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Abstract—Electromagnetically induced transparency (EIT)
originates from quantum physics, where a narrow transpar-
ent peak appears in the opaque band due to the destruc-
tive interference between quantum states of atoms and
molecules. Similar phenomena can be realized based on
strong-coupling resonators with a similar spectrum of trans-
mission peaks and abrupt dispersion variations. These clas-
sical systems, ranging from elastic to optical, are nhamed
analogs of EIT. The sharp resonant peaks with high-quality
factors in the spectrum exhibit powerful potentials in sensors
with ultrahigh sensitivity. In order to better understand the
development history of ElT-like metamaterials and their spe-
cific applications in the field of sensors, this article makes
a brief review of the ElIT-like phenomenon in metamaterials.
First, we conduct the universal mathematical formulation
based on the coupling oscillator model. Then, we classify
specific metamaterial designs and practical applications of
ElT-like devices in acoustic, electromagnetic, and optical
waves, respectively. We also summarize the recent technolo-
gies of dynamic modulations of ElT-like metamaterials and
discuss future research directions.
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[. INTRODUCTION

HE concept of electromagnetically induced transparency

(EIT) originated from quantum physics [1], [2], [3], [4],
where the destructive interference between different atomic
excitation paths causes a narrow and sharp transparent
peak in the absorption background [5], [6], [7], [8]. Along
with the sharp transmission window, the dispersion changes
abruptly [9], [10], [11]. Quantum EIT experiments require low
temperature and laser source [12], [13]. Associated with the
EIT is the dramatic modification of the refractive properties,
which can be revealed by slow group velocities at the trans-
parent peak [14]. In prior works, the light slows down to a
group velocity of about 17 m/s [15], and even the storage
of light is possible [16], [17]. EIT systems have also been
studied in atomic vapors. Santra et al. [18] proposed an optical
clock scheme by establishing coherent coupling between the
ground and the excited states, eliminating the Doppler effects.
The clock accuracy reaches better than 2 x 10~!7. In 2007,
Mohapatra et al. [19] demonstrated coherent optical detection
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of highly excited EIT states, which shows that the EIT spectra
allow direct optical detection of electric field transients in the
gas phase. Buth et al. [20] studied EIT based on X-rays, paving
the development of ultrafast X-ray sources. In recent years,
Liu et al. [21] used Rydberg atoms as microwave antennas and
modems to detect phase-modulated multifrequency microwave
fields through the EIT effect.

In recent years, the exploration of the analog of EIT
in classical systems has been developed based on coupled
resonances [22], [23], which can be explained according to the
bright-dark- and bright-bright-mode theories [24], [25], [26],
[27]. A traditional EIT-like system consists of at least two
resonators. The bright-mode resonator has a wide bandwidth
with a low quality (Q) value, and it can be directly excited by
the external source. The dark-mode resonator has a narrow
bandwidth with a high Q value. The dark-mode resonator
cannot be directly excited by the external source, but it is
strongly coupled with the bright mode due to the overlapping
resonant frequencies. The strong coupling system can generate
a very sharp peak in the spectrum, accompanied by abrupt
phase changes [26], [27]. Recent researches show the possible
realization of multiple EIT-like transmissions [30], [31], [32]
and the EIT-like behavior in a single resonator [33], [34].
Due to the similarity of the spectrum of the coupling sys-
tem and that of the quantum EIT behavior, we can denote
these classical systems as EIT-like systems. EIT-like devices
have been widely used in the field of sensors [35], [36],
[37], [38], [39], [40], such as chemical, biomedical, and metal
detection [41]. EIT-like sensors have been developed for the
measurement of complex permittivity of liquids [32], [42] and
the detection of cancer cells [43], [44]. It is worth noting
that the THz spectral domain is of particular significance
for sensing applications, thanks to the unique “fingerprint
signature” of many analytes found in nature. THz sensors are
widely utilized due to their numerous advantages, such as high
sensitivity and noninvasiveness. EIT-like sensors, which are
extremely sensitive to the external environment, are even more
sensitive than non-EIT-like sensors. In addition to sensing
applications, EIT-like devices can also be used for slow-light
devices [45], [46], [47], [48], optical modulators [49], [50],
absorbers [51], [52], [53], [54], optical switches [55], and
optical memories [56], [57].

In this article, we briefly review the development of EIT-like
systems. Section I is the introduction. In Section II, we formu-
late the theoretical models, including the atomic model in the
quantum field, and compare it with coupling-oscillator models
in the classical regime. We also conduct a parameter analysis
to show the change in the spectrum. Section III reviews the
EIT-like metamaterial designs from acoustic regime to electro-
magnetic waves. In Section IV, various EIT-like metamaterial
sensors are reviewed. Section V reviews recent tunable EIT-
like metamaterials based on various modulation technologies,
and we look at the field’s future development in Section VI.

Il. THEORETICAL MODELS
A. Atomic Energy Level Model
1) Three-Level A-Type Scheme: As shown in Fig. 1(a), the
three-level A-type scheme can be explained as interactions
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Fig. 1.  Quantum atomic models. (a) Three-level A-type EIT scheme.
(b) Four-level invert-Y-type scheme.

1>

among three energy levels and two laser beams [1], [58], [59].
States 1 and 2 represent two ground states, and state O rep-
resents the excited state. The laser used to drive the atomic
transition between quantum states 1 and O is called the
pumping laser of frequency wp, and the laser that drives
the atomic transition between quantum states O and 2 is called
the probing laser of frequency w,. Without the action of w),
it is possible to observe a standard absorption profile. When w,
is added, a narrow induced EIT peak appears in the absorption
profile. The existence of this effect mainly depends on the
intensity of w,.

2) Four-Level Invert-Y-Type Scheme: Multiple EIT peaks
can be used for the bifurcation of multichannel quantum infor-
mation. By manipulating the group velocity of the individual
channels, the release of stored information from multiple
channels can be individually controlled. Therefore, double-EIT
technology is essential in quantum information processing and
computing [60]. The three-level A-type scheme can generate
only one EIT peak. Furthermore, the double EIT transmission
peak can be expressed by the atomic four-level invert-Y-type
scheme [61], [62], as shown in Fig. 1(b) [60]. The transition
between quantum states O and 1 depends on the probing laser
of frequency w. A coupling laser of frequency w, induces the
transition between quantum states O and 2, and state O can be
transferred to the higher order state 3 by a strong pumping
laser of frequency w;. Atomic transitions of 0«1, 0«2, and
0«3 are allowed. When w, and w, coexist, double EIT peaks
can be observed.

B. Classical Coupling-Oscillator Models

Originating from the quantum EIT phenomenon, various
analogous EIT systems can be realized in the classical region.
The coupling-oscillator model can provide universal explana-
tions of high-Q modes related to EIT-like coupling, which is
meaningful for sensor designs. In this review, the author starts
from the double-oscillator model and extends the exploration
to the multioscillator model to summarize a general analytical
method for classical EIT-like systems.

1) Bright-Dark-Mode Theory: Bright modes represent reso-
nant modes that can be directly excited by external incident
waves, which usually have broadband absorption spectra and
low Q values. The dark mode (DM) cannot be directly excited
by an external source but can be excited by coupling resonance
with the bright mode. Compared with the bright mode, the DM
has the characteristics of narrowband and high Q value.
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Fig. 2. Double-oscillator Model. (a) Configuration. The absorption
spectrum of the particle 1. The values of coupling strength Q, are (b)
Qr=0, (c) 2r=0.1,(d) Qr= 0.2, and (e) Q, = 0.3 in frequency units.

In the theory of EIT, the existence of the transparent peak
is due to the interference effect between the bright mode
and the DM. We can also realize the analog of EIT in
classical-resonance models, and related EIT-like modes with
high Q are applicable in various devices. EIT-like structures
are usually based on two coupling methods: bright-dark-
mode coupling [63], [64], [65], [66] and bright-bright-mode
coupling [67], [68]. Both two methods require the overlapping
of center frequencies of different resonant modes. We further
analyze the classical coupling-oscillator model to make an
explanation. Among them, the springs connected between
different particles represent the interference between different
modes.

2) Double-Oscillator Model: Fig. 2(a) shows the classical
double-oscillator model [69], [70], [71], [72], which consists
of two particles with a certain mass and three springs with
fixed spring constants. The masses of the particles are m; and
my. The springs with constants k1 and k; are fixed on the wall,
and the spring with constant K connects the two particles.
The external force F(¢) is put on bright-mode particle 1.
Dark-mode particle 2 is not subjected to external force during
the movement and only receives the force of the two springs
connected to itself. We set kj = kp = k, m; = mp = m, and
the particle’s eigen-oscillation frequency w; = wy = w. The
respective displacements of particles 1 and 2 are x;(¢) and
x2(t). The damping is denoted by y; and y», and the coupling
strength €, = (K/m)!/?. The displacement equation of the
system can be expressed as

. . F _;
1) + 711 (1) + 01 (1) = Qxa(0) = e

(1)
$2(t) 4 yaka(t) + 0xa (1) — Q2x1 (1) = 0.

We solve the specific expression for xq(z)
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Fig. 3. Triple-oscillator model. (a) Configuration. The absorption spec-
trum of the particle 1. The values of Q, are (b) Q, = 0, (c) Qr = 0.1,
(d) Qr=0.2, and (e) 2, = 0.3 in frequency units.

The absorbed power of particle 1 in one period is expressed
as
2711'F2a)5(a)2 — a)g — i Yrwy)

B = @ — o —inw) (@

—w} —iyw) —
3)

According to (3), we draw the variation curve of the absorbed
power curve of particle 1 with the coupling strength 2, in
Fig. 2(b)—(e). The values of each parameter are w = 2, y; =
4x107%, b =1x 1073, F = 0.1 N, and m = 1 kg.
When there is a coupling between two particles, a narrow-
band appears in the absorption power spectrum of particle 1.
As the coupling strength €2, increases, the depression becomes
more evident, which is caused by the destructive interfer-
ence between the two particles due to the strong coupling
interaction.

3) Triple-Oscillator Model: With the increase in the number
of coupled oscillators, the number of EIT-like sharp resonant
modes increases [60]. The mechanical configuration is shown
in Fig. 3(a). In this model, particle 1 is affected by the simple
harmonic force F(t); the other two particles are used to
represent the DMs, and their masses are m, and ms3. All three
particles are connected by using springs with constants of ki,
ka, k3, ko1, and k3;. Assuming that the displacement of the
three particles is x; (), their respective damping coefficients
are y;, and the mass of the three particles m| = my = m3 =m,
kyp = k31 = K, Q, = (K/m)'/?, and w; = (kj/m)'/?, the
displacement equation of the system at this time is

. . F _,
X1(1) + yix1(0) + olxi (t) — Q2xa(t) — Q2x3(1) = et

$2(1) + yaia(t) + waxa(t) — Q2x1(1) =0
$3(1) + yai3(t) + wixs(t) — Q2x1 (1) = 0.
4)

The displacement equation of particle 1 is deduced as

Fe—ia)st

x1(t)=

2 2 . Q4 524
m (a)l — Wy _’Vle)_ T —
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Fig. 4. Higher order oscillator model. (a) Configuration. The absorbed
spectrum of particle 1 of (b) fourth and (c) models.
Therefore, the absorbed power in one period is calculated

as

Py (wy)
—27i Flw,

Q4 _ Q4
w3—w2—ipw;  @I-wl—iyswy
(6)

According to (4), we draw the relationship between the
absorbed power of particle 1 and the coupling strength in
Fig. 3(b)—(e). The values of each parameter w; = 2, wp =
199, w3 =201,y =4x1072, =3 = 1x 1074 F =0.1
N, and m = 1 kg because, due to the different self-resonance
frequencies of the two particles, there are two narrow dips
in the absorption spectrum, corresponding to two transparent
transmission peaks in the transmission spectrum.

4) Higher Order Oscillators’ Model: We further extend to
higher order oscillators and derive the general solutions. The
higher order model is shown in Fig. 4(a), where the mass of
particle i is m;, the corresponding damping coefficient is y;,
the spring constant connected is k;, the self-resonant frequency
w; = (k,-/m,-)l/z, and the displacement of the motion is x; (7).
Assume that the constant of the spring connected between
particles m and n is k. Particle 1 is driven by the force
F (), and other particles are not affected by external driving
forces. The displacement equation of the whole mechanical
vibrator system is

m [(w% — W} —iyiwg) — —

n
) . ki F o
F1(1) + 7131 (1) + 0lxi (1) — D> —xi(1) = —e T
im M i
) X2(t) + yaxo(t) + w%xz(t) — %m =0 (7

.. . 2 kit
Xi(0) + vixi (1) + wixi (1) — ;xl(t) =0.
l

Assume that ij = kfj/m,-mj; we can deduce x(¢) as
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x1(r) = ®)

Therefore, the absorbed power of particle 1 in one period
is
2mi Flwq
. o '
mj [(w% —w?—iyiwg) — >0, m}
€))

This result is universal. When n = 2 or 3, it corresponds
to (3) and (6), respectively. In order to further verify the

Ps(wg) = —

correctness of (9), we describe the absorption spectrum in the
four- and five-oscillator models, as shown in Fig. 4(b) and (c),
respectively. In the four-oscillator models, parameters are
w =2, w =195, w3 = 1.99, wy = 2.03, y1 = 4 x 1072,
m=yvs=y3=1x10"% F =01N, m =1 kg, and
Q, = 0.3. In the five-oscillator models, parameters are w; =
2, w0 =194, w3 = 1.98, wg = 2.02, w5 = 2.06, y; = 4 X
1072, py=p;=p;=mu=1x10% F=0.1N,m=1kg,
and ©, = 0.3. When there are n particles, (n — 1) absorptive
dips (transparent peaks) appear.

1. EIT-LIKE METAMATERIAL DESIGNS
A. Analogous EIT in Acoustic Bands

The concept of acoustically induced transparency (AIT)
metamaterials can be traced back to 2008, Boudouti et al. [73]
proposed an acoustic filter consisting of two sites on an infinite
slender tube, achieving Fano-like resonance with inducing
transparency. Since then, various AIT metamaterials have been
proposed. Amin et al. [74] designed and fabricated an AIT
metasurface that produced Fano resonance. The structure is
shown in Fig. 5(a), where each unit cell contains a pair
of concentric pipes made of rigid acoustic material. In this
structure, the AIT is generated by the destructive interference
of two strongly coupled but detuned modes, as shown in
Fig. 5(b). In 2016, Wang et al. [75] designed and fabricated
a similar AIT device, as shown in Fig. 5(c). The structure
is a planar periodic subwavelength element array [75]. The
structure is composed of a pair of concentric spherical shells.
The resonant frequency of the entire periodic structure depends
on the size of the cavity and the opening angles of the spherical
shell. In the single-cavity excitation state, the acoustic energy
is confined in the spherical shell, and the inserted concentric
spherical shell can further induce an AIT peak, as shown in
Fig. 5(d). Besides various arrays to achieve AIT, the con-
nection between phononic pillars and surface acoustic wave
(SAW) is also explored. In 2018, Oudich et al. [76] developed
a multilayered phononic pillars structure composed of Si and
polymethylmethacrylate (PMMA), and placed it on the surface
of the Si substrate to realize the mode coupling between
SAW and phononic pillars. When there is no defect in the
multilayered phononic pillars, the energy of SAW is confined
to the surface of the phononic pillars and the Si substrate,
resulting in attenuation of the SAW amplitude in a relatively
wide frequency band. When defects are introduced into the
multilayered phononic pillars, and the pillars are arranged
periodically, as shown in Fig. 5(e), well-confined cavity modes
can be created, which can couple with localized modes in
the bottom of the pillar in contact with the substrate. The
interaction can give rise to Fano-like resonance behavior and
an acoustic analog of EIT for SAW. Due to the small amount of
energy leakage and high transmission efficiency, it provides a
new technical route for the design of high-performance sensing
devices based on SAW.

B. Analogous EIT in GHz Bands

The EIT-like metamaterial was first realized in 2008, when
Papasimakis et al. [77] designed a fish-scale double-layer
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Fig. 5. AIT metamaterials. (a) Hollow cylindrical pipe and (b) its transmission spectrum [74]. (c) Array of the sphere and (d) its transmission
spectrum [75]. (e) SAW transmission through rows of pillars and (f) its transmission spectrum [76].
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Fig. 6. Metallic EIT-like metasurfaces. (a) Fish-scale metasurface [77]. (b) EIT-Like metamaterial without breaking the symmetry [78]. (c) Ring and
zigzag spiral metasurface [67]. EIT-like metasurfaces based on spoof LSP. (d) Magnetic spoof LSP metasurface [83]. (e) Single spiral spoof LSP
metasurface [34]. (f) Logarithmic spiral spoof LSP metasurface [33]. (g) All-dielectric EIT-like metamaterials composed of BST and CaTiO3 [88].

metasurface with a sharp transmission peak around 5.5 GHz, Zhang et al. [78] used two mirrored split-ring resonators
as shown in Fig. 6(a). Bright-dark mode coupling is the (SRRs) and cutting wire (CW) as the dark and bright modes,
mainly used scheme for metallic EIT-like metamaterials. respectively. The structure is shown in Fig. 6(b). The research
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group realized the EIT-like effect without breaking the struc-
tural symmetry, and the two mirrored SRRs can suppress the
magnetic dipole moment and increase the Q factor of the DM.
The bright-bright mode can also be used to realize an EIT-
like phenomenon. Tung et al. [67] proposed a polarization-
insensitive periodic structure composed of the ring and zigzag
spiral resonators, as shown in Fig. 6(c). Both ring resonators
and zigzag spiral resonators can be excited by incident waves
with different polarizations, and both of them resonate at the
same frequency. When they are put together, a transparent
window appears with a transmission peak. Since the structure
is centrosymmetric, there is no shift in the transmission
spectrum for different polarized incident waves.

Compared to traditional resonant structures, spoof localized
surface plasmons (LSPs) contain more fruitful high Q modes
and can achieve miniaturization [79], [80], [81], [82]. Some
typical EIT-like metasurfaces based on spoof LSPs are shown
in Fig. 6(d)—(f). In 2019, Xu et al. [83] proposed an analog
of EIT based on bright-dark mode coupling between SRRs
and spoof magnetic LSPs, as shown in Fig. 6(d). Only the
SRRs can be externally excited, interacting with the neigh-
boring dark spoof magnetic LSPs by near-field coupling. The
conventional spoof LSP structure can achieve one transmis-
sion peak and generate multiple EIT-like peaks. Recently,
researchers also found that only one structure can realize the
ElT-like effect. Liu et al. [33] and Wu et al. [34] report the
theoretical and experimental designs, respectively, as shown
in Fig. 6(e) and (f). The electric and magnetic dipole modes
in the carefully designed spiral spoof LSP overlap in a very
narrow frequency band. The electric dipole is regarded as a
bright mode, and the magnetic dipole is regarded as a DM.

Although metallic structures perform well in low-frequency
bands, the metal behaves as a dispersion medium with a huge
loss with the frequency increases [84]. In order to obtain
ideal transmission efficiency in high-frequency bands, all-
dielectric designs are a valid route. Dielectric resonant meta-
material resonances are Mie resonances, and the confinement
of the fields is not deep-subwavelength-like metallic systems,
dielectric particles contain abundant multipole high-Q reso-
nances, which can be widely used as DMs [85], [86], [87].
Zhang et al. [88] proposed an all-dielectric EIT-like meta-
material that operates under magnetic field excitation. It is
composed of two ceramic materials. Barium strontium titanate
(BST) is used as the bright mode, and calcium titanate
(CaTiO3) is used as the DM. Fig. 6(g) illustrates the unit cell
of the metamaterial, which is formed by orthogonal stacking
of BST and CaTiOs3. Since there is no ohmic loss caused
by metal, the loss factor of a dielectric resonator is mainly
determined by the dielectric loss. When the magnetic field
perpendicular to the BST is incident, it can be observed
that a significant absorption drop is produced at 8.9 GHz.
Apparently, the narrow transmission window is caused by the
splitting of the original dip of the bright-dark mode resonator
due to the local field coupling effect.

C. Analogous EIT in THz Bands
Metamaterials have attracted a lot of attention in the THz
spectral regime due to their unique properties and potential

applications. One of the main advantages of THz metamateri-
als is that they can manipulate the THz waves in unprecedented
ways. For instance, they can be used to create artificial
materials with negative refractive indices, which do not exist
in nature. Metamaterials can also be used to enhance the
sensitivity of THz sensors, making them more suitable for
applications such as security screening, medical imaging, and
environmental monitoring [89].

In addition to improving efficiency, researchers are also
investigating ways to enhance the Q factor of THz metamate-
rials. In 2012, Al-Naib [90] proposed a mirrored arrangement
of asymmetric single ASRs that dramatically enhance the Q
factor of the inductive—capacitive resonance. The proposed
structure is shown in Fig. 7(a). When the electric field polar-
ized along the y-axis is incident, the simulated results are
shown in Fig. 7(b). The Q factor of nonmirrored metamaterial
is 7.8 but can reach up to 24.2 in the mirrored metamaterial.
The mirrored structure is found to support antiphase currents in
the metamaterial at the LC resonance. The out-of-phase current
oscillations suppress the radiation due to the cancellation of
the net dipole moment and allow the LC mode to become
subradiant. The radiation property of this excitation is con-
trolled by the degree of asymmetry of the gap position in the
individual resonators. Polarization-independent metamaterials
have also been extensively studied in THz metamaterials.
In 2013, Zhang et al. [91] proposed a polarization-independent
PIT metamaterial, as shown in Fig. 7(c). In the proposed
structure, they find four different modes that contribute to
the PIT resonance band, namely, a superradiant mode (SM),
a super-DM, a subradiant mode (sM), and a subdark mode
(dM). It is the coupling among these four modes, which leads
to the PIT effect, and the simulation and experiment results
are shown in Fig. 7(d). Xu et al. [92] proposed a metamaterial
composed of a CW and a pair of circular split rings (CSRs),
as shown in Fig. 7(e). The CW and CSRs are chosen as the
bright mode and DM. The near-field coupling between CW
and CSRs excites the induction—capacitance resonance mode
inside the CSRs, which induces the EIT-like effect. Moreover,
increasing the radius size of the CSR, the transparent window
gradually switches from the symmetric Lorentz window to the
asymmetric Fano window. Xu et al. [32] proposed a spoof LSP
structure in the THz range, as shown in Fig. 7(f). The bright
broadband dipole mode covers multiple dark spoof LSP modes
to achieve three induced transparent peaks.

An all-dielectric metamaterial is also a good method to
improve the modulation depth and Q factor, so all-dielectric
resonators have great potential in the THz range. In 2019,
Ma et al. [93] proposed a silicon-based metamaterial with
an ElIT-like effect at THz frequencies, as shown in Fig. 7(g).
The unit cell consists of two asymmetric SRRs (a-SRRs),
whose asymmetric properties arise from their differing arc
lengths. They theoretically proved and verified experimentally
that the metamaterial could exhibit high transmittance and
large group delay. The transparent window of the system
is caused by the interaction of two bright modes caused
by the simultaneous excitation of magnetic moments within
the same cell. Similar to the behavior of metallic struc-
tures, all-dielectric metamaterials can also be used to design
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(a) Optical microscopic images of the fabricated metamaterial structures and (b) simulated transmission spectra [90]. (c) Schematics of a

PIT c-SRR unit cell. (d) Experimental and simulated transmission amplitudes [91]. (e) Structure of metallic metasurface to realize double transparent
peaks [92]. (f) Multiple spoof LSP metasurface [32]. All-dielectric EIT-like metamaterials: (g) a-SRRs dielectric metamaterial [93]. (h) Windmill-shape

metamaterial [63].

polarization-insensitive structures. Zhang et al. [63] designed
a polarization-insensitive all-dielectric EIT-like metamaterial.
The structure is a windmill-type dielectric structure, as shown
in Fig. 7(h). Instead of isolated dark and bright modes, the
unit cell is a unified structure composed of two orthogonal
dumbbell dielectric resonators. Numerical results show that
a typical EIT-like transmission peak accompanied by a large
group index appears near 0.5 THz. With the angle change of
incident waves, the transmission spectrum has little difference,
which proves the polarization insensitivity.

D. Analogous EIT in Optical Bands

In 2008, Zhang et al. [22] proposed the concept of EIT
metamaterial for the first time, as shown in Fig. 8(a). They
used short wires parallel to the incident electric field as the
bright mode and a pair of short metal wires perpendicular
to the incident electric field as the DM. d represents the
distance between bright mode and DM. As shown in Fig. 8(b),
the interference between bright and dark resonant elements
makes the spectrum of the imaginary part of the electric field
appear as obvious depressions, and the depth and width of
the depressions vary with the distance. Meanwhile, the real
part of the electric field is highly dispersed at the transpar-
ent resonant frequency, which indicates that the light pulse
propagates at an extremely low group velocity. When the
bright and dark elements are coupled, the electromagnetic field
is disturbed, and the bright-mode resonance is suppressed.
In 2009, Liu et al. [94] proposed a stacked structure, as shown
in Fig. 8(c). The structure consists of two gold bars placed
parallel at the bottom, a gold bar placed vertically above
the former, and the three form an H shape. Among them,
the top gold bar is used as a broadband dipole antenna, and
the bottom gold bar is used as a nonradiating quadrupole

antenna. Fig. 8(d) shows the transmission and reflection spec-
trum, where a transparent peak appears around 170 THz.

When the metallic structure resonates, the ohmic loss has a
great impact on the Q factor, especially in the far-infrared
band. Therefore, a Si-based array was proposed in [95],
as shown in Fig. 8(e), which minimizes the damping and
results in a sharp resonance peak with the Q value as high
as 483 at the wavelength of 1376 nm. Measured results are
shown in Fig. 8(f). In terms of sensing applications, as the
refractive index ranges from 1.40 to 1.44, the sensitivity is
S = 289 nm/RIU, and the FOM value is 103, which exceeds
the most records for Fano resonant LSP resonance sensor. With
proper design, these metasurfaces can also confine the optical
field to the nanoscale region, thus opening up the possibility
of biological/chemical sensing, enhanced emission rate, optical
modulation, and low loss of slow optical devices.

Optical microcavities have also been found to achieve EIT-
like effects. In 2020, Wang et al. [96] used the parity-time
symmetric state of optical microcavities to realize the switch
control of the EIT-like spectrum. The authors manipulate the
switch by exploiting the chiral eigenstates at exceptional points
(EPs) in a non-Hermitian system consisting of two micro-
cavities coupled by a waveguide, as shown in Fig. 8(g). The
optical microcavity makes the light undergo total reflection
on the inner wall to form a whispering gallery mode. At EPs,
the chirality of 1 (EP4) corresponds to the clockwise (CW)
eigenmode, and the chirality of —1 (EP_) corresponds to
the counterclockwise (CCW) eigenmode. By adjusting the
distance between the two microcavities, the phase of light
propagating between the two microcavities can be controlled
to achieve destructive interference, which constitutes the EIT-
like behavior. There are two energy levels in each cavity
due to mode splitting, and the splitting of the transparent
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Fig. 8. EIT-like optical metamaterials. (a) Unit cell of the w-shape plasmonic system and the 2-D field of an uncoupled radiative atom (left) and
a radiative atom coupled with a dark atom with a separation of 40 nm (right) at a frequency of 428.4 THz. (b) Real part and imaginary part of the
electric field with a different distance d [22]. (c) Stacked plasmonic structure and (d) its transmission and reflection spectrum [94]. (e) Si-based
metasurface and (f) its measured transmittance, reflectance, and absorption spectra [95]. (g) Microcavities system and (h) its optical path loops

with chirality —1 (EP_) and chirality 1 (EP,.) [96].

peak occurs. The author modulates the high-Q microtoroid
to the EPs by adding a nanotip. When the chirality is —1,
the CW mode in the high-Q microtoroid can be coupled to
the CCW mode. However, the CCW mode cannot be coupled
to the CW mode because the loop is interrupted, and the
interference disappears, turning off the EIT-like spectrum.
When the chirality is 1 (EP.), the light can be reflected from
the CCW mode to the CW mode. Therefore, there is a loop
interference in the system, the degeneracy of the EPs makes
the transmission spectrum present a single transparent peak,
and the EIT-like spectrum is turned on. This work provides a
new method for the regulation of EIT-like transmission.

IV. EIT-LIKE METAMATERIAL SENSORS
EIT-like metamaterials produce sharp resonant peaks and
are extremely sensitive to external environment change; there-
fore, EIT-like structures are widely used in sensors.

A. Basic Concepts of EIT-Like Sensors

The principle of EIT-like metamaterial sensors is based on
spectrum shift and change of the Q factor. When detecting
different materials under test (MUTsS), the different refractive
index of MUTs causes the frequency offset of the EIT-
like peaks. Moreover, losses of MUTs affect the Q factor
and amplitude of the resonant peaks and dips. It should be
mentioned that the EIT-like peak is also accompanied by a
large group delay; therefore, the amplitude and Q factor of
the group delay are also affected by MUTs, which can be
used as alternative parameters of the sensor. The sensitivity
(S) and figure of merit (FOM) can be used to characterize

sensor performance, which can be defined as [97]

AX
K p— 10
A (10)
S
FOM = (11)
FWHM

where AA represents the offset of the wavelength, An repre-
sents the shift of the refractive index, and FWHM (full-width
at half-maximum) represents the 3-dB bandwidth.

In 2012, Meng et al. [98] proposed an EIT-like metasurface,
as shown in Fig. 9(a). Meng et al. [98] discussed the potential
of refractive index sensing. They plot the spectrum shift
in Fig. 9(b) by placing a 4-mm-thick dielectric slab with
a relative permittivity &, on the surface. The sensitivity of
the structure is 77.25 mm/RIU and the FOM of 8.14. This
early sensor concept is a simulation analysis without further
experiments. In order to reduce the size of the EIT-like sensor,
Zhu et al. [99] conducted a theoretical and experimental
study on the detuned dipole effect. They loaded a pair of
detuned SRR structures on the sides of a microstrip line to
achieve an EIT-like spectrum, as shown in Fig. 9(c). The
EIT-like structure based on microstrip line coupling can be
used as a sensor based on the refractive index change. When
the refractive index changes from 1 to 1.48, the simulated
and measured spectrum changes are shown in Fig. 9(d). The
sensitivity is 14.2 mm/RIU, and the FOM is 6.17.

B. ElT-Like Sensors in Chemistry

EIT-like sensors in the chemical field are mainly designed
for detecting various solution concentrations. As shown in
Fig. 9(e), Xu et al. [42] reported an EIT-like circuit con-
sisting of an open stub and an SRR resonator, in which
the open stub acts as the bright mode, which is excited by



6386

IEEE SENSORS JOURNAL, VOL. 23, NO. 7, 1 APRIL 2023

SRR
B h
* & SR, b, |
L
substrate LI o
’ (B} 12 13 14 15 16 17 18

Frequency (GHz)

v 100%
“yy ethanol
Y

i

0%
ethanol

Transmission (dB)

H

with” %
Y

container

0.8 1.1 1.4
Frequency (GHz)

(e

2 1.0
-1
Wiy J'f 08{
s
_1.1 K o8
s J g
d_ /2 § 04 DR,
LSRR RSRR = 02 ——Sim_g=2.2
) * Mea_g=1
* Mea_g=22
B 0.0
s n 30 32 34 36 38 40 42
B | Frequency (GHz)
(© (d)

Units: mm 30
100%

I 's
|

) Water content 0%
SMA

, D¢ (ns)

1.3 1.4 1.5 1.6 1.7 1.8 1.9
Freq. (GHz)

(2) (h)

Fig. 9. EIT-Like refractive index sensors. (a) ElT-like metasurface and (b) its varying transmission with the change of permittivity [98]. (c) Detuned
magnetic dipoles ElT-like circuit and (d) its varying transmission spectrum with the change of permittivity [99]. EIT-like metamaterial sensors to
detect chemical liquids. (e) EIT-like microstrip circuit and (f) its varying spectrum when detecting water—ethanol solutions [42]. (g) Multiple ElT-like
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the microstrip line directly, and the SRR resonator acts as
the DM, which is excited by strong coupling with the open
stub. Due to the destructive interference between transmission
paths around 960 MHz, a narrowband EIT-like transmission
peak is generated. The sensor is applied to measure the
complex permittivity of the water—ethanol mixed solutions,
and the measured transmission curves are shown in Fig. 9(f).
After data processing, the sensitivity of the sensor can reach
as high as 5%. The high sensitivity exceeds other sen-
sors based on the single SRR (SSRR) and complementary
SRR (CSRR).

In order to detect MUTSs at more detecting windows, mul-
tiple EIT-like modes are realized in a single sensor [30],
[31], [32]. In 2022, Xu et al. [32] developed a plasmonically
induced transparency (PIT) sensor structure with three EIT-
like modes. Unlike the previous works based on multiple
resonators, Xu et al. [32] only use a wideband sector stub
and a spoof LSP structure to realize three EIT-like modes,
as shown in Fig. 9(g). Through numerical fitting and actual
measurement of the structure, the authors used it to measure
the complex permittivity of liquids, and the transmission
spectrum change is shown in Fig. 9(h). The high sensitivity
achieves 4.4%, and the sensor works well at all three EIT-like
modes.

C. ElT-Like Sensors in Biomedicine

In biomedicine, EIT-like sensors are usually set in the
THz bands. In 2019, Yan et al. [100] proposed a terahertz
ElIT-like biosensor consisting of a pair of broken-symmetry
double SRRs (DSRRs), as shown in Fig. 10(a). Under the
radiation of the probe light, a transparent window appears
at 1.67 THz, as shown in Fig. 10(b). They implanted oral
cancer cell HSC3 into the sensor. When the cell concentration
increased from 1 x 10° to 7 x 103 cell/ml, the frequency shift

Af changed from 50 to 90 GHz, which can be shown in
Fig. 10(c). The extracted Af as a function of cell concentra-
tion is shown in Fig. 10(d). The maximum sensitivity reaches
900 kHz/cell ml~!' at 7 x 10° cells/ml, which means that
one cell per milliliter results in a frequency shift of 900 kHz.
In addition, apoptosis can also be monitored by changes in
Af. As the anticancer drug concentration increased from 1
to 15 pum, the drug action time was extended from 24 to
72 h, and Af varied in the range of 140-70 and 140-40 GHz,
respectively. This EIT-like biosensor has essential application
prospects in the field of biomedicine. In 2021, Zhang et al. [44]
proposed a biosensor with an EIT-like structure to classify and
detect glioma cell molecules.

In order to achieve polarization-independent characteristics,
CWs and SRRs were used for structural design, as shown in
Fig. 10(e). The EIT-like window appeared at 2.24 THz under
the incidence of both x- and y-polarized waves, as shown in
Fig. 10(f). To further characterize the sensing performance,
two types of glioma cells (mutant and wild-type) were cultured
and adhered to the metal surface of the proposed metamaterial
biosensor. The frequency response and amplitude response of
cells with different concentrations were obtained by measuring
the transmission spectrum. When the wild-type glioma cells
were at 8 x 10° cell/ml, the experimental sensitivity can reach
up to 248.75 kHz/cell ml~!, and the sensitivity of the sensor
can reach 496.04 GHz/RIU, which is far more than any other
structure of THz sensor [101]. The sensor was successfully
used to distinguish different types of cells. By analyzing the
terahertz spectra of the biosensor covered by mutant and wild-
type glioma cells at the same concentration (4 x 10° cells/ml),
it was found that the resonance frequencies of the two glioma
cells were significantly different, as shown in Fig. 10(g),
indicating that the biosensor realized the recognition of cancer
cells at a specific cell concentration. In order to have a better
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of two types of cells with the same cells concentration of 4 x 105 cells/ml

[44].

TABLE |
VARIOUS EIT-LIKE METAMATERIAL SENSORS

Ref. Structure Frequency Sensitivity FOM
26 Si-patch 310 THz 294 nm/RIU 42
32 Sector-LSP 1.49 GHz,1.76 GHz,1.92 GHz 15.58 mm/RIU 42.05
35 Au-grating 171 THz 588 nm/RIU 3.8
37 Plasmonic metasurface 183.8 THz 497.8 nm/RIU 480
39 Active SRR 1.48 GHz 0.012 pF/ns -
42 Stub-SRR 0.98 GHz 56.04 mm/RIU 4.38
95 Si-patch 218 THz 289 nm/RIU 103
98 SRs-SRRs 1.56 GHz 77.25 mm/RIU 8.14
99 CW-SRRs 3.64 GHz 14.2 mm/RIU 6.17
125 InSb slot waveguide 1 THz 427.5 nm/C -
128 Graphene-grating 6.4 THz 160 nm/K -

comparison between various EIT-like sensors, we list some
specific structures and parameters in Table 1.

V. MODULATION OF EIT-LIKE METAMATERIALS
How to realize the dynamic modulation of the EIT-like
metamaterials has become a hot issue in recent years. Vari-
ous dynamic modulation technologies have been developed,
including graphene modulation, temperature modulation, pho-
tosensitive modulation, electrical modulation, and microelec-
tromechanical system (MEMS) modulation.

A. Graphene Modulation

Metamaterials of graphene are attracting intense atten-
tion [102], [103], [104], [105], [106], [107]. Graphene has the
advantages of single-atom thickness, high electron mobility,

and adjustable carrier density. Its conductivity can be dynam-
ically tuned through the applied electric field, affecting its
Fermi level [108], [109], [110]. The relative permittivity of
graphene can be expressed as

jo(w)

8r(a)) =1+ weot

(12)

where ¢t and o(w) are the thickness and conductivity of
graphene, o is the angular frequency, and &g is the vacuum
permittivity. The conductivity of graphene in vacuum o (w)
can be expressed as [110], [111]

_Ep
kT (,i—g +21In (e T 4 1))
a2 (w+ jT1)

where kg, h, and e are Boltzmann’s constant, reduced Planck’s
constant, and electron charge, respectively. Ef is the Fermi

o) =j 13)
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of bias voltages [107].

level, T is the temperature, and t is the relaxation time. The
relaxation time can be further described as 7 = uFE F/(ev?),
where v is the Fermi velocity and p is the electron mobility.
Therefore, the permittivity of graphene can be actively tuned
by changing its Fermi energy. Once the bias voltage changes,
the Fermi energy level of graphene changes, which in turn
leads to a change in the relative permittivity.

Xiao et al. [112] proposed a graphene-based metasurface at
mid-infrared frequencies, as shown in Fig. 11(a). The structure
comprises two subwavelength monolayer graphene nanodisks
coupled with a monolayer graphene nanostrip. The coupling
of the dipole resonance with the quadrupole resonance of the
nanoribbon can generate two split resonances with EIT-like
windows at the desired frequency. The spectrum is shown in
Fig. 11(b). They further adjusted the Fermi level of graphene
through bias voltage to tune the EIT-like response dynamically,
as shown in Fig. 11(c). In addition, the potential of this
structure as a sensor for the refractive index of a medium
is analyzed, the sensitivity can reach 3016.7 nm/RIU, and the
FOM exceeds 12.

Graphene has many attractive properties at terahertz fre-
quencies, but the nearly resistive impedance of graphene
limits the development of EIT-like microwave metamateri-
als. In 2021, Zhang et al. [107] experimentally integrated
graphene into a microwave metamaterial. The structure is a
striped graphene-based sandwich structure (GSS), as shown
in Fig. 11(d). In the absence of GSS, the ElT-like peak can
be observed at 4.1 GHz, as shown in Fig. 11(e). The cut
wire resonator (CWR) and SRRs act as the bright mode and
DM, respectively. By applying a bias voltage to the graphene
layer, the surface impedance changes significantly, affecting

the resonance strength of the DM. The experimental results
show that the graphene can achieve dynamic control of the EIT
peak at relatively low bias voltages. Fig. 11(f) and (g) shows
the measured EIT-like spectra of graphene metamaterials at
different bias voltages. The resonant frequency of the meta-
material does not change with the bias voltage change, which
indicates that the structure can achieve continuous tuning of
the EIT-like strength under the condition that only the DM
damping is affected.

B. Optical Modulation

Optical modulation changes the material’s electrical con-
ductivity by adjusting the laser intensity [113], [114], [115],
[116]. As the light intensity increases, the photocarrier concen-
tration inside the photosensitive material changes, changing its
electrical conductivity. In this study, both Si and GaAs have
been found to be good photosensitive materials for all-optical
modulation [117], [118], [119], [120], [121].

The photosensitive properties of Si can be used to build
optical switches. Manjappa et al. [122] proposed a silicon-
implanted terahertz asymmetric metallic split-ring (Si-TASR)
metamaterial where the conductivity of Si is used for dynamic
modulation. As shown in Fig. 12(a), the metamaterial consists
of a sapphire substrate, Si film, and an aluminum resonant
ring. The Si film with a thickness of 200 nm is used as an
active optical switch. Without the pumping laser, the evident
Fano resonance phenomenon can be observed; however, with
the increase in the pumping laser intensity, the intensity
of the Fano resonance weakens. When the power increases
to 40 W (140 J/cm™2), the resonance completely disappears,
as shown in Fig. 12(b). As the pumping laser power increases,
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change with the temperature [128].

the number of excited carriers in Si increases, and at a power
of 40 W, the semiconductor Si layer behaves like a metalloid,
resulting in the Fano resonances completely being switched
OFF.

Germanium (Ge) has also received extensive attention as
a photosensitive material. Compared with Si, Ge has higher
carrier mobility and more significant intrinsic carrier concen-
tration [123]; thus, the conductivity can be dynamically tuned
by changing the carrier concentration through photoexcitation.
Zhou et al. [124] established a planar metamaterial consisting
of Ge and Si thin films as the active medium, as shown in
Fig. 12(c). It has optical reconfiguration and THz modulation
characteristics. Fig. 12(d) and (e) shows the amplitude change
of the transmission spectrum when optical pulses of different
power are transmitted to the two films, respectively. Measured
results demonstrate that transmission can be modulated on
picosecond and nanosecond timescales; the recovery time for
the slow and fast ON—OFF—ON switching cycles is 1.7 ns
and 11 ps, respectively, which are mapped as the pump
delay time of Si and Ge. The ultrafast all-optical modulation
dynamic behavior is attributed to the defects introduced in
amorphous Ge, which acts as trap-assisted recombination
sites and accelerates carrier relaxation. Equally important, the
integrated Si thin film defines a slower speed response and
a wider time window, making the device more tolerant to
delay time uncertainty while maintaining ultrafast switching.
Therefore, EIT-like hybrid devices with multiple photoactive
materials have promoted the development of next-generation
multifunctional THz components to a certain extent.

C. Temperature Modulation

The complex permittivity of InSb is sensitive to tempera-
ture, so devices made of this material can be used to make
temperature sensors [125]. The complex permittivity of InSb

can be expressed by the Drude model [126]

w2

L (14)

e(w) = 600 — 55—
(@) = £oo o +iyow

where e is the high-frequency permittivity, w is the angular
frequency, and y is the damping constant. The plasma fre-
quency w, = (Ne*/sgm*)'/? depends on the intrinsic carrier
density N, the electronic charge e, the vacuum permittivity
&0, and the effective mass mx* of the free carriers. The plasma
frequency w, of InSb increases exponentially with the increase
in the temperature, and the intrinsic carrier density N (in m™—3)
of InSb obeys this relationship [127]

N =5.76 x 10T exp(—0.26/2kT) (15)

where kp is Boltzmann’s constant and T is the temperature.
In 2015, Liu et al. [125] proposed a coupling model
of a double-stub resonator composed of InSb, as shown
in Fig. 12(f). When the temperature is constant at 280 K,
the resonant frequencies of the two resonators are 0.95 and
1.05 THz. When the two are connected together through
a 50-Q microstrip line, an EIT-like transmission peak is
generated at 1 THz. As the temperature increases from
280 K to 320 K, the EIT-like frequency increases from 1 to
1.057 THz, as shown in Fig. 12(g). The calculated sensitivity
is 427.5 nm/K; therefore, this structure works as a terahertz
temperature sensor. In 2020, Ghafari et al. [128] used graphene
and InSb to fabricate a temperature sensor in the THz band
by cutting out an H-shaped antenna and a pair of parallel
strip antennas on the graphene layer and depositing them on
the InSb and glass layers; to achieve the EIT-like effect, the
structure is shown in Fig. 12(h), and then, the influence of the
thickness of the material layer and the chemical potential of
graphene on the results is analyzed. They used the structure to
make a temperature sensor, and the results showed that, when
the chemical potential of graphene is 0.3 eV, the structure
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can achieve a maximum sensitivity of 160 nm/K, and the
spectral shift at the highest sensitivity is shown in Fig. 12(i),
respectively.

D. Electrical Modulation

In microwave bands, loading electronic devices are widely
used because of the simple fabrication and low cost. In 2018,
Lin et al. [39] integrated the active feedback loop into the EIT-
like circuit to obtain a large group delay peak. The designed
structure is shown in Fig. 13(a). An active feedback loop
compensates for losses and improves the Q factor [129]. In this
structure, the passive EIT-like structure is composed of an
open-circuit stub and SRR resonator, and the active structure
is composed of an amplifier and the sensing capacitor. When
the sensing capacitor C,; and bias voltage Vi, are set to the
appropriate value, the group delay can reach 350 ns, as shown
in Fig. 13(b) and (c). In 2016, Fan et al. [130] realized an
electronically controllable EIT-like metamaterial by loading
diodes, as shown in Fig. 13(d). By placing a diode at the
gap between a pair of wires, the dynamic control of the
EIT-like spectrum can be achieved. When the applied voltage
ranges from 0.1 to 1.2 V, the emergence and closure of
the EIT-like mode can be observed, as shown in Fig. 13(e).
Similar to the principle of [130], Yang et al. [131] proposed
tunable symmetry-broken metasurfaces made of orthogonal
electric dipolar resonators. The metasurface with vertical and
horizontal wires integrates a p-i-n diode, and the p-i-n diode
is loaded in the middle of the vertical wires, as shown in
Fig. 13(f). Fig. 13(g) shows the change in the transmission
when the bias voltage changes from 0 to 1.2 V. Under the
high bias voltage, the resistance of the diode is small, and
the electric dipole resonance with the vertical wire is strong.
It exhibits metallic characteristics, and the EIT-like peak does
not change. When the bias voltage gradually decreases, the
resistance of the p-i-n diode increases, exhibiting dielectric
characteristics, and the resonance frequency shifts. There-
fore, the structure can be used as an amplitude modulator

under a certain bias voltage range. Feng and Han [132]
explored two types of tunable transmission-line (TL) EIT-like
metamaterials loaded with varactors. The two structures are
based on DSRR and SSRR, as shown in Fig. 13(h), where
the tunability comes from the controllable characteristics of
varactors. For tunable DSRR TL EIT-like metamaterials, the
maximum transmittance is independent of the movement of
the transparent window. In contrast, for tunable SSRR TL EIT-
like metamaterials, the maximum transmittance increases with
the transparent window gradually decreasing as the transparent
window moves toward the center of the absorption band,
as shown in Fig. 13(i) and (j). The energy loss caused by the
resistance of the varactor is the main reason for the decrease
in the maximum transmittance of the transparent window of
the tunable SSRR TL EIT-like metamaterials.

E. MEMS Modulation

Structurally reconfigurable metamaterials based on MEMSs
are considered to be the most direct method to achieve active
control of metamaterials. MEMS systems have the advantages
of low power consumption and fast response, and only a small
driving force is required; therefore, tunable EIT-like devices
based on MEMS control have also been a hot topic in recent
years [133], [134], [135], [136], [137]. In 2016, Pitchppa
et al. [133] proposed an MEMS metamaterial whose structural
bending angle can be controlled by the driving voltage. The ON
and OFFstates of the structure are shown in Fig. 14(a) and (b).
The state when no voltage is applied is defined as the OFF
state, and when the applied voltage exceeds the rated voltage,
it is defined as the ON state. By actively modulating the
switch, it is found that 50% EIT-like modulation depth and
2.5-ps group delay can be achieved at 0.68 THz, as shown in
Fig. 14(c) and (d). Considering the miniaturized structure and
easy integration, the proposed MEMS metamaterial is an ideal
candidate for slow-light THz devices, such as modulators,
buffers, and optical delays. In 2020, Huang et al. [134] pro-
posed another MEMS control system, as shown in Fig. 14(e).
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By applying a driving voltage to the system, they adjusted
the coupling distance between the bright mode and DM,
and the modulation of the transmission spectrum is achieved.
The modulation spectra under different coupling distances are
shown in Fig. 14(f). Experimental results demonstrate that
a modulation rate of 38.8% can be achieved by applying a
driving voltage. The structure is promising for terahertz optical
switches, terahertz communications, and other terahertz wave-
related applications.

VI. OUTLOOK

Although EIT-like metamaterials have achieved significant
development, some challenging issues deserve attention. First,
the metallic loss due to the coupling oscillation between
metallic resonators plays a negative role in high-frequency
bands, suppressing the Q value and the EIT-like transmission
efficiency. As an alternative method to solve this challenge,
all-dielectric resonators have the advantages of high dielec-
tric constant and low intrinsic loss; therefore, designing all-
dielectric structures offers an alternative method to achieve
low-loss and high Q EIT-like metamaterials. However, the
shape of all-dielectric structures is limited due to the fabri-
cation process. Combining simple dielectric structures, such
as spheres and cubes, to realize a fruitful EIT-like spectrum
is an interesting topic. Second, active materials, such as
graphene, Si, and InSb, have been widely used to design
metamaterials. Developing new semiconductor materials is
always a research focus. In recent years, emerging active

materials, such as MoS, and perovskite [138], have attracted
great interest. How to timely explore the application of these
new materials in EIT-like metamaterials is a research direction.
Finally, the design process of EIT-like metamaterials is time-
consuming, accompanied by large-scale parameter optimiza-
tion. Various intelligent algorithms have been used in meta-
material designs in recent years. Artificial intelligence shows
fast design speed and high precision compared to manual
tuning, promising for quickly designing and optimizing EIT-
like metamaterials [139].

Topological photonic crystal devices have gained sig-
nificant attention as a transformative technology in recent
years [80], [140], [141], In addition to their technological
advancements, topological photonic cavities have important
applications in the sensor field [89]. A promising topic of
research in this area is the realization of the EIT phenomenon
in photonic crystals. Such research can lead to the development
of higher Q and more robust resonant sensors, thus increasing
the accuracy and sensitivity of the devices. On the other hand,
optical fiber sensors have also seen significant advancements
due to the introduction of photonic crystal fiber’s air holes,
which permits the insertion of liquid or gas samples into the
fibers. This enables a controlled interaction between confined
light and sensing samples, leading to the development of
novel sensing applications that were previously inconceivable
with conventional optical fibers [142], [143], [144], [145].
An interesting direction for future exploration is the EIT
sensing technology of optical fiber transmission systems. This
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can further improve the sensitivity of fiber optic sensors and
bring about new opportunities for advancements in sensing
technology.

VIlI. CONCLUSION

This article provides a comprehensive review of the research
progress of EIT-like metamaterials. First, we introduce the
mechanism of EIT coupling using the atomic energy level
model and the mechanical oscillator model. Next, we cover
various structure designs that span different frequency bands.
In addition, we review EIT-like sensors and tunable technolo-
gies, such as chemical sensors, biomedicine sensors, graphene
modulation, light modulation, temperature modulation, elec-
trical modulation, and MEMS modulation. The development
of these dynamic modulations has made significant progress
in the creation of controllable optical switches and slow-
light devices. Overall, this article aims to provide a detailed
overview of the current state of research on EIT-like meta-
materials, their designs, and their applications in the field of
sensing and tunable technologies.
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