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Abstract—Remarkable progress in terahertz (THz) sources and
detectors is followed by the necessity of manipulating of terahertz
radiation. Since natural materials can not perform efficient inter-
action with THz radiation, artificial structures called metamate-
rials are designed to overcome “THz gap” in this area. A variety of
tunable metamaterials using different methods of control are pre-
sented and discussed in this review paper.

Index Terms—Terahertz (THz), tunable metamaterial.

I. INTRODUCTION

T ERAHERTZ science and technology became recently
attractive due to potential new applications such as

terahertz imaging/sensing [1], medical scanning, security
screening, quality control, atmospheric investigation, space
research, etc. [2]. As compared to the microwave electronic
and optical photonic technologies, the development of THz
technology is lagging far behind, because the THz spectral
region has difficulty in exploring due to the lack of appro-
priate and effective sources and detectors. In addition, natural
materials do not exhibit strong magnetic or electric responses
in the THz frequency range, for example, 1–3 THz. The res-
onant response of conventional magnetic materials occurs at
microwave frequencies, while the plasma frequency in nat-
ural metals is observed beyond the mid-infrared range. So in
the THz frequency range there is a lack of natural materials
exhibiting magnetic or electric responses. This lack of the
natural materials is considered as the THz frequency gap. New
types of materials should be searched in order to cover this
gap and to keep the progress of THz research by tailoring
new artificial materials. Among novel materials, artificially
structured materials play an important role particularly in the
design of functional THz devices. The new artificial materials
known as electromagnetic metamaterials (MTM) have been
actively studied to enhance desired electromagnetic properties
in any frequency range. The metamaterials can complete the
THz frequency gap and stimulate the terahertz research and
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development. Electromagnetic MTM have enabled numerous
exotic electromagnetic phenomena, such as negative or zero
dielectric permittivity, negative or zero magnetic permeability,
double-negative refractive index, perfect lensing, cloaking etc
[3], [4]. The metamaterials are expected to cover the niche for
THz manipulating devices, which is not possible with conven-
tional materials. The THz spectrum represents a fascinating
arena for metamaterial research.

Fabricating metamaterials for THz spectrum is a challenging
task. The metamaterial structure is usually arranged as a regular
array of unit cells. The size of the unit cell for THz region is
scaled to micrometers or even hundreds of nanometers in com-
parison with millimeters for microwave region. Even though
there is a big challenge to manipulate THz radiation at desired
way, functional devices such as filters, switches, modulators,
phase-shifting and beam-steering devices for THz electromag-
netic spectrum are now being investigated. Also, tunable or con-
trollable THz devices are soon to promise the practical appli-
cations working in THz spectrum by constructing controllable
metamaterials. In this philosophy, we have analyzed a number
of published articles related to the tunable THz metamaterials.
In this review, we categorize approaches to design tunable MTM
for THz applications in the following way:

— MTM based on split-ring resonators;
— MTM based on dielectric resonant inclusions;
— ferroelectrics and ferromagnetic based MTM;
— MTM based on phase change materials;
— layered metal-dielectric structures of MTM;
— MTM infiltrated with liquid crystals.

II. CONTROLLABLE METAMATERIALS

A. MTM Based on Split-Ring Resonators (SRR)

Electromagnetic MTM typically consist of sub-wavelength
metallic resonator arrays fabricated on dielectric or semicon-
ductor substrates, which collectively respond to either or both
the magnetic and electric components of the incident electro-
magnetic field. By proper scaling, MTM properties have been
demonstrated from radio to near visible frequencies. A key com-
ponent of many MTM structures is metallic resonator. Most
popular form of a canonical “metaparticle” is the split-ring res-
onator (SRR) and its modifications. The SRR was introduced
theoretically by Pendry in 1999 [5] and experimentally verified
by Smith et al. in 2000 [6]. The SRR was originally designed
and utilized for a magnetic response. As shown in Fig. 1, when
a time varying magnetic field is polarized normal to the plane
of the SRR, the circulating current will be induced within the
ring, resulting in a negative magnetic response above the reso-
nant frequency. SRR can also be used as an electrically resonant
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Fig. 1. (a) Equivalent diagram of a single SRR, (b) different types of excitation
and corresponding current distribution along the SRR structure.

Fig. 2. Sample of (a) a single-band electric SRR (eSRR) [8] and (b) dual-band
ELC resonator [9]. (c) A novel version of ELC resonator from [15].

unit as it exhibits a strong resonant permittivity at the same fre-
quency as the magnetic resonance by 90 rotating the incident
THz radiation with the electric field perpendicular to the gap
and the magnetic field lying completely in the SRR plane.

The SRR can be presented as an equivalent LC resonant cir-
cuit (Fig. 1(a)). The resonance frequency of the SRR can be cal-
culated by , where the inductance results from
the current path of the SRR and the capacitance is determined
by the gap dimensions.

In general, both the material and the structure of the MTM
unit cell determine their electromagnetic characteristics. In
order to avoid unwanted electromagnetic characteristics as-
sociated with a periodic structure, the dimensions of the unit
cell of MTM should be smaller than the wavelength at the
operating frequency. For frequencies in range of 100–1000
GHz, the linear size of the SRR should be compared with
micrometer or even hundreds nanometers.

Recent progress in MTM design has led to the realization of
frequency-agile functionality provided by a tunability of meta-
materials. In order to achieve agility of the operating frequency,
external stimulus-dependent tunable elements are necessary to
be incorporated into the designs for altering and/or . For that
purpose, modifying the dielectric properties of the SRR and/or
the substrate to modify the inductance and/or capacitance are
used. The most efficient methods are the following: microme-
chanical, thermal, optical, electrical, and magnetic control.

A variety of SRR modifications and combinations of SRR
with other constituents of the MTM array have been consid-
ered in [7]. The example of electric split-ring resonator (eSRR)
is shown in Fig. 2(a) [8]. This configuration was used in [9]
for stacking multiple single-layer planar metamaterials fabri-
cated on thin, flexible polyimide substrates. Excitation of the
inductive-capacitive (LC) resonance of the eSRR arrays evolves
into a full band-stop transmission centered at the resonance fre-
quency. Using the elementary cell of Fig. 2(b), the dual band
absorber consisting of a dual band electric-field-coupled (ELC)
resonators and a metallic ground plane, separated by a dielectric
spacer was proposed in [10].

Metamaterials with micromechanical control of SRR is
based on utilizing bimaterial cantilever. In [11], a method of

Fig. 3. The single cell of the MTM consists of two single SRRs put together
on the split gap side with a cantilever sitting above [11]. (a) Equivalent circuit
of the single cell of the THz MTM resonant switch; (b) planar periodic array
exposed to normal incident THz radiation with electric field directed along the
SRR gap; and (c) cross-sectional view of one individual element.

Fig. 4. (a) Schematic of structurally tunable THz MTM and (b) dimensions of
a single SRR unit cell [12].

the dynamical control of the resonant electrical response of the
THz MTM was reported (Fig. 3). The design approach is based
on a planar array of eSRRs manufactured by microfabrication
methods to create a biomaterial cantilever based THz MTM
switch with the cantilever sitting above the gap, which operates
by modifying or shorting the SRR capacitive gap. The MTM
element interacts strongly with a uniform electric field, and
weakly with a uniform magnetic field. The effective LC reso-
nance results in a frequency dependent transmission, where, on
resonance, a strongly enhanced electric field is concentrated in
the gap of the SRR. Therefore, the resonance disappears when
the cantilever bends down to touch the SRR and shorts the gap.
The switch operates by controlling the ambient temperature to
make the bimaterial cantilevers bend up due to the different
thermal expansion of Al and SiN .

It is known that the resonant response of the MTM depends
also on the coupling efficiency of the SRR to electromagnetic
field. It was suggested in [12] to rotate individual “meta-atoms”
to tune the EM field coupling efficiency while keeping the
sample plane normal to the incident wave. This is accom-
plished by fabricating planar arrays of SRRs on bimaterial
cantilevers designed to “pop-up” out of plane in response to
a thermal stimulus, as shown in Fig. 4. There are 4 possible
responses, demonstrated by that agile structure: (a) pure tunable
electrically resonant response; (b) pure tunable magnetically
resonant response; (c) bianisotroic response; and (d) nonreso-
nant response.

Another method of controlling metamaterial transmission re-
sponse is to introduce MEMS devices into the structure [12],
[13]. The MTM unit cell of the THz tunable MTM filter [13]
is tuned by micromachined comb-drive. The MTM slab works
as a notch filter in THz region. Each unit cell consists of two
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Fig. 5. Electrically controlled terahertz modulator [16]. (a) A layout showing
an array of planar eSRRs, biasing pads, external electric circuit, and exciting
terahertz field. The eSRRs form a Schottky contact with the substrate. (b) A
cutaway view reveals a build-up of the depletion region underneath the metal
as a result of the reversely biased Schottky junction.

split semi-squares. One semi-square is located on the thin sil-
icon rib, which can be moved by the MEMS comb-drive. The
other semi-square is located on the thick silicon island which is
fixed at all time. The gap of the two semi-squares is controlled
by the pump voltage of the comb-drive providing tunability of
the filter.

The tunable metamaterials based on SRRs on semiconductor
substrate with variable conductivity are considered in [14]–[17].
Thermal control is based on a variation of temperature al-
tering the intrinsic carrier density in a semiconductor (InSb)
[12]. By integrating semiconductors into metamaterial designs,
photoexcitation is used for the MTM control. In [15], a de-
sign for blueshift tunability with a photoconductive semicon-
ductor incorporated into the metamaterial was presented. This
approach takes advantage of a novel version of the ELC res-
onator [see Fig. 2(c)]. It was shown that the tuning can be im-
plemented within quite a broad frequency range of as much
as 40% and is achieved through an effect of photoconduc-
tivity-induced mode switching. The controllable unit cell was
designed by inserting photoconductive silicon within the two
side gaps but not the central gap of the combined ELC resonator
placed on a thick sapphire substrate. From the field and current
distribution for cases without illumination S/m and with
heavy photodoping S/m at their respective reso-
nance frequencies. Obviously, the resonances of the two cases
belong to very different modes, so the blueshift of the reso-
nance frequency can be considered to be due to a photoconduc-
tivity-induced mode-switching effect.

In [16], the same idea of photoexcitation, that later was
patented [17], is used. A series of novel planar electric meta-
materials operating at THz frequencies was created. High
efficiency, all-electronic THz switching and modulation oper-
ating at room temperature have been accomplished by the use of
a hybrid of metamaterial and Schottky diode structure (see
Fig. 5). Dynamic switching of THz radiation was achieved by
photoexcitation of the semiconductor substrate, where ultrafast
switching has been demonstrated by the use of an ErAs/GaAs
nano-island superlattice substrate.

To achieve switching behavior, the unit cell similar to that
shown in Fig. 2(a) was used. Metallic SRRs were patterned to
form a square array and connected by metal wires. They were
fabricated on a 1-mm-thick epitaxial n-doped GaAs layer with
the electron density of 2 10 cm grown on an undoped
GaAs wafer [16]. The metal–semiconductor interface forms a

Schottky diode structure as shown in Fig. 5. The depletion re-
gions underneath and around the metal, particularly near the
split gaps, can be actively controlled by applying a voltage bias
between the metal and substrate.

The control of the conductivity of the substrate near the split
gaps can be effectively implemented, which in turn switches the
resonance of the eSRR. With no voltage bias the metamaterial
resonance response is strongly damped due to the conducting
and lossy substrate, i.e., the split gaps of eSRRs are shortened
by the relatively conducting substrate. A reverse voltage bias,
on the other hand, drives electrons away from the interface and
increases the width of depletion regions. This isolates the metal
from the doped semiconductor substrate, and particularly, re-
covers the split gaps.

The dynamic switching off of the MTM resonance response
can be very fast, i.e., only depending on the femtosecond pho-
toexcitation of charge carriers. The switching recovery time,
however, is determined by the carrier lifetime.

B. MTM Based on Dielectric Resonant Inclusions

In order to avoid conducting loss in metal elements of tra-
ditional metamaterial designs (SRR or wire medium), MTM
structures based on low loss dielectric resonators were intro-
duced. Nowadays there is a plenty of different structures of
metamaterials utilizing Mie resonances [18] in dielectric parti-
cles. The Mie resonances of dielectric inclusions provide mag-
netic or electric response based on displacement currents, and
offer a simpler and more versatile route for the fabrication of
isotropic metamaterials operating at higher frequencies.

The all-dielectric metamaterial consists of dielectric parti-
cles only and provides single-negative (SN) or double-negative
(DNG) properties. High permittivity dielectric spheres, cubes
or rods are usually used to observe the negative effective per-
meability [19]–[21]. Negative permittivity can be obtained by
adding conducting wires into the structure [22], [23].

Spherical dielectric resonators based MTM structures open
up the possibility of fabricating homogeneous and isotropic
negative refractive index metamaterials. The idea of a design
of all-dielectric DNG metamaterials was suggested in [24] and
further developed in [25], [26]. The MTM is formed as an array
of spheres of different diameters with magnetic and electric
resonances corresponding to magnetic and electric dipoles
providing effective negative permeability and permittivity.
Advancing all-dielectric MTM towards the THz frequency
range is provided by scaling procedure while using the MTM
particles of smaller dimensions. The scaling procedure is
limited by existence of the intrinsic dispersion of materials
used for the tunable MTM design. For example, the resonance
in ferromagnetic and ferroelectric materials is observed in a
limited frequency range, where the properties of the material
are dramatically changed. Scaling is allowable in case if the
designer manages to avoid falling into the area of a strong
dispersion near the resonance.

Effective electric and magnetic properties of a three-di-
mensional collection of nonmagnetic polaritonic spheres
have been investigated in [27]. Structure based on a periodic
crystal wherein the respective polaritonic spheres are arranged
on two interpenetrating simple cubic lattices, has been dis-
cussed in [28]. An example comprising LiTaO and n-type Ge
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Fig. 6. DNG optical metamaterial constructed from nanostructured dielectric
spheres, operating in magnetic mode, embedded in negative permittivity host
[27]. (a) Geometry.(b) Transmission coefficient.

Fig. 7. (a) Configuration to achieve the negative refractive index. (b) Spectrum
of the refractive index in this configuration [20].

spheres revealed a negative refractive index centered around
m. By using other available polaritonic mate-

rials, the center wavelength of the negative refractive index
band can be correspondingly tuned over a wide frequency
range.

Isotropic all-dielectric metamaterial at optical frequency has
been theoretically investigated in [29]. In this paper, the peri-
odic array of GaP spheres implanted inside cesium Cs host ma-
terial with a measured plasma wavelength m was
considered [see Fig. 6(a)]. Transmission coefficient of the com-
posite structure is shown in Fig. 6(b). The spheres operate at
their magnetic resonant mode and can provide negative effec-
tive permeability. A combination of this with the negative per-
mittivity of cesium below its plasma resonance offers DNG be-
havior. In comparison to the double-sphere resonators design,
only one set of resonators is involved and a wider bandwidth
can be expected.

As compared with spherical resonators, cubical dielectric res-
onators are easy to fabricate. The natural method to shift oper-
ating dielectric metamaterial frequencies to the THz spectrum
region is to scale dielectric resonators size to micrometers. Ter-
ahertz metamaterials based on the Mie resonance of polycrys-
talline TiO cube arrays on Al O substrate [see Fig. 7(a)] were
experimentally demonstrated in [20]. The resonant responses
occur at the frequency around 0.28 THz, where wavelengths al-
most ten times larger than the periodicity of the sample. Ad-
justing sizes of two sets of cubes with different dimensions
makes it possible to match resonance frequencies with negative
permittivity and permeability. Simulation results [see Fig. 7(b)]
shows the negative refraction is observed at frequency around
0.38 THz.

The magnetic activity based on Mie resonance can also be
achieved within a broad frequency range from the terahertz to
the deep infrared region by suitable choice of materials and

Fig. 8. (a) Scanning electron microscope picture of one of the samples. (b):
Examples of amplitude transmittance spectra. A shift of the magnetic resonance
from 0.287 THz to 0.204 THz with temperature is clearly visible. Points: mea-
sured values, lines: spectra calculated using the transfer matrix [32].

particle dimensions, for example, polaritonic crystal LiTaO
have a permittivity of 400 at approximate 3.5 THz [27]. More-
over, the BST dielectric composites can be expected to possess
electrically tunable properties, which may increase the range of
potential applications [30], [31].

C. Tunability of Dielectric THz Metamaterial

The metamaterial described in [32] consist of arrays of high
permittivity rectangular rods made of strontium titanate SrTiO
(STO) by femtosecond laser micromachining. Wafers of STO
with a thickness of 20–50 m were perforated by a focused laser
beam in the shape of parallel lines, thus creating rods with a
width of several tens of microns and a periodicity of less than
100 m [see Fig. 8(a)]. For incident electric field polarized per-
pendicular to the rods, the arrays exhibit a series of Mie reso-
nances accompanied by an effective magnetic response [33]. It
appears that the lowest-order resonances are sufficiently strong
to induce a response described by a negative effective perme-
ability.

Transmittance spectra of the samples measured using time-
domain terahertz spectroscopy are shown in Fig. 8(b). The am-
plitude transmittance exhibits a clear dip, which corresponds
to the lowest Mie resonance. Upon cooling, the permittivity of
STO increases due to phonon mode softening; therefore, the res-
onant frequency decreases. The magnetic permeability retrieved
from the measured transmission spectra revealed the negative
value of the permeability in the narrow frequency range between
0.23–0.24 THz.

Dielectric cylinders can be effectively used for cloaking in
THz spectrum [34]. Mie theory was applied to high- microm-
eter-sized BST cylinders and results showed that the ferroelec-
tric rods exhibited a strong magnetic resonance dependent on
the cylinder radii. The rods magnetic plasma frequency was en-
gineered such that the cloak shell displays a piece-wise varia-
tion in the radial component of the permeability. Results clearly
show that cloaking of any wavelength scaled object located at
the interior is achieved at 0.58 THz for the present device. Ad-
ditionally, a relatively high transmissivity level was obtained.
These results show the potential of this all-dielectric solution for
cloaking applications at microwave and terahertz frequencies.

D. Ferroelectrics and Ferromagnetics Based MTM

The dielectric properties of ferroelectric materials can be
tuned both by external (low-frequency) electric field and by
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temperature up to the THz range. Ferroelectric materials are es-
pecially attractive for tunable applications owing to the poten-
tially low production cost and a high integrability.

Currently the displacement type ferroelectrics are most pop-
ular as tunable materials for microwave applications. The typ-
ical representative of displacement type ferroelectrics is solid
solution Ba Sr TiO (BST). This material demonstrates di-
electric nonlinearity up to 2 THz at room temperature [35]–[37].
The incipient ferroelectric SrTiO (STO) also can be used for
THz MTM design. It was experimentally demonstrated up to
11% variation of the SrTiO (STO) film permittivity induced
by an applied voltage 150 V (100 kV/cm) at room tempera-
ture [35]. No dielectric dispersion is observed between 1 MHz
and 0.5 THz. The average dielectric constant was about 350 and
substantially decreases with frequency at frequency higher than
1 THz [35].

The tunability of ferroelectrics is defined as a variation of
the dielectric permittivity under the applied electric field. The
tunability of STO can be improved by using strained multi-
layer structures [36], [37]. For example, the multilayer struc-
tures composed of the SrTiO and DyScO (DSO) thin layers
deposited on DSO substrate demonstrate up to 65% variation of
the permittivity and up to 33% modulation of the power trans-
mission of THz waves at 500 GHz and under 100 V (67 kV/cm)
biasing voltage [36] at room temperature. The multilayer con-
sists of four STO/DSO bilayers with 50 nm of the thickness of
each layer, i.e., the total thickness of STO was 200 nm). The av-
erage value of the dielectric constant of such multilayer struc-
tures is about 1000–1500 at room temperature and zero biasing
field. Strained samples show a significant enhancement of the
tunability of both the permittivity and the loss factor. The multi-
layer samples show a potential applications as THz modulators:
a power modulation of up to 40% near 1 THz revealed the mul-
tilayer sample composed of four STO separated by three DSO
50-nm thick layers [37].

Dielectric characteristics of ferroelectric materials are
strongly dependent on temperature. It was experimentally
observed that for strained multilayer sample consisting of
four STO/DSO bilayers (of 50 nm each) deposited on a DSO
single-crystal substrate 1.5 times decreasing temperature leads
to 2 times decreasing the dielectric permittivity at 0.5 THz [36].

The analysis of dielectric constant frequency dependence of
STO thin film (650 nm STO film on MgO substrate with ori-
entation [100]) measured at various temperatures [38] makes it
possible to conclude that there is no frequency dispersion of the
permittivity up to 0.7 THz at temperatures higher than 200 K.
For such films the increase of the temperature from 23 up to
290 K provides the dielectric constant reducing from 400 to
200. The highest temperature nonlinearity of dielectric constant
was observed at temperatures below 160 K. At the same time,
decreasing of the temperature leads to catastrophic increase of
loss factor [38]. The loss factor of thin STO film at 23 K and
0.5 THz is about unity [38]. At 290 K and 0.5 THz for STO thin
film [38], and for STO ceramics
[39].

In this way, the electrical tunability of dielectric permittivity
of strained multilayer structures based on displacement type fer-
roelectrics can reach 65% at THz frequency. The temperature
tunability is higher than 70%.

Fig. 9. (a) Resonant frequency of the BaAl Fe O resonator as a function
of the external magnetic field. (b) Loaded -factor of the resonator [50].

Fig. 10. Schematic of the oxide superlattice potentially showing negative re-
fraction [51].

Fig. 11. Structure of the ferrite (black) and dielectric (gray) composite config-
uration with a square wire grid (black circles) [52].

Different ferroelectrics based MTM are worth to mention:
— The subwavelength metallic structures based on SRR

loaded by ferroelectric capacitors or SRR array formed
on uniform ferroelectric film [40]–[42]. SRR can be de-
scribed by an L-C equivalent circuit and thus the resonance
frequency can be tuned by the capacitance value, which
is a function of ferroelectrics dielectric permittivity and
therefore can be tuned by electric field and temperature.

— Isotropic composites based on Mie resonance of the
ferroelectric medium [32], [43]–[45]. Measurements and
simulations showed that the dielectric material com-
posed of BST-MgO dielectric particles exhibited a strong
sub-wavelength magnetic resonance at the first Mie res-
onance and possessed isotropic negative permeability
resulted from the displacement current excited in the
particle. The dielectric particle is equivalent to a magnetic
dipole at the magnetic resonance adjusted by the size and
permittivity of the particles.

Other materials that could be used for metamaterial design
are ferromagnetics. The ferromagnetic based MTM operate in
vicinity of ferromagnetic resonance (FMR). In order to observe
the resonance in the THz frequency range, one needs to apply a
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Fig. 12. (a) Memory-oxide hybrid-metamaterial device consists of a gold SRR array on a VO film. It is mounted on a temperature control stage with attached
electrodes. (b) Simultaneous dc-transport and far-infrared probing of the metamaterial measurement on its insulator-metal transition [67].

large external magnetic field or to use a ferromagnetic material
with a large magnetocrystalline anisotropy field . Such ma-
terials with a large are hexagonal ferrites.

Magnetic and dielectric resonances in the sub-terahertz
(sub-THz) frequency range are observed in pure and Al-sub-
stituted hexagonal barium ferrite. Sub-THz resonances in
hexaferrites reveal the potential for tunable ferrite-based
devices, which are commonly used as frequency selective
elements in radars, telecommunication, and measurement sys-
tems [46]–[52]. The substitution of iron (Fe) in Ba-hexaferrite
by aluminum (Al) significantly increases the magnetization
anisotropy so that FMR frequency can be easily obtained
in subterahertz range for reasonable values of bias magnetic
fields [50]–[52].

Magnetic excitations in a single-crystal hexagonal fer-
rite BaAl Fe O are observed in the frequency range of
0.09–0.11 THz for nominal external bias fields [see Fig. 9(a)].
It is clear that linear increase in versus implies FMR
around 0.5 THz for kOe. Moreover, one may use thin
hexagonal ferrite films in which surface spin pinning increases
significantly spin-wave resonance frequencies up to unity of
terahertz. Note, that Q -factor of the resonators is remarkably
high [see Fig. 9(b)]. It implies potential use of the ferrite for
terahertz signal processing.

Composite materials composed of ferrite and piezoelectric
or ferroelectrics are promising for application. One of the
distinguishing features of the devices based on composite
materials is the possibility of simultaneous electric and mag-
netic tuning (dual tuning) of their performance. In particular,
resonators, phase shifters, delay lines, and filters based on the
layered structures have been demonstrated [53]–[61]. Terahertz
ferrite-piezoelectric composite materials were suggested in
[51]. A magnetoelectric coupling in the ferrite-piezoelectric
bilayers has been experimentally demonstrated at sub-terahertz
frequencies.

A possible realization of ferrite-piezoelectric or ferrite-fer-
roelectric layered structure is shown in Fig. 10. It consists
of piezoelectric (PE) and piezomagnetic (PM) oxide material
layers. Complex ferroelectric (FE), PE, and PM oxide materials
are well known for their extraordinary responses to optical and
THz frequencies.

Another composite structure using ferrites is shown in
Fig. 11. This composite consists of BaM ferrite lamina (black)

Fig. 13. Active hybrid-SRR arrays [68]. (a) Near-IR reflection spectra of self-
aligned 150 nm Ag/60 nm VO hybrid-SRR arrays. The magnetic resonance
shifts by 100 nm after the VO heating. (b) FDTD simulation data.

with in-plane anisotropy providing a low loss negative ,
dielectric slabs (gray), and a monodirectional square wire
grid centered in the dielectric (black circles) providing the
negative .

Thus, artificial composite materials (or metamaterials) in the
form of hexaferrite-piezoelectric or hexaferrite-ferroelectric
structures have a great potential application for THz science
and technology. In particular, they could be used for develop-
ment of dual electric and magnetic field tunable resonators,
filters, and phase shifters operating at THz frequencies.

E. MTM Based on Phase Change Materials

Tunable metamaterials can be realized by the material crys-
talline phase change, which leads to the change of dielectric
properties. The crystalline phase transition leads to electrical
and optical property changes such as resistivity, color, and
refractive indices. Currently, metamaterial research based on
phase change materials (PCM) can be found from materials
with metal-to-insulator transition such as vanadium oxide and
from color changing chalcogenide glasses. They show optical
property changes not only in THz spectrum range but also in
NIR range.

Basic idea of PCM based tunable metamaterials is to pattern
the PCM with periodic structures leading to photonic response
change by phase control with thermal, optical, and electrical
stimuli. Crystalline morphology change requires temperature
increase and cool-down process, so that the thermal stimulus
is more fundamental control than optical and electrical ones.
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Fig. 14. Broad-band active metamaterial in the THz region [70]. (a) Schematics for resonator patterns on a VO thin film, (b) SEM image. (c) Transmission of
the broad-band resonator for 305 K (blue) and 375 K (red).

based metamaterials are promising for a design of
functional MTM for THz applications. VO is a correlated elec-
tron material that exhibits an insulator-metal phase transition
(IMT) that can be thermally [62], electrically [63], [64], or op-
tically [65] controlled. The transition is highly hysteretic and
has been previously shown to exhibit memory effect [66]. The
phase transition also affects the dielectric properties of VO in
a specific way, changing the dielectric permittivity. The IMT
characteristic of VO is useful to metamaterials with memory
effect, tunable and active metamaterials.

An example of memory device [67] is illustrated by use of a
single-layer gold SRR array patterned on a 90 nm-thin film of
VO (Fig. 12(a)). The hysteresis associated with the VO can be
observed by measuring the dc resistance of the sample (Fig d.2,
solid lines). The phase transition also affects the dielectric prop-
erties of VO making change of the capacitance and metamate-
rial resonance frequency during IMT process (Fig d.2, circle).

K was chosen for maximizing the memory effect
(Fig. 12(b), dashed line). The excitation voltage pulse was ap-
plied using the electrical lead for local heating K
causing an increase in the capacitance. Once the voltage pulse
stops, the VO quickly ( 25 ms) thermalizes back to the bias
temperature of 338.6 K. The device is suitable for hybrid-meta-
material design to obtain memory effect.

VO also can be applied to the frequency tunable metamate-
rial [68]. FTIR reflection data and FDTD simulation show the
red shifted resonance peak position as the VO temperature in-
creases (Fig. 13).

Ultra-broad-band metamaterial thin film with 0.2 2 THz
range is presented in [69], [70]. The rectangular structures with
micro- and nano-patterned dimensions on VO film show well-
defined resonance. With metal phase of VO film, the transmis-
sion amplitude decreases, especially on nano-patterned struc-
ture. Combining this single nano-patterned antenna with var-
ious resonances (called multi-antennas) per unit cell shows ac-
tive broad-band antenna in THz region of on/off ratio about 10
(Fig. 14).

Chalcogenide glass based active metamaterials have been
also of interest due to potential applications in next generation
memory materials [71]. When the pulse light of picojoules is in-
cident to the chalcogenide glass in nanoscale region, electrical,
thermal, and mechanical properties of the glass are changed
reversibly including the optical property like refractive index.
These properties are also very profitable switching and modu-
lation of metamaterials [72].

Fig. 15. Schematic picture of active metamaterial composed of GLS layer and a
planar gold metal layer on a silicon nitride membrane [77]. (b) Scanning electron
microscope image of the asymmetric split-ring (ASR) slit array metamaterial
before GLS deposition.

In 2010, active metamaterials with chalcogenide glass of gal-
lium lanthanum sulfide (GLS) have been studied for the first
time [73], [74]. Germanium antimony telluride (GST) has been
famous with a major chalcogenide material, and widely investi-
gated by far. Unfortunately, GST has high absorption coefficient
from the visible to mid-IR range. On the other hand, GLS is
transparent from 500 nm to 10 m [75]. In [73], [74], about a
150 nm shift of a Fano-resonance mode was observed in near-IR
range using metamaterials based on an array of asymmetrically
split ring resonator (ASR) [76], [77]. GLS thin film with 200
nm thickness is sandwiched between molybdenum electrodes
(Fig. 15) supplying maximum 20 V at the frequency of 3 Hz.
During excitation, GLS phase is changed from amorphous to
crystalline and vice versa, and also absorption, reflection, and
transmission spectrum of metamaterials are shifted by about 150
nm due to the change of refractive index of GLS. The transition
time of switching in this case is reported by the order of 50
100 ns.

F. Layered Metal-Dielectric Structures of MTM

Metal-dielectric composite structures can also be used to
form metamaterials for THz. In [78] the layered metal-dielec-
tric structure with periodic array of cross-dipole apertures has
the needed property to be the perfect lens in THz range.

The photolithography technique was used for a fabrication of
a square array of cross-dipole holes. A schematic of one unit
cell and the incident polarization are shown in Fig. 16(a).

As shown in Fig. 16(b), the measured results clearly show
two transmittance bands in mid-IR frequencies. The high-fre-
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Fig. 16. (a) Scheme of one unit cell of the configuration and (b) simulated
(solid) and measured (dotted) transmission spectra of samples A, B, and C with
different arm length [78].

Fig. 17. (a) Schematic of a square array of square-loop-shaped slots with
normal incident electromagnetic field and (b) comparison of the transmission
spectra of the chosen MDM with the MD structure of only one single metallic
layer, as well as the sandwich patch array [79].

quency transmission peak is the guided mode associated with
the surface plasmon polariton (SPP), and its location strongly
depends on the arm length of the cross-dipole. The lower-fre-
quency transmission peak is proposed to be the antisymmetric
plasmon polariton mode, and its location hardly shifts as the size
of the cross-dipole varies.

The metal–dielectric–metal (MDM) sandwich plasmonic
structure presented in [79] has the broad pass-band resonant
transmission response at THz frequencies. The structure con-
sists of periodic square-loop slotted metallic arrays on both
sides of a thin dielectric substrate [see Fig. 17(a)]. MDM struc-
ture of double metallic layers has a much flatter transmission
top [see Fig. 17(b)] in comparison with the structure with
only one single metallic layer of the same square-loop hole
array. Clearly, the additional second array leads to an ultrawide
passband. The resonance top in the MDM structure is pulled
broadly by the two resonance frequencies THz
and THz away from each other, and the simulated
passband response centers at THz.

For such a MDM filter design, the permittivity , the thick-
ness d of the substrate dielectric, and the main geometry param-
eters of the slot naturally influence the frequency response. The

Fig. 18. (a) Computed transmission spectra for various permittivity of the
middle dielectric substrate. (b) Dependence of the simulated values of the center
resonance frequency with corresponding on [79].

transmission of the MDM structure with different permittivity
of the dielectric is plotted in Fig. 18. Decreasing the permit-

tivity , is blueshifted and is broadened.
Potential applications of the structure can be found in THz

tunable filters. One can control the parameters of MTM imple-
mented in the layered metal-dielectric structure using materials
with tuned permittivity, for example liquid crystals or ferro-
electrics.

G. Liquid Crystal Based MTM Structures

Liquid crystals (LC) have anisotropic optical, electrical, and
magnetic properties that are sensitive to external fields [80]. Fur-
thermore, they are also compatible with almost all widely used
optoelectronic materials and possess very broadband (near UV
to infrared) transparency with large optical birefringence n [81].
Recent studies indicate that LCs can also be used for microwave
tuning applications [82], [83]. Their fluid nature allows easy in-
corporation into various geometries and nanometer scale pore
sizes [81].

Bulk metamaterials, which consist of a LC host and
coated dielectric (non-magnetic) spheres randomly distributed
throughout a LC host, are suggested in [84], [85] (Fig. 19).

The effective permittivity and permeability of bulk
material was computed by using the Maxwell Garnet mixing
theory. In [84] an operating frequency around 3.8 THz is chosen.
The parameter of the coated sphere is radius m and
the core radius m. One can clearly see from character-
istics in Fig. 19(c) that when the relative permittivity of the LC
is changed from 2 to 3 to 4, the corresponding index of refrac-
tion changes from 1 to 0 and to about 1. In other words,
the MTM can be tuned to have a negative index of refraction,
a zero index of refraction, or a positive index of refraction for
the same operating frequency by controlling an electric field or
a magnetic field. The Drude material spheres with no coating
dispersed in a LC host are presented in [85].

A two-dimensional periodic metamaterial structure with re-
configurable negative-zero-positive index of refraction is shown
in Fig. 20 [86]. The structure is infinite in the -direction and
periodic with period p in the -direction. A magnetic res-
onator comprises thin layer of alumina of thickness . The two
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Fig. 19. (a) Overall structure of 3-D metamaterial formed by randomly dispersing spherical core-shell molecules in a LC host; (b) cross section of a single coated
sphere molecule. (c) Real part of refractive index versus frequency for three different values of [85].

Fig. 20. A two-dimensional metamaterial with thick liquid crystal superstrate
and substrate layers having a reconfigurable index of refraction [86].

strips of silver of width and thickness separated by a nega-
tive permittivity needed for negative-index behavior is provided
by thin silver films of thickness bounding the periodic array of
magnetic resonators from the -directions. Finally, the space
between neighboring magnetic resonators is filled with silica. A
layer of LC with thickness is used both as the superstrate
and the substrate. A monochromatic wave with the electric field
polarized in the -direction is assumed to illuminate the struc-
ture at normal incidence propagating in the -direction.

The effective refraction coefficient changes with changing
of in the range . With , the MTM ex-
hibits a negative index band between 1.37 m and 1.47 m. The
proposed near-IR MTM possesses a reconfigurable index of re-
fraction over a negative-zero-positive range from m
to m, which represents a 7.1% fractional bandwidth.

A rather similar structure was presented in [87]. It was con-
sidered a trilayer MDM structure patterned with a two-dimen-
sional square lattice of rectangular holes through all three layers
infiltrated by LC (Fig. 21). Even a small amount of LC reveals
a substantial tunability of such structures, including reversal of
the sign of the refractive index. This is achieved by employing
the reorientation of the LC director using an external field, as
well as by implementing the temperature dependence of the LC
refractive index.

Fig. 21. Trilayer fishnet metamaterial on a glass substrate. Left: Schematic of
the layers. Right: Four unit cells of the structure [87]. is the thickness of
metal (Au), is the thickness of dielectric (ZnO). Both substrate and cladding
are semi-infinite. Light is polarized along x axis.

III. CONCLUSION

Design of tunable THz metamaterials is a challenging task.
As shown before, variety of different ways to design THz
MTM tunable structures play special roles. Since conventional
THz optic devices usually do not have a possibility to change
their properties, THz tunable MTM look extremely attractive
for manipulating electromagnetic waves in THz spectrum. The
overview of results obtained recently confirms that there are
some promising directions of active THz metamaterial design
[88].

Different ways to perform tuning can be applied to MTM
structures: temperature control, optical control, electric or mag-
netic field control. Temperature control is suitable for changing
dielectric or conducting properties within the MTM structure.
In case of an active dielectric (ferroelectrics) using a control
of the dielectric permittivity is available. It is a natural way of
changing ferroelectric permittivity by temperature variation.
Unfortunately this method is rather slow. At the same time,
the dielectric permittivity of ferroelectrics can be also changed
by voltage control, though the electric field is rather high:
50–100 V m.

Control by light illumination is one of the most interesting
ways to perform tuning of artificial structure parameters. It is
the fastest way of control and besides it allows getting more pre-
cise uniform value of the controlling impact in comparison with
the temperature control. The magnetic field control demands to
use ferromagnetic material and the magnetic fields of a mod-
erate level: 5–10 kOe. The combination of ferroelectric and fer-
romagnetic materials looks very promising for tunable MTM
design. The MTM structure can be designed using LC as a host
material. The sensitivity of LC material to external fields can be
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used for designing tunable devices and materials. Nematic LCs
suit very well for this purpose.

Among different MTM designs introduced to operate in THz
range the most popular are MTM utilizing SRR or/and wire
medium. SRR-based MTM are well investigated and there are
no fundamental difficulties for manufacturing. They can have
different shapes providing different transmission coefficient be-
havior. The SRR can be placed on a flexible substrate that leads
to many practical applications. The control of operating spec-
trum of SRR MTM is based on the tunability of the gap param-
eters, which leads to the changes in conductivity or capacitance.
Temperature and voltage control as well as optical control can
be effectively used for manipulating the SRR array electromag-
netic characteristics. Important drawback of SRR or/and wire
medium MTM is a rather high loss level due to the conducting
parts of the MTM while the frequency is increasing.

MTM based on dielectric resonators are deprived of conduc-
tive losses what is especially important for the THz frequencies.
Dielectric resonators can have spherical, cylindrical or cubic
shape. A regular array of these resonators can form isotropic
3D MTM for THz range. From a loss reduction and fabrication
tolerance point of view, dielectric resonators are promising can-
didates for manufacturing THz metamaterial structures. Dielec-
tric resonators based MTM provides higher isotropy and homo-
geneity in comparison with SRR and wire medium based MTM.
It is easier to fabricate bulk 3D metamaterials using dielec-
tric resonators. Chemical synthesis based on self-assembly is a
promising method to perform 3D bulk metamaterials with peri-
odically assembled micrometer-sized resonant inclusions [89].
The most promising tuning technology is manipulating dielec-
tric properties of the host matrix of the all dielectric metamate-
rials or the dielectric resonators itself. In this case electric field
controllable liquid crystal or ferroelectric material can be effec-
tively used as a host matrix.

Most importantly, continuing development of micro- and
nano-technology for ingenious MTM structures gives hope
for success in engineered design of tunable MTM for THz
applications. The assessment of MTM technologies from the
practical point of view is a very important issue. That is why
we believe that the reader of this review paper is able to choose
a suitable material and appropriate technology on the base of
his own criteria.
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