterial which has an array
of gold nano-disks on a thin layer of GST (T=40 nm, =20 nm, d=280 nm, a=1.2 uym). (b) Measured normalized transmission spectra of
continuously tuning of the hybrid plasmonic metamaterial measured at different baking time during the crystallization process. (¢) The schematic
view of the active plasmonic metasurface for beam switching which consists of a 50 nm thick GST-326 layer underneath a geometric phase
metasurface for beam switching (two types of nano-antennas A and B with different plasmon resonances are alternated line-wise), when the
active layer is in the amorphous phase, only type A rods interact with the incident light and deviate the beam to the left and when the active layer
is in the crystalline phase, only type B rods interact with the incident light and deviate the beam into the opposite direction due to their relative
orientation (right). (d) Infrared camera images and intensity plots of the beam transmitted by the active metasurface in the amorphous (left) and
crystalline (right) state. (e) Schematic view of switchable THz quarter-wave plate design. The top left inset is a microscope image of one unit cell
in the fabricated sample (P=150, L,=90, L,=124, /,=9, I,=5 and w=9 um, and the scale bar is 50 ym). The top right inset is the simulated
ellipticities of the output THz waves. (f) Schematic backside view of the resistive heater with a square aperture (6 mmx 6 mm) milled at the
center to allow THz to pass through. (g) Measured transmission spectra along two slots at 300 K (solid line) and 400 K (dot line). (h) Measured
the phase difference between y- and x-axes at 300 K (solid line) and 400 K (dot line). Figure reproduced from: (a, b) ref.®2, Optical Society of
America; (c, d) ref.'®’, Creative Commons Attribution 4.0 International License; (e—h) ref.”, Creative Commons Attribution 4.0 International
License.

180009-9

© 2018 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved.



Opto-Electronic Advances

tenna resonances was demonstrated with a thin layer of
GST surrounding the Al nanostructure'®'*2, Furthermore,
all-optical, non-volatile, and reversible switching of pho-
non-polaritons is realized by controlling the structural
phase of GST thin layer on top of crystal quartz'®. As
shown in Fig. 10(c), with the integration of plasmonic
metasurfaces and the phase change material, active me-
tasurfaces were achieved for dynamic beam switching and
bifocal zoom lensing'®”. Two different sets of plasmonic
antenna elements A and B provide beam refraction in
opposite directions but are spatially staggered within one
light interaction area on top of a thin GST layer. The
lengths for A and B type antennas have been chosen such
that their respective plasmon resonance wavelengths
match the operating wavelength either in the amorphous
or crystalline PCM state. As a result, each set of plasmon-
ic antennas strongly interacts with the incident light at a
certain operating wavelength. The resulting images for
right-handed circular polarized (RCP) light illumination
from the infrared camera and intensity plots of the beam
transmitted by the active metasurface are shown in Fig.
10(d). When the GST is in its amorphous state, antenna
set A interacts with the incident light and refracts the
cross-converted portion of the incoming beam,
left-handed circular polarized (LCP) to the right side of
the non-converted RCP part. For crystalline GST, the
incident beam interacts with antenna set B, thus, the
converted portion is refracted to the opposite direction.

Chalcogenide phase change material has also emerged
as a paradigm for the realization of non-volatile,
all-optical dielectric metamaterials, presenting Mie re-
sonances with low-loss as opposed to noble metals'’.
Phase change GST rods were patterned to a different size
in their amorphous and crystalline states for the
realization of tunable gradient metasurfaces'®. Specifical-
ly, at low fluence, the femtosecond laser pulses only melt a
thin layer of amorphous GST film, which leads to partial
crystallization state through an interfacial solidification
process'®. Utilization of diffraction-limited optical writ-
ing system, various reconfigurable metasurfaces, and
photonics devices were demonstrated in the thin GST
film*”. With this capability, reconfigurable phase change
photomask for 3D optical lithography and waveguides for
optical trapping were demonstrated”®*.

Vanadium dioxide (VO,), another phase change ma-

DOI: 10.29026/0ea.2018.180009

terial, also attracted much attention and has featured
prominently in the tunable metamaterial field due to its
special property of phase transition from insulator to
metal and vice versa as temperature changes. Their phase
transition temperature is lower compared with chalcoge-
nide glass, making it easy to be thermally, electrically, or
optically stimulated. When phase changes between two
states, VO, is accompanied by significant changes in opt-
ical and electronic properties. It is a suitable functional
material for many optoelectrical applications, such as
active polarizer in near-infrared region®, tunable absor-
ber””!¥7188 " tunable switching'®*'*, beam steering'®’,
switchable quarter wave plate (QWP) in THZz**'?, and
active nanoantennas for tuning THz resonance'”*"'*>. By
hybridizing metasurfaces with VO,, an ultrathin switcha-
ble THz QWP with a switching range of 34 GHz was ex-
perimentally demonstrated®. Fig. 10(e) shows a schemat-
ic of the switchable QWP, which is composed of ultrathin
asymmetric cross-shaped resonator arrays with VO, pads
inserted at the end of the cross-shaped resonators. A li-
near normal incident THz wave polarized at 6 = 45° to
the two slots is converted into a circularly polarized light.
The inserted VO is able to change the effective length of
the metal resonators in the metasurface through the
phase transition controlled by a resistive heater shown in
Fig. 10(f). Through the VO, phase transition, the operat-
ing frequency of the QWP is switched between fi=0.468
THz and f,=0.502 THz, as illustrated in Figs. 10(g) and
10(h).

Liquid crystals (LCs)

Liquid crystals (LCs) are mesophase materials which have
properties between liquids and solid crystals. A liquid
material has uniform properties in all directions, called
isotropic. However, a crystalline solid is anisotropic,
meaning it has different optical, electrical, conductivity,
and other properties in different directions and its mole-
cules are in a periodic arrangement in one spatial direc-
tion. LCs physically behave like liquids but are anisotropic
specifically in optical properties like solid crystals'®. They
have mainly used in two different phases named nematic
and smectic shown in Fig. 11. In nematic phase, the mo-
lecules have the same orientation but are free to drift
around and have no periodicity. In the smectic phase, the
molecules have the same orientation and are arranged in

[-] o]

<]

Fig. 11 | Liquid crystal molecules orientation and periodicity in (a) smectic, (b) nematic, and (c) isotropic phases.
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layers with periodicity. The individual layers in the smec- changed, its dielectric constant and refractive index
tic phase can slip over each other in a manner similar to changes as well. Various types of active metasurfaces em-
graphite. Moreover, by increasing the temperatures, the ploy different mechanisms for tuning the liquid crystal,
molecules in LCs would be oriented arbitrarily, turning to i.e. applying electric field*'0%!1%%197-213 ' magnetic field,
an isotropic phase, as illustrated in Fig. 11(c). optical pumping'®*", or thermal heating!?>!0%10215216,
Liquid crystals are often used as an ambient or dielec- New types of light-driven plasmonic color filters by
tric material in the metasurfaces. As the phase of the LC is overlaying photoresponsive liquid crystals on gold annu-
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Fig. 12 | Tunable metamaterials using LCs as the active material. (a) Schematic of the sample structure and experimental setup. The inset |
shows the fabricated square pattern of gold AAAs. The inset Il shows the working mechanism of the optical driving process. The (b) theoretically
calculated and (c) experimentally measured transmission spectra of color filters with different aperture sizes. The inset in (c) shows the measured
FWHM of corresponding transmission peaks. (d) The evolution of the transmission spectra as a function of time under the UV pump for the color
filter with an aperture size of 120 nm. (e) Schematic view of metamaterial absorber array covered with LC designed for the experiment. (f)
Comparison of the measured frequency-dependent absorptivities (A =1-R) in the biased (red continuous line) and unbiased conditions (blue
continuous line) with those from numerical calculations (dashed lines). The inset shows the calculated percentage modulation factor as a function
of the liquid crystal losses. (g) Schematic view of the silicon nanodisk metasurface integrated into an LC cell. The silicon nanodisk sample is
immersed in the LC, and the cell is covered by a layer of brushed PVA for alignment of the LC. A resistor heater is mounted on the backside of the
silicon wafer. (h) Scanning electron micrograph of the silicon nanodisk metasurface. (i) Measured normalized transmittance spectra. (j) Schematic
illustration of gold nanorods alignment in the nematic LC and (k) gold nanorods alignment in a columnar hexagonal lyotropic LC phase. (I)
Experimental extinction spectra of gold nanorods in a nematic LC realigned by a magnetic field. Figure reproduced from: (a—d) ref.®", John Wiley
and Sons; (e, ) ref.'®, John Wiley and Sons; (g—i) ref.'”®, American Chemical Society; (j-1I) ref.5”, American Chemical Society.
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lar aperture arrays are designed and experimentally
demonstrated'®’. Figure 12(a) shows the schematic of the
sample structure and experimental setup for optical spec-
tra measurement. Upon UV irradiation, the photores-
ponsive LC molecules can undergo a reversible photoi-
somerization between the frans (rod-like shape) and the
cis (bent shape) molecular forms (shown in magnified
part II), which disrupts the local order of LC molecules
and makes the system optically active. As shown in Figs.
12(b) and 12(c), there are two obvious transmission
bands for each color filter with different aperture size: one
is located in a wavelength range of 500-600 nm and the
other one in 700-800 nm. They are attributed to coherent
interactions between two main plasmons: cylindrical
surface plasmons (CSPs) and planar surface plasmons
(PSPs). Figure 12(d) shows a typical evolution of the
transmission spectra as a function of time under the UV
pump for the gold structure with an aperture size of 120
nm. By UV light shining, the trans-isomer transforms
into the cis-isomer, which disrupts the local order of the
host nematic and forms an isotropic phase. This order
change generates a photoinduced refractive index mod-
ulation and results in a ~18% decrease in the peak trans-
mission intensity.

The ability of a metamaterial absorber array hybridized
with liquid crystals to work as a spatial light modulator in
THz wavelengths has been reported'®. As shown in Fig.
12(e), the orientation of the LC molecules is electronically
controlled and used to tune the resonance frequency of
the absorber metamaterial. The measured and numerical
simulated frequency dependent absorptivities in the two
biasing conditions for an individual pixel are shown in
Fig. 12(f). Measured absorptivities are in good agreement
with numerical simulations and show a modulation per-
formance of the reflectivity of 75%.

Figure 12(g) shows an all-dielectric metasurface com-
posed of silicon nanodisks integrated into the liquid
crystal. The individual nanodisk height and diameter and
liquid crystal height are 220 nm, 606 nm, and 170 um,
respectively. Resistance heating of the silicon handle wa-
fer is used to control the temperature and phase of the
LCs. Figure 12(h) shows the SEM image of the Si nano-
disk metasurface. Liquid crystal is covered by a glass sub-
strate that is coated with a functional layer of poly (vinyl
alcohol) (PVA) with the preferred alignment of the liquid
crystal in the x-direction. Figure 12(i) shows the meas-
ured normalized transmittance spectra at room tempera-
ture with red and cyan solid line for x- and y-polarized
incident light, respectively. Heating the sample above the
LC phase transition temperature (T. ~58 ‘C) induces a
pronounced blue-shift for the electric resonance and a
slight red-shift for the magnetic resonance, resulting in
identical spectra for x- and y-polarization (red and cyan
dashed lines) as the LC switches from its nematic to its
isotropic phase.

Aggregation-free elastic self-alignment of nanorods

DOI: 10.29026/0ea.2018.180009

dispersed in LCs and their realignment by shearing and
magnetic fields have been experimentally demonstrated®.
The anisotropic fluids in both columnar hexagonal and
nematic LC phases impose a nematic-like orientational
ordering of gold nanorods (GNRs) with the GNRs align-
ing along the LC director # (a unit vector describing the
average local orientation of cylindrical micelles forming
the LC). As shown in Figs. 12(j) and 12(k). The diameter
of micelles is 2-3 nm and gold nanorods have a diameter
of 15-25 nm and length of ~50 nm. Polarized surface
plasmon resonance spectra taken from samples with
magnetically realigned »n show that the LC matrix aligns
GNRs along n [Fig. 12(1)] and GNR orientation in the
nematic fluid can be controlled by magnetic fields (11.7 T
in the experiments) via switching of #.

Semiconductors

Semiconductors are the key materials for electronics and
photonics. The ability to tune the carrier concentration
and the refractive index of semiconductor material rend-
ers them promising perspectives for tunable metasurface
and metadevices. Recently there have been numerous
reports on tunable metasurfaces using a semiconductor as
the tunable material for optical tuning®®*7*** electrical
tuning'®** and the combination of both electrical and
optical excitation'>>%%.

An optically tunable metasurface is presented using
InSb as both the metasurface and the active media®. A
deep subwavelength InSb 1D grating structure was used
as the basic metasurface structure. Figures 13(a) and 13(b)
show the planar and cross-sectional SEM images of the
fabricated InSb grating and Figure 13(c) illustrates the
characterization of the active InSb based metasurface at
THz wave incidence with optical tuning by another laser
(405 nm). The transmittance of TM and TE polarized
THz waves are shown in Figs. 13(d) and 13(e), respec-
tively. The transmittance through an unexcited and ex-
cited InSb grating are shown in black and red curves,
respectively. Extra free carriers are generated in InSb by
the laser excitation which increased electron concentra-
tion and resulted in an increase in plasma frequency. As a
result, the transmittance minimum of TM wave shifted
from 1.3 THz to 1.5 THz and the transmittance at 1.5
THz decreased from 0.6 to 0.32, a change of 46.7%. On
the other hand, no significant transmission change for TE
polarization is observed.

An active metadevice capable of efficient control of
THz radiation is proposed using GaAs as the tunable
semiconductor'”. As shown in Figs. 13(f) and 13(g), an
array of gold split ring resonators are fabricated on a 1
mm thick n-type GaAs layer grown on a semi-insulating
GaAs wafer. Fig. 13(h) shows the working principle of the
metadevices through controlling depletion of the carriers
in the n-GaAs layer in the gap region. Tuning perfor-
mance of the metadevice when the polarization of the
THz electric field is perpendicular to the DC bias lines is
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The strength of the resonance is controlled by tuning the substrate charge carrier density near the split gaps which is relative to the voltage bias
applied between the Schottky and ohmic contacts (the grey scale indicates the free charge carrier density). (i) Measured transmitted intensity of
THz radiation, and (j) the corresponding permittivity for various gate voltage bias. Figure reproduced from: (a—e) ref.*®, Licensed Content

Publisher; (f—j) ref."”, Springer Nature.

shown in Figs. 13(i) and 13(j) as a function of gate voltage
bias. As the reverse bias increases, the resonances in the
transmission spectra narrow and increase in amplitude.
At 0.72 THz, a 50% relative intensity change of transmis-
sion is observed at a reverse gate bias of 16 V. Hence, this
device could be used as a reasonably efficient narrowband
THz switch/ modulator.

Elastic materials

Ultrathin metasurfaces and metadevices fabricated on the
elastic substrate are flexible and tunable through me-
chanical deformation like stretching. Different transpa-
rent flexible materials have been used to design and fa-
bricate flexible and tunable metasurfaces. Polydimethyl-
siloxane (PDMS) is the most commonly used substrate to
make flexible and tunable metasurfaces.

Extensive reports are on the tunability of the resonance
frequency of the metasurfaces by altering the period of
the unit cells by stretching the substrate*> *2%, The

FTIR reflection spectra for an array of resonators on
PDMS with a coupling distance of 60 nm are shown in
Fig. 14(a). The as-fabricated resonator array had a reson-
ance frequency of 5.78 pum (blue) and it shifted to 6.27 um
(dark red) after 25% stretching parallel to the SRR arms.
The red line indicates the response of the array after
functionalizing with coated p-mercaptoaniline (pMA).
The dotted line shows the cross-polarized measurement
for the functionalized array*. As shown in Figs. 14(b)
and 14(c), polyethylene naphthalate (PEN) is also used to
design a variable three-dimensional terahertz metama-
terial to achieve resonance tunability’”. Figure 14(d)
shows that the resonance frequency of the metamaterial is
decreased as the diameter of the tube folded from the
metamaterial is increased.

A highly tunable elastic dielectric metasurface lens us-
ing a-Si nano-posts as the resonator and PDMS substrate
has been reported”. The SEM images of the metasurface
before and after the PDMS spin coating are shown in Figs.
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14(e) and 14(f), respectively. The dielectric metasurface is
operating at 915 nm, with focal distance tuning from 600
pm to 1400 pm with a focusing efficiency above 50%. The
measured and analytically predicted focal distances for
different strain values versus the square of the stretch
ratio are shown in Fig. 14(g). As illustrated in Fig. 14(h),
by stretching the metasurface with a stretch ratio of (1+¢),
scales its focal length by a factor of (1+¢)? providing a
large tunability. A tunable flat metasurface optical zoom
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lens on a stretchable PDMS substrate with gold plasmonic
resonators has also been reported that the measured focal
length could continuously change from 150 to 250 um?™.
A strain multiplexed metasurface hologram fabricated
with gold nanorods on a stretchable PDMS substrate can
generate three different holographic patterns by stret-
ching up to 130%>'. The schematic illustration of the
metasurface is shown in Fig. 14(i). As the substrate is
stretched, the holographic image moves away from the
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(cotton and paper) metamaterials tubes. SEM image of (e) the nano-posts before spin coating the first PDMS layer and (f) the nano-posts
embedded in the PDMS. (g) Measured and analytically predicted focal distances (i.e. (1+&)°xf) for different strain values versus the square of
the stretch ratio ((1+€)?). (h) A side view schematic illustration of a dielectric metasurface microlens that by stretching with a stretch ratio of
(1+¢), the focal distance changes by (1+¢)?. (i) Schematic illustration of the metasurface hologram on the PDMS substrate. (j) and (k)
Experimentally measured hologram images at an image plane 200 um from the metasurface for a device that is not stretched and stretched.
(I) Experimentally captured hologram images at a distance of 340 pm from the metasurface when the device is unstretched, stretched 112%,
and 130%. Figure reproduced from: (a) ref.?*°, American Chemical Society; (b—d) ref.”%, John Wiley and Sons; (e—h) ref.”’, John Wiley and

Sons; (i-1) ref.?*!, American Chemical Society.
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device and enlarges in size. The three different holo-
graphic patterns by stretching the hologram metasurface
are shown in Figs. 14(j)-14(1).

Micro-nanoelectromechanical systems
Micro-nano-electromechanical systems (M-NEMS) are
micro and nanometer scale components that integrate
electrical and mechanical elements. These devices have
the ability to sense, control, and actuate on the micro and
nano-scale. They have been utilized to add tunability to a
wide range of applications including RF switches in
circuits, phase shifters, and antennas**?*, microphones,
speakers, acoustic sensors, and accelerometers** >, and
recently in metamaterials and metasurfaces®7+83234-262,

A switchable magnetic metamaterial is shown in Fig.
15(a)”®. Each unit cell consists of two semi-square 0.5 um
thick aluminum split rings in which one of them is anc-
hored on the substrate and the other one is movable by
two identical electrostatic comb-drive actuators on both
sides. Hence, the gap between the split rings can be tuned.
Figure 15(b) shows how the movable ring could be moved
away until it touches the back side of the fixed ring in the
neighbor metamaterial unit cell. As shown in Figs.
15(c)-15(e), the reflection coefficient of the metamaterial
is tuned as unit cell ring moves from open-ring state to
back-touch state. Moreover, It was shown experimentally
that the effective permeability (1) can be changed from
negative (-0.26) to positive (0.29) near the resonant fre-
quency.

A reconfigurable metamaterial is shown in Fig. 15(f),
with the wide tunability of resonant frequency by 31% for
transverse electric polarization and 22% for transverse
magnetic polarization”. Fig. 15(g) shows the unit cell
consists of a pair of asymmetric split-ring resonators with
one fixed to the substrate and the other on a movable
frame. Three different configurations of the unit cell are
obtained by adjusting the distance A between the rings.
For example in TM mode, when A=0, as shown in Fig.
15(h), the rings touch each other from the front
(face-touch state) and create a resonant frequency near
1.42 THz. As is shown in Fig. 15(i), by increasing A from
2.5 um to 15 pm, the resonant frequency decreases from
1.32 THz to 1.22 THz. Finally as shown in Fig. 15(i),
when A=20 um, the ring touches the neighbor ring from
the back (back-touch state). The resonant frequency be-
comes 1.16 THz. The strength of dipole-dipole coupling
is tuned continuously by controlling the distance between
the two rings.

Another approach is using a continuously tunable
Omega-ring terahertz metamaterial as shown in Fig.
15(k), while each unit cell consists of an inner disk in the
center and an omega-ring around it””. They have one
layer of 500 nm thick Al on top and a 40 nm thick layer of
ALO; on the bottom. The schematic side view of a recon-
figurable omega-ring is shown in Fig. 15(1). When there is
no current, the ring is released at an angle of 6 due to

residual stress in both layers. However, when a DC vol-
tage is applied to the bias pads on two ends of the rings
(bond pads), current flows through the Al metal lines and
causes it to heat up. Since Al has a higher expanding rate
than ALO:;, the ring will bend downwards. In TE mode,
the resonance frequency of the unit cell decreases from
0.67 THz to 0.37 THz as current increases from 0 to 100
mA [shown in Fig. 15(m)]. In TM mode, the resonance
frequency decreases from 0.73 THz to 0.43 THz as cur-
rent increases from 0 to 100 mA [shown in Fig. 15(n)].
The similar approach is used by this group to design dif-
ferent types of tunable metasurfaces™$#2622%,

An electromechanically reconfigurable plasmonic me-
tamaterial operating in the near-infrared is shown in Fig.
15(0)*. The plasmonic metamolecules are formed on two
pairs of parallel strings which have opposite voltage. Fig-
ure 15(p) shows how the distance between these pair of
strings is controlled by the electrostatic force from a few
volts of DC voltage. The positive (red) and negative (blue)
charges are caused by the driving voltage U and create the
pushing and pulling electrostatic forces (pink and green).
Since their mass and dimensions are small, they can be
driven synchronously to megahertz frequencies. The rela-
tive transmission and reflectance spectra of the metama-
terial to a reference case where no voltage is applied are
shown in Figs. 15(q) and 15(r), respectively. As can be
seen, the transmission in the wavelength range of 1.1 um
to 1.3 um shows around 5% modulation, and the reflec-
tance is modulated up to 8% around a wavelength of 1.5
pum. Such reconfigurable metamaterials could provide
continuous modulation of optical signals with megahertz
bandwidth at microwatt power levels.

Conclusion

Although the field of metasurfaces have been introduced
recently and designing new types of metasurfaces with
novel applications to replace conventional optical ele-
ments is still in its early stages, the development of the
active metasurfaces and metamaterials have already be-
gun. This article gave an overview of the different types of
tunable and reconfigurable metasurfaces and metamate-
rials through the active materials deployed. We have in-
troduced transparent conductive oxides, ferroelectric
materials, 2D materials, phase change materials, liquid
crystals, semiconductors, and M-NEMS based on differ-
ent tuning mechanisms such as electrical, thermal, optical,
magnetic, and mechanical covering a wide span of opera-
tional frequency.

Different methods mentioned in this article are com-
pared in Table 1. Ferroelectric materials are mainly used
in the spectral range below and up to THz frequency be-
cause of their high tunability but might also find applica-
tions in the shorter wavelength range. Phase change ma-
terials show large changes in refractive index in the mid-
dle and near IR spectrum. Although liquid crystals are
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Fig. 15 | Reconfigurable metamaterials using M-NEMS. SEM image of (a) the metamaterial molecule array with micro-machined actuators
and (b) the close-up top view of the unit cell. The measured reflection coefficient of the metamaterial under the TE polarized incidence in (c) the
open-ring state (G=2 ym, 4 um, and 6 pm), (d) the closed-ring state, and (e) the back-touch state (The simulation results of the induced surface
currents by the magnetic response is shown on the right side of each figure). SEM image of (f) the metamaterial molecule array with
micro-machined actuators and (g) the close-up top view of the unit cell. The simulated and measured transmission spectra for the TM
polarization incident wave at (h) A =0, (i) A =2.5, 5, 10, 15 ym (from dark to light), and (j) A =20 ym. The simulated surface currents and normal
magnetic field components are shown on the right side of each figure. (k) SEM image of the fabricated metamaterial (the zoom-in image of the
omega-ring design is shown in the inset), (I) Cross-sectional view of released omega-ring showing the angle of curvature (6) and bending
height (6). (m) and (n) Measured transmission spectra of Omega-ring metamaterial in the TE-polarized and TM-polarized incidence when the
voltage bias is 5 V, respectively. (o) SEM image of the reconfigurable plasmonic metamaterial. (p) Schematic of the driving circuit (black) and a
section of the metamaterial pattern consisting of a gold nanostructure (yellow) supported by silicon nitride strings (brown). (q) Transmission and
(r) reflection spectra of the metamaterial for different static voltages. Figure reproduced from: (a—e) ref.”®, John Wiley and Sons; (f-j) ref.”,
John Wiley and Sons; (k—n) ref.”’, AIP Publishing; (o—r) ref.*®, Springer Nature.
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Table 1 | Comparison of different methods.

Operation spectrum Modulation speed Tuning Mechanism Tuning range/depth Reference
Transparent 10 MHz Electrical 30% 47
. . Visible
conductive oxides 172 kHz Electrical 15% 85
NA Electrical 19% 264
Ferroelectrics GHz to visible NA Thermal 43% 52
NA Optical 1.5% 61
100 kHz Electrical 47% 50
Two dimensional (2D) . .
. THz to visible 20 GHz Electrical 95% 88
materials
40 MHz Electrical 60% 151
294 MHz Optical 16% 172
Phase change - :
. THz to visible 2.77 GHz Optical 42% 168
materials
312 MHz Optical 46% 175
NA Thermal 15% 103
Liquid Crystals (LCs) GHz to visible NA Optical 18% 101
20 Hz Electrical 15% 200
NA Electrical 79% 139
Semiconductors THz to visible
1.2 GHz Optical 46.7% 58
NA Mechanical 8% 233
Elastic materials GHz to visible
NA Mechanical 50.6% 72
1 kHz Electrical 7.5% 76
M-NEMS GHz to visible 1 kHz Electrical 31% 74
1.5 kHz Electrical 87% 81

mainly used in the visible spectrum, they have enough
change in dielectric constant to be used even in the THz
and GHz spectra. In general, electrical control through
bias voltage or current injection would have their advan-
tages in terms of device control, operation, and integra-
tion, by which TCOs, semiconductors, 2D materials, LCs,
and phase change materials, as well as M-NEMS, are all
promising choices. Thermal control has been used to tune
ferroelectrics, phase change materials, and liquid crystals
in metasurfaces. Optical tuning enables fast and low
power operation and has been used in almost all types of
tunable materials, i.e. in phase change materials and LCs
to tune local temperature and refractive index, while in
TCOs and semiconductors to tune the carrier concentra-
tion. Mechanical control is used to stretch or deform the
flexible metasurfaces made of elastic materials, which
could apply to tunable holograms and wearable electron-
ics. The magnetic field is mainly used in LCs to control
the alignment of molecules. One grant challenge for tun-
able metasurfaces and metadevices is the ability to ad-
dress individual metasurface element, especially in the
visible range, which is currently done mostly using TCOs
and ferroelectrics.

Other notable mechanisms used to design tunable me-
tasurfaces and metadevices has been reported in a few

articles. For example, electrical control of diodes has been
used especially in lower frequency spectrums up to
around 10 GHz***". Since the size of diodes limits the
minimum size of each unit cell, it is not possible to design
tunable metasurfaces for higher frequencies using diodes.
Microfluidics is another technology used to design tuna-
ble metasurfaces from low frequency around 10 GHz>>*
up to THz spectrum*”~°. Magnesium is another tunable
material that can undergo  metal-to-dielectric
phase-transition to form magnesium hydride (MgH,) by
absorbing up to 7.6 wt % hydrogen’, which has been
used in tunable metamaterials®'**’. Last but not least,
ferrites (magnet) materials are used specifically by coupl-
ing of the ferrite cuboid with Mie resonance of dielectric
materials to magnetically tune the properties of different
types of the metamaterials**~*.

Different types of active materials and tuning mechan-
isms could be selected based on the device structure and
application scenario. Lots of work in field of tunable me-
tasurfaces has started and lots more need to be done like
in large area low-cost fabrication, besides others. There
are huge potentials for tunable metasurfaces and their
progress will pave the way for realizing programmable flat
optics for applications such as tunable optical lenses, dy-
namic holographic display and laser beam steering, etc.,
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in the near future.
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