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Achieving nearly perfect light absorption from the microwave to optical region utilizing metamaterials has begun to
play a significant role in photonics and optoelectronics due to their vital applications in thermal emitters, thermal
photovoltaics, photovoltaics, sensing, filtering, and photodetection. However, employing passive components in de-
signing perfect absorbers based on metamaterials and photonic crystals imposes some limits on their spectral oper-
ation. In order to overcome those limits, extensive research has been conducted on utilizing different materials and
mechanisms to obtain active metamaterial light absorbers. In this review paper, we investigate the recent progress in
tunable and reconfigurable metamaterial light absorbers through reviewing different active materials and mecha-
nisms, and we provide a perspective for their future development and applications. © 2019 Optical Society of America

https://doi.org/10.1364/JOSAB.36.00F131

1. INTRODUCTION

Metamaterials [1,2], the so-called artificially engineered struc-
tures, demonstrate interesting electromagnetic properties that
are not found in natural materials including negative refractive
index [3], electromagnetic wave cloaking, [4], inverse Doppler
effect [5], lasing [6], asymmetric light transmission [7], and ar-
tificial magnetism [8]. Light absorption is another eye-catching
characteristic of these artificial structures [9], and the metama-
terials with nearly perfect light absorption features are referred
as metamaterial nearly perfect light absorbers (MPAs). In order
to realize nearly perfect absorption, reflectance is suppressed by
matching the effective impedance of the metamaterial to that of
the incident medium [10]. Simultaneously, transmittance may
be eliminated by introducing another metallic plate acting as a
mirror [11] or by using a similar mechanism in the multilayer
systems. Based on these approaches, MPAs can be categorized
into two types: narrowband MPAs [12–31] and broadband
MPAs [32–47]. For the structures shown in panels (a) [26]
and (b) [27] of Fig. 1, the narrowband nearly perfect absorp-
tions can be obtained by planar metal-insulator-metal (MIM)
metamaterials for which the top layer is either patterned [panel
(a)] or unpatterned [panel (b)]. For the former structure, the
support of localized and propagating surface plasmons polari-
tons (SPPs) is responsible for the narrowband response while,
for the latter, cavity modes take the lead. As shown in Fig. 1(c)
[28], MIMI systems for which the middle metallic layer is
unpatterned can also provide us with a narrowband response

due to the support of cavity modes and further satisfaction of
the impedance-matching condition due to the presence of the
top anti-reflecting dielectric layer. The support of surface lattice
resonances—which are essentially intricate combinations of local-
ized/delocalized surface plasmon resonances on diffractive orders
in periodic arrays—is the physical mechanism behind the narrow-
band response obtained by the metamaterial shown in Fig. 1(d)
[29]. For the metal-based one-dimensional photonic crystal (1D
PC) depicted in Fig. 1(e), the support of Tamm plasmon polar-
itons is the reason for the narrowband absorption response [30].
In addition, the physical mechanism behind the narrowband ab-
sorption response of the unpatterned complementary metal-
oxide-semiconductor (CMOS)-compatible semiconductor-based
design that is shown in Fig. 1(f) relates to the support of the
cavity-like modes inside the top lossy layer [31]. On the other
hand, in the patterned MIM metamaterials, by either having
patches with different geometrical shapes and thereby overlapping
various resonant responses of the structure [Fig. 1(g)] [35,42] or
using lossy metals like Ti for the top patterned layer [Fig. 1(h)]
[43], it is possible to achieve broadband nearly perfect absorption.
As schematically shown in Fig. 1(i) [44], nearly perfect broadband
absorption can also be obtained by using a pyramid shape ar-
rangement of hyperbolic metamaterials/materials on a reflecting
layer that leads to providing gradual satisfaction of the impedance
matching condition for an incident light. Achieving broadband
absorption is further possible by designing a tandem structure
composed of three absorptive materials, while the overall structure
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features a graded refractive index profile to obtain a wideband
antireflection property as schematically shown in Fig. 1(j) [45].
In this design, the optical resonances are strongly overlapped,
leading to a broadband response. Due to the cancellation of the
reflected wave using the arrangement of ultra-thin lossy metallic
films in multilayer metal-dielectric metamaterials as shown sche-
matically in Fig. 1(k) [46], it is also possible to achieve wideband
nearly perfect absorption. Employing the dewetting process and
the formation of nanoholes in the top metallic layer in an MIMI
multilayer metamaterial, as shown in Fig. 1(k), is also a unique
approach to realize lithography-free wideband MPAs [47].

After the first realization of MPAs [9], a tremendous
amount of research interest has been attracted to the field of
metamaterials to realize MPAs operating from the micro-
wave to the optical spectral range [12–47]. MPAs have found

numerous applications depending on their narrow- or broad-
band responses. The narrowband metal perfect absorbers are
of particular interest in sensing [48], imaging [49], thermal
emitting [50], and color filter applications [51,52]. On the
other hand, their broadband counterparts have potential appli-
cations in thermal photovoltaics [53], radiative cooling [54],
hot electron-based photodetectors [55], photochemistry [56],
and efficient solar vapor/steam generation [57]. However,
having a passive response may impose some limits on the
operational bandwidth and thus the functionality of the meta-
material light absorbers. Therefore, extensive research has
been performed on utilizing different materials and mecha-
nisms to design metamaterials with active functionalities,
i.e., the emergence of the field of active photonics and nano-
photonics [58–61].

Fig. 1. Schematics of different structures that can be realized to achieve narrowband and broadband MPAs. Panels (a) [26] and (b) [27] are two
MIM narrowband MPAs for which the top metallic layer is either patterned or unpatterned, respectively. Panels (c) [28] and (d) [29], respectively,
illustrate unpatterned MIMI and nanoring/nanowire composite metal-based narrowband MPAs. The schematics of a one-dimensional metal-based
MPA [30] and Si layer directly deposited on a reflector [31] are provided in panels (e) and (f ), respectively, as other examples of unpatterned
narrowband MPAs. Schematics of the broadband metamaterial perfect absorbers are shown in panels (g) to (l). Patterned MIM metamaterials
using different geometrical patterning and loss materials as the top layer are provided in panels (g) [35,42] and (h) [43]. Panels (i) [44] and
(j) [45] show ultrabroadband MPAs composed of sawtooth multilayer metal-dielectric and unpatterned multilayer arrangements, respectively.
A multilayer metal-dielectric metamaterial perfect absorber [46] and a lithography-free MIMI MPA obtained by the dewetting process [47]
are shown in panels (k) and (l), respectively. Notice that the mentioned MPAs operate within the visible and near-infrared ranges (λ < 5 μm);
however, by appropriate designs and taking suitable lossy materials (including both plasmonic and phononic materials), it is possible to extend the
range of operation to the MIR and FIR regions. (a) Reprinted with permission from Ref. [26]. Copyright 2010 American Chemical Society.
(b) Reprinted with permission from Ref. [27]. Copyright 2015 American Chemical Society. (c) Reprinted from Ref. [28]. Copyright 2016
Springer Nature. (d) Reprinted with permission from Ref. [29]. Copyright 2014 American Chemical Society. (e) Reprinted with permission from
Ref. [30]. Copyright 2014 American Chemical Society. (f ) Reprinted with permission from Ref. [31]. Copyright 2018 John Wiley and Sons.
(g) Reprinted with permission from Ref. [42]. Copyright 2011 American Physical Society. (h) Reprinted from Ref. [43]. Copyright 2016
Springer Nature. (i) Reprinted with permission from Ref. [44]. Copyright 2012 American Chemical Society. (j) Reprinted with permission from
Ref. [45]. Copyright 2016 American Chemical Society. (k) Reprinted with permission from Ref. [46]. Copyright 2016 Optical Society of America.
(l) Reprinted from Ref. [47]. Copyright 2017 Springer Nature.
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Active, tunable, or reconfigurable materials have been found
as important building blocks in designing metamaterials with
modifiable optical responses. Tunable waveguides [62], modu-
lators [63], frequency selective surfaces [64], and metalenses [65]
can be mentioned as some examples of those metamaterials.
There are several mechanisms and approaches that may be taken
to achieve active optical responses. Employing active materials
with electrically [66–68], thermally [69,70], optically [71,72],
and magnetically [73,74] tunable features as the building block
components of the metamaterials can be one approach. Taking
advantage of stretchable materials [75–77] and micro- or nano-
electromechanical systems (M-NEMS) [78–83] is another way
of achieving active metamaterials. Recently, the mentioned
mechanisms have been deeply examined by Jiang et al. [84] in
a review paper on the investigation of active plasmonics. In a
different point of view, Nemati et al. [85] conducted an in-depth
examination on tunable and reconfigurable metasurfaces and
metadevices according to the different types of active materials
being used in those structures. There are several different
categories of active materials that are available in nature and that
can be employed to design active metamaterials. These materials
can be categorized as transparent conductive oxides (TCOs)
[67,86–90], superconductors [91,92–96], ferroelectrics [such
as strontium titanate (STO) and BaSrTiO3 (BST)] [69,85], fer-
rites and magnetically tunable materials [97–101], liquid crystals
(LCs) [102–106], molecules and polymers [107,108], liquid
iron [109,110], semiconductors [71], graphene [111–116],
and phase-change materials (PCMs) [117–121]. The previous re-
views about metamaterial light absorbers have mainly focused on
the investigation of theoretical backgrounds, different designs, and
applications of passive structures [122–127]. Besides, it has been

proved that the transmission line theory is also a powerful tool for
the investigation of thin absorbing structures [128–131]. However,
up to now, a review for the investigation of active MPAs has not
been reported. Therefore, as a complementary research study of
those available in the literature, in accordance with the MPA
designs provided in Fig. 1, in this review paper we examine the
different types of MPAs with active characteristics based on the
various active materials that can be employed in the designs.

2. ACTIVE MPAS BASED ON TCOS,
SUPERCONDUCTORS, FERROELECTRICS,
AND FERRITES

Indium oxide, cadmium oxide, and zinc oxide are oxide semi-
conductors capable of being heavily doped to act as films with
conducting features. Due to their large band gap, they are trans-
parent in the visible range and thus are known as transparent
conducting oxides (TCOs). These materials have been widely
used in photovoltaics, organic light-emitting diodes (OLEDs),
displays, and electro-optics devices in general [85,132]. Since
TCOs can be heavily doped, they exhibit high DC conductivity
and consequently metal-like optical properties in the near-
infrared (NIR) range. The most popular TCOs are indium tin
oxide (ITO) and aluminum-doped ZnO (AZO) owing to their
NIR epsilon-near-zero (ENZ) and plasmonic responses of their
highly doped versions. More importantly, the optical properties
of ITO and AZO can be tuned in the NIR range by changing
the carrier concentration/doping as well as by applying voltage
[122–125], which makes these materials noticeable candidates
for designing/fabricating tunable metamaterial light absorbers.
Shown in Fig. 2(a) is the schematic of an active metamaterial
absorber based on ITO [133]. The device operates around the

Fig. 2. Panels (a)–(d) illustrate device schematics of TCO-based NIR MPAs/metamaterials. In panel (a), left figure, an electrically tunable ITO film
clamped between aHfO2-coated Au substrate and an array of Au strips [133]. The right figure in this panel shows a SEM image of theMPA. In panel (b),
an Au/SiO2/TiNMIMMPA is shown in which a thin film of ITO is implemented for broadening the absorption bandwidth of the MPA and can also be
used for tuning purposes [134]. In (c) the schematic and SEM images of an AZO-based metamaterial are presented [135]. Using the effective medium
approach, this system can be assumed as a uniaxially anisotropic metamaterial. A GZO-basedMIMmetamaterial is illustrated in panel (d) [136]. (e) shows
the schematic of (left), the mask used for (right top), and the fabricated (right bottom) THz superconductor-based activeMPA [137]. The blue SRR shows
the YBCO superconductor. (f) Schematic of the THz STO-based MPA [138]. (g) Schematic and SEM image of the THz BST-based metamaterial [139].
(h) schematically shows the microwave ferrite-based MPA [140]. (a) Reprinted from Ref. [133]. Copyright 2015 Springer Nature. (b) Reprinted with
permission from Ref. [134]. Copyright 2018 American Chemical Society. (c) Reprinted with permission from Ref. [135]. Copyright 2018 American
Chemical Society. (d) Reprinted with permission from Ref. [136]. Copyright 2018 American Chemical Society. (e) Reprinted with permission from Ref.
[137]. Copyright 2016 Optical Society of America. (f) Reprinted with permission from Ref. [138]. Copyright 2018 Institute of Physics. (g) Reprinted
with permission from Ref. [139]. Copyright 2014 American Institute of Physics. (h) Reprinted with permission from Ref. [140]. Copyright 2016 Elsevier.
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ENZ wavelength of ITO, i.e., 3.7 μm. As schematically shown
in this figure, the active metamaterial absorber is composed
of an electrically tunable ITO film clamped between a HfO2-
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 film and thus
the absorption of the metamaterial. Moreover, it has been re-
cently shown that [schematic depicted in Fig. 2(b)] by encapsu-
lating a thin film of ITO between the top patterned layer and the
bottom reflector in an MIM metamaterial absorber, it is
possible to tunably broaden the absorption bandwidth of the
metamaterial around 1.5 μm [134]. The physics behind this
broadness is due to the coupling of the epsilon-near-zero mode
to the gap plasmon mode supported by the metamaterial. As
shown in Fig. 2(c), another example of an active TCO-based
structure is a nanopillar-based metamaterial composed of Ge and
Al-doped ZnO (AZO), whose optical properties can be modu-
lated by gating and whose fabrication process is compatible with
complementary metal-oxide-semiconductor technology [135].
It was experimentally observed that the NIR resonant reflective
response of the metamaterial shifts up to 240 nm by modifying
the gate biases from −4 to 4 V. Adding a bottom reflector to the
structure and appropriately picking the spacer layer make the
AZO-based metamaterial a practical choice to achieve active
absorbers. Instead of having gate-tunable characteristics, gallium-
doped zinc oxide (Ga:ZnO), as another family member of
TCOs, shows tunable features around its ENZ wavelength of
around 1.15 μm [136]. Panel (d) of Fig. 2 illustrates a schematic
of a GZO embedded MIM nanocavity of a total thickness of
230 nm. The cavity, composed of two 24 nm Ag top and bottom
Ag films, is separated by a passive alumina layer with a thickness
of 230 nm. As the optically active component, a 70 nm thick
GZO medium is embedded into the spacer region. Thanks to
the presence of GZO, this device shows tunable resonant trans-
mission responses in the NIR region. By turning the bottom Ag
layer to a reflective one, it is possible to achieve a metamaterial
absorber with an active feature.

Superconductors are another type of active materials whose
complex optical conductivity is sensitive to both temperature
and electromagnetic fields. This feature gives the advantage
of the use of these materials as active components in the meta-
materials such that their optical responses can be dynamically
tuned via temperature, magnetic field, or electric current
[141–143]. Figure 2(e), right panel, shows a unit cell schematic
of a reflecting terahertz (THz) perfect absorber that includes a
YBa2Cu3O7 (YBCO) superconducting film with thickness of
100 nm [T c ≈ 75 K, substrate LaAlO3 (LAO)] that is sepa-
rated from a gold ground plane by a polyimide spacer layer
[137]. Photos of the mask (right top panel) used for etching
and the resulting YBCO split-ring resonators (SRRs) (right
bottom panel) are also provided in Fig. 2(e) as an illustrative
example of an active THz superconductor-based MPA.

Ferroelectric materials are another category of active materi-
als whose dielectric function in the paraelectric phase can be
electrically and thermally tuned [69,85]. This approach can
also be considered as an effective methodology for the realiza-
tion of active metamaterial absorbers [138,139,144,145].
Strontium titanate (STO) is one of the ferroelectric materials

that show temperature-tunable optical responses [144,138].
Figure 2(f ) illustrates a barium strontium titanate (BST)-
based active metamaterial light absorber that operates at THz
frequencies with resonant features [138]. It is shown that the
resonant absorption peaks of the MIM metamaterial—that is
composed of a periodic metal-dielectric stack array placed
on a metallic reflector—experience blueshift by increasing
the temperature. BST is another commonly used ferroelectric
material that exhibits a strong response to an external DC
electric field, temperature, and stress [139,145]. A BST-based
metamaterial with actively tunable transmission features is
shown in Fig. 2(g) [139]. The metamaterial is composed of
Au split ring resonator arrays on a 500 nm film of BST on
an alumina substrate. It is shown once the applied DC electric
field is modified from 0 kV/cm to 13 kV/cm, 27 kV/cm, and
33 kV/cm, and the transmission spectra of the metamaterial is
noticeably tunable. It is reported that, by introducing a bottom
reflector, this design and similar ones for which the top pat-
terned layer is based on BST are capable of exhibiting active
absorption characteristics [145].

Ferrites are another type of active materials that present
a magnetically tunable response [97,98]. These materials are
capable of supporting ferromagnetic resonances (FMRs) due
to the interaction with a magnetic field of an applied electromag-
netic field. Moreover, once an adjustable magnetic field is applied
to these materials, the FMR frequency can be tuned. Following
this mechanism, ferrite-based metamaterial absorbers with mag-
netically tunable features have been designed and fabricated
[146–148]. Moreover, as an alternative approach for obtaining
magnetically tunable metamaterial absorbers, it is also possible to
use the ferrite material as the spacer layer of the MIM structure
[149,140]. As an example, Fig. 2(h) illustrates a schematic of
such a magnetically active metamaterial absorber of this type that
operates at microwave frequencies [140].

3. ACTIVE MPAS BASED ON LCS, POLYMERS,
MOLECULES, AND SEMICONDUCTORS

Liquid crystals are a promising candidate for the development
of active photonics due to their large birefringence, low driving
threshold, and versatile driving methods. LCs have several
phases such as nematic, smectic, cholesteric, and isotropic.
These phases can be tuned by external stimuli (e.g., gate voltage
and heating) [102–106] and can be employed to achieve active
MPAs [150–153]. As an example of the phase transformation,
we can refer to nematic LCs. Nematic LCs have a uniform
alignment of the director and exhibit uniaxial optical symmetry
with two principal refractive indices, i.e., ordinary and extraor-
dinary refractive indices [106]. The applied stimuli change the
orientation of the director and therefore cause changes in the
refractive index of the LC. This feature makes LCs a versatile
candidate to be employed in manufacturing reconfigurable
photonic devices. Figure 3(a), left panel, is a schematic depic-
tion of a gate-tunable LC-based metamaterial light absorber
that operates around 2.62 THz [150]. As highlighted in the
schematics, applying the electric bias leads to a considerable
change in the alignment of the LC directors, tuning its refrac-
tive index. In this way, it is possible to considerably tune the
strength of the absorption peak at 2.62 THz. Figure 3(a), right
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panel, shows optical microscope image of a portion of the meta-
material array where the unit cell has the dimensions of a � 50,
c � 20, d � 16, w � w2 � 4:5, and w3 � 5 μm. Figure 3(b)
presents visible–NIR temperature-tunable beam steering of a
dielectric metasurface by modifying the liquid crystal state from
nematic to isotropic [153]. Based on a similar mechanism, it is
also possible to design and fabricate a temperature-tunable
LC-based active metamaterial absorber.

Responsive polymers are another type of materials with tun-
able characteristics that can consequently be employed as build-
ing block components in active MPAs. Responsive polymers
that show an active response to heat, light, electricity, or chem-
icals can be cut to smaller chains [107]. This attribute enables
the switching of polymer properties with external stimuli.
Responsive polymers can also be achieved by incorporating
molecular switches (e.g., azobenzene and spiropyran) [108].
A novel polymer-based light absorber, which is made of
polycyclooctene (PCO) polymer composites and multi-walled

carbon nanotubes (MWCNTs), that acts as a frequency-
selective surface is illustrated in Fig. 3(c) [154]. This absorber
is capable of achieving wide frequency-tunable light absorption
from 10 to 17.2 GHz by actively adjusting the sheet resistance
of the highly conductive ground plane under DC voltages up to
22 V. Photoswitchable polymer films are another example of
polymers with light-tunable characteristic. Figure 3(d) shows
the schematics of an optically driven super-absorbing system
that operates in the visible–NIR regions [155]. This absorber
is realized in a stack composed of a thin polymer-based photo-
switchable film as the spacer, which is embedded between a
metal mirror and top film composed of gold nanoparticles.
In such a system, the reflectivity of the metal mirror could
be dropped down to a few percent or recovered to more than
95% dynamically by UV or visible illumination, respectively.

As the key materials for the fabrication of electronics and pho-
tonics devices, semiconductors have the capability of having tun-
able electronic and optical responses. Recently, there have been

Fig. 3. Schematics of active MPAs and metamaterials based on LCs, polymers, molecules, and semiconductors. (a) shows a rendering of a single
unit cell of the THz LC-based MPA (right) and optical microscope image of a portion of the metamaterial array (right). The random alignment of
liquid crystal in the unbiased case and for an applied AC bias is presented [150]. Panel (b) illustrates the visible–NIR LC-based metasurface de-
flection beam switcher for nematic (left) and isotropic (right) states. The nematic and isotropic states are thermally interchanged [153]. A microwave
PCO polymer-based MPA that is thermally tunable by Joule heating is presented in panel (c) [154]. (d) shows a visible–NIR photo-driven molecule-
based active MPA [155]. (e) [156], (f ) [157], and (g) [158] are illustrations of electrically tunable semiconductor-based MPAs and metamaterials that
operate within the MIR, visible–NIR, and THz ranges, respectively. Panel (h) is an illustration of an optically tunable THz semiconductor-based
metamaterial [159] that can also be employed for the realization of dynamic MPAs [160]. (a) Reprinted with permission from Ref. [150]. Copyright
2013 American Physical Society. (b) Reprinted with permission from Ref. [153]. Copyright 2018 American Chemical Society. (c) Reprinted with
permission from Ref. [154]. Copyright 2018 American Chemical Society. (d) Reprinted with permission from Ref. [155]. Copyright 2014 John
Wiley and Sons. (e) Reprinted from Ref. [156]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement
of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-
nc/4.0/. (f ) Reprinted from Ref. [157]. Copyright 2018 Springer Nature. (g) Reprinted with permission from Ref. [158]. Copyright 2006 Springer
Nature. (h) Reprinted with permission from Ref. [159]. Copyright 2011 American Physical Society.
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numerous reports on using optically [71,159,160–162] and elec-
trically tunable [156–158] semiconductors in obtaining active
metamaterials and active PMAs. Figure 3(e) shows a schematic
of a InAs-based plasmonic metasurface that acts as an active
thermal emitter within 4 to 10 μm. Note that, according to
Kirchhoff ’s law, the spectral-directional emissivity of the struc-
ture is the same as its spectral-directional absorptivity. In this
structure, a low-doped InAs layer that acts as the voltage-tunable
active medium is embedded inside the MIM-like cavity and is
responsible for the tunable thermal emission of the system.
A cross-sectional scanning electron microscope (SEM) image
of the active metasurface is also provided on the right-hand side
of panel (e) [156]. As another example, Fig. 3(f) shows how an
ultrathin n-type doped indium antimonide integrated into a sub-
wavelength thick optical nanocavity can result in an electrically
tunable perfect light absorber in the visible and near infrared
ranges [157]. This structure may also be used as the optical mod-
ulators in the NIR. A schematic of an active THz metamaterial
device is depicted in panel (g) of Fig. 3 [158]. This active meta-
material device—which works in transmission mode and consists
of an array of gold electric resonators fabricated on n-type GaAs
as the voltage-controlled active medium—is capable of efficient
real-time control and manipulation of THz radiation. The meta-
material array and substrate together effectively form a Schottky
diode, which enables the modulation of THz transmission by
50 percent, an order of magnitude improvement over existing
devices. By introducing a bottom reflector layer beneath the
semiconductor medium and gating the structure appropriately,
an active THz MPA can be achieved. It is also possible to control
the optical properties of a photoconductive semiconductor,
e.g., Si, by light. Figure 3(h) shows perspective and top view
schematics of an active THz Si-based metamaterial that presents
optically implemented blueshift in its transmission response
[159]. Obviously, adding a bottom reflector with an appropriate
spacing layer makes this design an active MPA [163].

4. ACTIVE MPAS BASED ON GRAPHENE
AND PCMS

After the rise of graphene, the two-dimensional periodic array
of carbon atoms arranged in a honeycomb lattice [1,2], a great
deal of attention has been attracted to its potential applications
in optoelectronics [3] and plasmonics [4]. The surface conduc-
tivity of graphene (σg ) can be effectively modulated via
tuning of chemical potential (μ) through chemical doping,
electrostatic/magnetostatic gating, optical pumping, and tem-
perature [1,2,164–166]. Depending on the intensity of the
incident light, graphene may also show nonlinear responses,
giving the opportunity of obtaining active graphene-based
metamaterials by optical pumping. In this case, σg would
depend on light intensity [167]. When Im�σg� > 0, graphene
behaves like a very thin metal layer capable of supporting trans-
verse-magnetic (TM) guided plasmonic modes [163,168–172]
within the infrared and THz ranges. Therefore, if they are
designed appropriately, it is possible to achieve active graphene-
based MPAs that operate in a broad range of frequency with
tunable (electrically, magnetically, optically, and thermally)
features (see, e.g., [173–177,178,179]). Figure 4(a) shows a
widely tunable mid-infrared (MIR) metasurface composed of

optical antennas on an unpatterned graphene sheet that is
incorporated into a subwavelength-thick optical cavity to create
an electrically tunable MPA [173]. By switching the absorber in
and out of the critical coupling condition via the applied
gate voltage on graphene, a modulation depth of up to
100% can be achieved. In particular, an ultrathin optical modu-
lator (thickness < λ0∕10) with high speed (up to 20 GHz) over
a broad wavelength range (5–7 μm) is obtained by this struc-
ture. Figure 4(b) exhibits an MIR metamaterial composed of
graphene disks that is capable of exhibiting light absorption.
It is shown that by nanopatterning a graphene layer into an
array of closely packed graphene nanodisks, its absorption
efficiency can be increased from less than 3% to 30% in the
infrared region of the spectrum. Moreover, by incorporating
graphene nanodisk (nanodot) arrays into an active device
(covered by ion gel and gated by gold), it is demonstrated that
this enhanced absorption efficiency is voltage tunable [174]. As
mentioned earlier, by introducing a bottom reflector in this
structure and taking a spacer appropriately, it is possible to in-
crease light absorption from 30% to >90% and achieve active
MIR graphene-based MPAs [175,176]. By patterning graphene
as anti-dot arrays and employing the patterned structure in
a cavity, like the one shown in Fig. 4(c), it is also possible
to effectively tune the MIR nearly perfect resonant absorption
responses of the structure [177]. This figure schematically
presents the integration of the graphene antidote MPA with
a patterned hexagonal boron nitride (hBN) as a polar material.
This integration and thus hybridization of graphene plasmons
and hBN phonons [187,180] leads to the appearance of multi
plasmonic-phononic resonances and thus the improvement of
the active MPA’s characteristics. It is also possible to achieve a
MPA using unpatterned graphene layer(s). Figure 4(d) illus-
trate a hybrid light absorber composed of graphene and a 1D
photonic crystal. Due to the support of Tamm SPPs, the THz-
tunable resonant absorption characteristic is observed in this
structure [178]. A multilayer graphene-dielectric structure
is shown in Fig. 4(e). This structure, which may behave as a
hyperbolic metamaterial within the MIR, far-infrared (FIR),
and THz ranges, depending on the thickness and material
of the dielectric layers—is also capable of acting as an active
MPA [179]. Zero-index photonic crystals have also found prac-
tical applications [188]. Combining these structures with lossy
and tunable elements can also provide tunable absorption char-
acteristics with broadened features.

Phase-change materials, such as vanadium dioxide (VO2)
and Ge3Sb2Te6 (GST), belong to another category of active
materials and exhibit reversible insulator-to-metal transitions
(IMT) [124,125]. This reversible optical response is observed
in PCMs’ amorphous and crystalline states and can be obtained
by external stimuli such as heat, light, and voltage. The men-
tioned phase transitions lead to dramatic change in PCMs’
complex refractive indices. Consequently, this attribute makes
PCMs promising candidates to be used as the building block
components in active metamaterials such as light absorbers
(see, e.g., [181–185]), switches, and modulators [120,121].
Figure 4(f ) schematically illustrates hybrid gold-VO2 designs
for which the grating (left panel) and cylindrical patches (right
panel) are made of gold [181]. Using these designs, two
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thermally tunable infrared resonant MPAs are achieved. It is
observed that the absorption intensity is tuned from 90% to
20% and 96% to 32% using hybrid gold-VO2 grating and
cylindrical patches, respectively, by heating up the absorbers
above the phase transition temperature of VO2 (i.e., 68°C).
It is also possible to obtain broadband nearly perfect absorption
by unpatterned MIM structures. Figure 4(g) illustrates an IR
active MPA that is composed of a gold bottom reflector, a
PMMA layer as the spacer, and an ultrathin 20 nm film of
VO2 at the top. By changing temperature and thus transition-
ing the phase of VO2 from insulator to metal, it is possible to
switch absorption from ∼15% to ∼90% and vice versa [182].
We can use VO2 as the spacer in the MIM structure to amend
the cavity length and therefore actively tune the absorption re-
sponse of the structure. Figure 4(h) provides an example in this
regard [183]. As shown in this schematic, TiN is considered to
be the reflecting layer, Al disks are chosen as the top patterned
medium, and Al2O3 and VO2 jointly form the spacer media in

this MIM cavity. By the phase transmission of VO2, the cavity
length is modified, and thus the absorption response of the
metamaterial is actively tuned. Figure 4(i) shows a schematic
of a thermally active GST-based MPA with multispectral ther-
mal imaging capability that operates within the 3–5 μm range
[184]. The basic building blocks of the design are absorber pix-
els consisting of an array of square Al nanoantennas stacked
above a GST spacer layer and an Al mirror. As depicted in
Fig. 4(j), it is also possible to use GST as a cavity length modi-
fier in a lithography-free asymmetric MIM structure. In this
design, the spacer is composed of GST and methyl methacry-
late layers and is bounded with top (18 nm) and bottom
(50 nm) Ag films. This structure, which operates in the visible
and NIR ranges, shows multi-narrowband perfect absorption
with a maximum of 99.8% at a specific incident angle and
polarization state when the GST is in the amorphous phase.
The absorption bands blueshift and broaden after switching
to the crystalline phase [185]. It is noteworthy that the

Fig. 4. Schematics of active MPAs and structures based on graphene and PCMs. (a) An MIR graphene-based MPA composed of a gold metasur-
face on graphene, dielectric spacer (AlOx), and a reflector (Al) [173]. (b) An active MIR metamaterial absorber based on graphene disks [174]. In
panel (c) an MIR graphene-based MPA is illustrated in which the top graphene-hBN-graphene layers are patterned as an anti-dot structure [177].
(d) illustrates a graphene-based 1D PC that acts as a THz narrowband perfect absorber [178]. (e) A multilayer graphene-dielectric metamaterial that
can also be employed as an active MPA in the IR and THz regions [115,163,179,180]. (f ) shows an IR MPA based on patterned VO2 films [181],
while in (g) [182] and (h) [183] active IR MPAs are achieved using unpatterned films of VO2. GST-based MPAs employed in patterned [184] and
unpatterned [185] visible–NIR MIM structures are shown in panels (i) and (j), respectively. (k) illustrates a schematic of the VO2-hBN-graphene-
based bi-functional metamaterial for bi-tunable asymmetric transmission and nearly perfect resonant absorption characteristics [186]. (a) Reprinted
with permission from Ref. [173]. Copyright 2014 American Chemical Society. (b) Reprinted with permission from Ref. [174]. Copyright 2014
American Chemical Society. (c) Reprinted with permission from Ref. [177]. Copyright 2018 Optical Society of America. (d) Reprinted with per-
mission from Ref. [178]. Copyright 2017 Optical Society of America. (e) Reprinted from Ref. [179]. Copyright 2016 Springer Nature. (f ) Reprinted
with permission from Ref. [181]. Copyright 2015 American Institute of Physics. (g) Reprinted from Ref. [182]. Copyright 2015 Springer Nature.
(h) Reprinted with permission from Ref. [183]. Copyright 2017 Optical Society of America. (i) Reprinted with permission from Ref. [184].
Copyright 2015 John Wiley and Sons. (j) Reprinted with permission from Ref. [185]. Copyright 2018 John Wiley and Sons. (k) Reprinted with
permission from Ref. [186]. Copyright 2019 Optical Society of America.
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potential application of PCMs is not limited to the visible and
IR regions; there are also some reports on taking advantage of
PCMs’ active optical responses in the microwave and THz
regions [119,120]. Moreover, very recently, it has been theo-
retically reported that by combining VO2, hBN, and graphene
in one structure it is possible to obtain a bi-tunable metama-
terial with bi-functional MPA and asymmetric light transmitter
characteristics in the MIR region [186], see Fig. 4(k).

5. ACTIVE MPAS BASED ON MEMS,
MICROFLUIDIC CHANNELS, AND ELASTIC
SUBSTRATES

In the above-mentioned examples, the metamaterials’ tuning
was demonstrated via modification of the optical properties
of their building block components. The alternative way to
achieve tunability is to change the physical distance between
the metamaterial elements. This leads to a new tool for the
optimization of the resonant responses of the system and thus
provides tunability. This aim is possible by using MEMS/
NEMS—in which the electrical and mechanical elements are
integrated—and also microfluidic channels and stretchable ma-
terials in the system [75–83,189–195]. MEMS/NEMS are
composed of micro- or nanometer scale components and
have the ability to function in the micro- and nano-scale.
Therefore, by fabricating metamaterials as MEMS/NEMS,
we may achieve mechanically actuated tuning. Figure 5(a) sche-
matically presents a MEMS-based tunable MPA that operates
at THz frequencies [190]. The basic idea behind employing
MEMS in this device is the strong sensitivity of the metama-
terials’ electromagnetic response to position. In other words,
in this structure, meta-atoms that support strongly localized
modes are combined with suspended flat membranes that
can be driven electrostatically. As mentioned above, integrating

metamaterials with microfluidic channels—i.e., the field of
metafluidic metamaterials [194]—has been also considered as
one of the effective ways to achieve tunable devices that are
beneficial for applications such as MPAs and sensors.
Figure 5(b) shown a photograph of a switchable X-band MPA
that works based on injecting eutectic gallium-indium (EGaIn)
liquid metal alloy using microfluidic channels [194]. The
switchable response is observed once the optical responses of
the device when the microfluidic channels are empty compared
to the case for which they are filled with the liquid metal. Using
elastic substrates is also another way of achieving flexible and
reconfigurable MPAs. Photo of a planar flexible MPA that op-
erates at around 2 GHz is shown in Fig. 5(c) [195]. Bending
the flexible metamaterial and thereby modifying the geometri-
cal parameters leads to observation of the tuning of the resonant
absorption peaks of the structure.

6. CONCLUSION AND PERSPECTIVE

In the present review paper, we first outlined the different types
of nearly perfect metamaterial light absorbers with narrowband
and broadband responses. Then, through reviewing different
types of active materials (i.e., TCOs, superconductors, ferro-
electrics, ferrites, LCs, polymers, molecules, semiconductors,
graphene, and PCMs), we provided diverse examples of active
MPAs that operate in different frequency ranges [from giga-
hertz (GHz) to the visible region) and are realized by employing
numerous tuning mechanisms, i.e., electrically, optically,
magnetically, thermally, and mechanically. Finally, by providing
some examples on MPAs based on MEMS, microfluidic chan-
nels, and elastic substrates, different mechanisms and technol-
ogies of tuning the operational response of the nearly perfect
light absorbers have been provided. According to the compre-
hensive examination we performed in this review paper,

Fig. 5. Schematics/photos of active MPAs based on MEMS, microfluidic channels, and elastic substrates. (a) Unit cell of the THz MEMS-based
active MPA. The vertical distance between the meta-atoms and the ground plane can be tuned electrostatically [190]. (b) Schematic and photograph
of frequency-switchable X-bandMPA that operates based on the injection of eutectic gallium-indium (EGaIn) liquid metal alloy [194]. (c) Photos of
the flexible and elastic microwave MPA [195]. (a) Reprinted from Ref. [190]. Copyright 2017 Springer Nature. (b) Reprinted with permission from
Ref. [194]. Copyright 2015 MPDI. (c) Reprinted with permission from Ref. [195]. Copyright 2014 American Chemical Society.
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different types of active materials and tuning mechanisms could
be selected to achieve appropriate active MPAs based on the
device structure, operation wavelength, and the application sce-
nario. As has been investigated, numerous studies and papers in
the field of active metamaterial light absorbers have been per-
formed and published, but there is still considerable space to
work on and develop active MPAs based on the materials and
mechanisms investigated in this review paper. There is consid-
erable potential to design and fabricate tunable metamaterial
absorbers, and more progress in this field will pave the way
for the realization of active MPAs that can be employed in de-
vices such as tunable thermal emitters, sensors, filters, photo-
detectors, and solar cells.
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