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Abstract: The analogy of electromagnetically induced transparency (EIT) in perovskite metamaterials
is characterized by the numerical simulations in finite-difference time-domain (FDTD). The perovskite
metamaterials consist of two cut wire resonators (CWRs) and a disk resonator (DR) on a polyimide
substrate. The analysis revealed the characteristic dynamics of the electromagnetic field, the near-
field couplings of CWRs and DR, and the EIT-like spectral features of perovskite metamaterials as
functions of the asymmetry parameter and polarization direction. The strong coupling and destructive
interference of bright and bright–dark transitions in perovskite metamaterials displayed EIT-like
transparency at 653.5 GHz with a high Q-factor of approximately 1470, a sensitivity of 531 GHz/RIU
and a figure of merit of around 780. In addition, perovskite metamaterials exhibited slow light with a
group delay of about 106 ps and a group index of approximately 3100. These results may provide an
important perspective for understanding the coupling mechanism and applications of perovskite
materials in slow-light devices, THz sensors, and tunable switching in THz spectral region.

Keywords: electromagnetically induced transparency analog; asymmetric perovskite metamaterial;
near-field coupling of bright and dark modes; terahertz application

1. Introduction

Electromagnetic metamaterials (MMs) have emerged as promising tools for manipulat-
ing electromagnetic waves in the terahertz (THz) spectral region, as they differ from natural
materials [1–5]. The mechanism of these MMs, whose unit cell is smaller than the operating
wavelength, is based on the effective medium approach [4]. The THz frequencies, which
range from 100 GHz to 10 THz, have been expected to play an essential role in the sixth gen-
eration (6G) and beyond [5]. THz technology has a high potential to alleviate the spectrum
shortage and break the capacity limitations of the fourth and fifth-generations (4G and 5G)
wireless systems [6]. THz metamaterials have been utilized for various applications, such
as switching devices [7–9], sensors [10,11], and filters [12]. Controlling the electromagnetic
properties makes metamaterials useful for a variety of applications, including sensing and
detection in the ~650 GHz frequency band [4,13,14]. Particularly, THz communication is
a new field, and metamaterial structures can play an essential role in designing compact
and efficient terahertz antennas and imaging devices for future communication systems.
In addition, perovskite metamaterial-based sensors can be employed for non-destructive
imaging and analysis of biological samples. A typical electromagnetically induced trans-
parency (EIT) is a phenomenon caused by quantum destructive interference between two
different excitation paths to the excited state in a three-level atomic system [15–17]. The
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presence of a narrow transparent peak in the EIT signal leads to a strong dispersion effect,
accompanied by a large group refractive index. The group refractive index is influenced
by the coupling strength between the light and the system. Recently, EIT manipulation
has attracted considerable interest in slow light devices [18,19], where the velocity of light
can be reduced and controlled [20]. Most approaches for obtaining slow light rely on the
EIT effect in extreme experimental conditions [11,12] such as ultra-cold atomic gases, and
high-intensity optical pumping. A key aspect of the EIT effect comes from the fact that
it enhances the transparency window, which is associated with a strong dispersion. This
EIT effect has been extended to MM structures, which exhibit EIT-like effects due to their
unique electromagnetic properties. The EIT-like characteristics in MMs arise from the
near-field coupling between adjacent resonators and the destructive interference between
bright and dark modes, or between bright and bright modes. These EIT-like MMs can
be observed and manipulated at room temperature on-chip [21–23]. This characteristic
makes EIT-like metamaterials promising for use in various areas such as quantum memo-
ries [24,25], slow lights [26,27], sensing devices [5,20], and optical modulators [28] for THz
applications. In addition, in order to improve the performance of MMs, the most effective
way is to achieve a sharp transparent window with a high Q-factor. Recently, perovskites
have been reported as a promising material for this purpose, as they have demonstrated
remarkable properties for photonic sources [29] and THz modulation [30]. In particular,
perovskite is currently one of the most popular materials and represents a material with an
ABX3 composite structure. Perovskites are a type of semiconductor, that can change the
optical and electrical properties by adjusting the energy bandgap [31]. Compared to silicon-
based photovoltaic devices, perovskites have excellent charge mobility [32] and higher
efficiency [33,34], which makes them perform remarkably well in optoelectronic [35] and
photovoltaic devices [36]. Recent studies have reported on perovskite (CsPbBr3) quantum
dots-based heterostructure and quantum dots-embedded metamaterial designed to operate
as THz wave modulators [37,38]. THz wave modulation devices [39–41] are paving the
way for research into photoelectric sensing, high-speed coding and decoding, and low-cost,
flexible displays [42,43].

In this paper, a perovskite (CsPbBr3) metamaterial with EIT-like characteristics, tun-
able slow light, and a high-Q factor in the THz spectral region is presented. The perovskite
metamaterial consists of two cut wire resonators (CWRs) and a disk resonator (DR) on a
polyimide substrate. Electromagnetic metamaterials are well known to consist of artificially
designed units with electromagnetic resonant structures that exhibit strong dispersion and
subwavelength properties. In the proposed metamaterial structure, the size parameters
of the resonators are smaller than the wavelength (λ = 440 µm at 0.68 THz) of the inci-
dent electromagnetic wave. The analysis using the finite-difference time-domain (FDTD)
technique reveals that the EIT-like spectral features of perovskite metamaterials depend
on the asymmetry parameter and polarization direction in the THz spectral region. This
paper is organized as follows: The structural design and numerical modeling parameters
of the perovskite (CsPbBr3) MM structure are included in Section 2. Section 3 includes a
coupled harmonic oscillating system, the EIT-like spectral response as a function of fre-
quency and asymmetry parameters, and the applications of slow-light effects and refractive
index sensing.

2. Structure Design and Numerical Model

A unit cell of EIT-like metamaterial, which consists of two CWRs and a DR on the
polyimide substrate, is schematically shown in Figure 1. Two CWRs play a role in dipole
resonators as bright mode and DR as polarization-independent dark mode. The periodic
dimension of the unit cell is P = 440 µm, and the horizontal distance between two CWRs
is h = 1160 µm. The thickness, relative permittivity, and loss tangent of the perovskite
(CsPbBr3) [44] are 20 µm, εp= 7.3, and 0.015, respectively. The substrate is polyimide with
relative permittivity of 3.75 and loss tangent of 0.0004, whose thickness is 10 µm. The
designed MM structure is characterized by a 3D FDTD solver using a commercial CST
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Microwave Studio 2022. The unit cell boundary conditions are set in the x- and y-directions
and the perfect matching layers are employed in the z-direction. In order to ensure the
accuracy of simulation moderate hexahedral mesh size is adopted. As shown in Figure 1,
the THz wave with the polarization along the y-axis is normally incident on the perovskite
metamaterials, i.e., the plane wave is normally incident along the z-direction and the electric
field is along the y-direction, corresponding to the magnetic field along the x-direction.
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Figure 1. Schematic depicting THz transmission through the perovskite metamaterials geometry.

3. Result and Discussion
3.1. EIT-like Effect

The three-level system involves a ground state |0〉, a bright mode state |1〉, and a dark
mode state |2〉 as depicted in Figure 2b,c. The polarization angle θ is defined as the angle
of a normally incident wave relative to the y-axis and x-axis, as shown in Figure 2a,b. At
first, the normally incident THz wave propagates along the z-direction, and the electric
field is aligned with the y-axis (θ = 0◦). The y-polarized wave can directly and strongly
interact with the CWRs, forming the dipole-allowed pathway |0〉 − |1〉 [2,45], as shown
in Figure 2c, where the CWRs act as a bright mode. The DR cannot be directly excited by
the y-polarized wave, the DR serves as a dark mode resonator, which means the pathway
|0〉 − |2〉 is forbidden [2,45]. However, DR can be indirectly excited by CWRs through
the near-field coupling between adjacent resonators, allowing for a transition between |1〉
and |2〉. When the CWRs and DR are combined into an MM structure with asymmetry
parameter as =35 µm, the electromagnetic (EM) energy received in the bright mode is
transferred to the dark mode by the effect of near-field coupling, allowing the dark mode
to indirectly excite an electric quadrupole resonance, as depicted in Figure 3a. Therefore,
there exist two possible pathways to realize the transition from |0〉 to |1〉, i.e., |0〉 − |1〉
and |0〉 − |1〉 − |2− |1〉, both of which lead to strong absorption separately [46–48]. The
destructive interference between the two possible pathways dramatically suppresses the
absorption, which creates the transparency window. The green curve in Figure 3a shows
that CWRs, as electric dipole resonators, exhibit a transmission valley at 656 GHz and
generate a strong localized electric field at their centers, namely, bright mode. No resonance
can be directly observed in DR at 656 GHz as seen from the blue curve in Figure 3a, namely,
dark mode. The red curve in Figure 3a demonstrates the transmission spectrum of the
MM structure with an asymmetry parameter of 35 µm. The transparency resonant peak
at 653.2 GHz is generated by the near-field coupling between CWRs and DR. As shown
in Figure 3a, the MM structure exhibits EIT-like behavior due to the quadrupole-dipole
coupling, with CWRs and DR acting as quadrupole and dipole resonators, respectively. For
the symmetric case with as = 0 µm, the transmission spectrum of the MM structure has
no coupling between two modes under the y-polarization as shown by the black curve in
Figure 3a. In this case, the MM structure, which is combined with CWRs and DR, acts as a
single resonator. For θ = 90◦, as shown by the green dotted curve in Figure 3b, CWRs act as
an electric dipole, with a transmission valley at 655.2 GHz and generate a localized electric
field at their ends. However, the DR, shown by the blue dotted curve in Figure 3b, does



Crystals 2023, 13, 1090 4 of 14

not have any resonance valley at the same frequency. The black and red dotted curves in
Figure 3b (as =0 µm and as =35 µm) show the same resonance valley at 653.2 GHz. There
is no coupling between CWRs and DR, which means that the destructive interference does
not occur under the x-polarized wave.
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Figure 2. (a) Schematic of a unit cell. The geometrical parameters are shown as follows: P = 440 µm,
L = 280 µm, h = 116 µm, w = 36 µm, r = 32 µm, t = 20 µm, ts = 10 µm and as = 0 ∼ 35 µm.
Coupled and uncoupled three-level systems for the tunable EIT device at (b) the y-polarized wave
Ey (i.e., polarization angle θ = 0◦) and (c) the x-polarized wave Ex (i.e., polarization angle θ = 90◦).
Here Ω and as represent the coupling strength and the asymmetry parameter, respectively.
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wave Ey and (b) x-polarized wave Ex. Here as represents the asymmetry parameter.

In the near-field coupling between bright and dark modes, the incident wave excites
the bright mode, which transfers electromagnetic energy to the dark mode. This interaction
can be described by the linearly coupled Lorentz harmonic oscillator model [49–52]:

..
x1(t) + γ1

.
x1(t) + ω2

1x1(t) + Ω2x2(t) = gE (1)

..
x2(t) + γ2

.
x2(t) + ω2

2x2(t) + Ω2x1(t) = 0 (2)

where xi, ωi, and γi are the amplitude, resonance frequency, and damping rate of the reso-
nance mode (i = 1 and 2 for bright and dark modes, respectively). The coupling between
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the two resonators is defined by the coupling strength Ω and g is a geometric parameter
indicating the coupling strength of the bright mode x1 with the incident electromagnetic
field E = E0e−iωt. After a certain amount of algebra, the effective susceptibility χe f f of MM
structure can be simplified as follows:

χe f f =
Pe f f
ε0E = χr + iχi

= K
(

ω2−ω2
2+iωγ2

Ω4−(ω2−ω2
1+iωγ1)(ω2−ω2

2+iωγ2)

) (3)

where K is the proportionality factor K and we assumed that the system has the same
resonant frequency ω0(= ω1, ω2 ). Here, the real part (χr) and the imaginary part (χi) of the
effective susceptibility represent the dispersion and the absorption within the MM structure,
respectively. In fitting, the transmission coefficient T is also defined as T = 1− χi [53].
Transmission coefficient T is given by the Kramer–Kronig relations and it is derived from
the conservation of energy relation T + A = 1, which is normalized to unity. Here A = χi
is the absorption loss within the EIT-like MM structure. Considering the coupling strength
effect, the transmission of electromagnetic waves through the MM structure is given as
follows [50]:

T =

∣∣∣∣∣∣∣
4
√

χe f f + 1(√
χe f f + 1 + 1

)2
exp
(
−i 2πd

λ0

√
χe f f + 1

)
−
(√

χe f f + 1− 1
)2

exp
(

i 2πd
λ0

√
χe f f + 1

)
∣∣∣∣∣∣∣ (4)

where λ0 is the wavelength in a vacuum, d and χe f f are the effective thickness and the
effective susceptibility of the MM structure, respectively. At the transparency peak where
χr is to zero in Equation (3), the transparency frequency ωT is to the resonant frequency
ω0. In a lossless model, the effect of the coupling strength Ω on the spectral width of the

transparency window can be analyzed by ω+ =
√

ω2
0 + Ω2 and ω− =

√
ω2

0 −Ω2. The
width of the transparency window is given by [51]

∆ω = |ω+ −ω−| =
Ω2

ω0
(5)

Figure 4a displays the EIT-like transmission spectrum with the asymmetry parameter
as = 35 µm by analytical fitting calculation and simulation results. The analytical fitting re-
sult agrees well with the simulated result, with only slight deviations due to the periodicity
of the perovskite metamaterial structure [54]. Now, the transmission values for the EIT-like
MM structure at ω−, ω0, and ω+ are given as follows: T(ω−) = 0.459, T(ω0) = 0.921
and T(ω+) = 0.377. Here ω− = 4.09× 1012 rad/s (652.3 GHz), ω0 = 4.10× 1012 rad/s
(653.2 GHz) and ω+ = 4.11× 1012 rad/s (654.6 GHz), respectively. From the above set of
Equations (1)–(5), the fitted parameters are obtained as follows:γ1 = 0.452× 1010 rad/s
(0.72 GHz), γ2 = 0.389× 1010 rad/s (0.62 GHz), Ω = 2.46× 1011 rad/s (39.1 GHz) and
K = 3.75× 1019. This result demonstrates the validity of the coupled Lorentz harmonic
oscillator model. The fitted parameters γ1, γ2 and Ω, as a function of the asymmetry pa-
rameter as responsible for the coupling strength, are shown in Figure 5. It is interesting that
the MM structure has its maximum coupling strength Ωmax (55.4 GHz) in the transparency
window. The maximum value of as is defined as amax, when the Ω reaches its maximum
value Ωmax. The relationship between the near field coupling strength Ω and asymmetry
parameter as need to be considered under two different cases for y-polarization. When the
asymmetry parameter is less than the maximum value (as < amax), the coupling strength Ω
between two modes increases as the magnitude of the asymmetry parameter | as| increases.
However, when the asymmetry parameter is greater than the maximum value (as > amax),
the coupling strength decreases as the magnitude of asymmetry | as| increases, as shown
in Figure 5a. The parameters γ1 and γ2 remain almost unchanged with the asymmetry
parameter as, as they are only responsible for the loss associated with the modes. It should
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be noted that the coupling strength between CWRs and DR becomes stronger for as < amax
and then weakens for as > amax, as shown in Figure 5a. Breaking geometrical symmetry
induces a transparency window under y-polarized waves. In contrast, there is no coupling
between CWRs and DR under x-polarization, as shown in Figure 5b.
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Figure 4. (a) The simulated (solid line) and analytically calculated (dashed-dotted line) transmission
spectra of the MM structure (as =35 µm) under the normally incident y-polarized wave. The E-
field distributions at the resonance frequency of (b) ω− and (d) ω+, and the transparent resonance
frequency (c) ω0.
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Figure 5. Extracted coupling strength Ω and damping parameters γ1, γ2 as a function of the asym-
metry parameter as under the normal incident (a) y-polarized and (b) x-polarized waves.

Figure 6 displays the transmission spectra and electric field distribution as a function
of asymmetry parameters, from as = 0 µm to 180 µm, under the normally incident y-
polarized waves. In the near field coupling region, normal mode splitting (ω±) occurs,
which is dependent on the coupling strength as shown in Equation (5). The strength of the
coupling can be expressed as a function of the asymmetry parameter in Figures 5a and 6.
The width of the transparency window widens until the asymmetry parameter reaches
about 80 µm, then narrows after 80 µm and disappears when as becomes 180 µm. When
the asymmetry parameter is zero or 180 µm, there is no coupling effect between CWRs and
DR, meaning that the EIT-like effect is not generated when the MM structure is symmetric
or when DR is located at the end of the unit cell of the MM structure. As shown in Figure 6,
the electric field distribution at the transparent resonance frequency (ω0) is given by each
CWR behaving as a quadrupole and DR as a dipole in the MM structure. When there
is no coupling between CWRs and DR, MM structure combined with CWRs and DR
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exhibits dipole electric field distributions. Hence, as observed in Figures 5a and 6, it can be
concluded that the transparency window arises from the destructive interference caused by
asymmetric coupling between bright and dark modes under y-polarized waves.
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Figure 6. Transmission spectra and E-field distributions as a function of frequency for various
asymmetry parameters (as = 0~180 µm) under the normally incident y-polarized wave.

As shown in Figure 7a, the transmission spectra display a transparency peak and
two transmitted valleys by changing the asymmetry parameter as. For as = 35 µm, the
transmission peak reaches up to 92.1% at 653.2 GHz (ω0), and two resonant valleys at
652.3 GHz (ω−) and 654.6 GHz (ω+) are observed. The EIT-like peak amplitude increases
gradually with the increase of the asymmetry parameter as, as shown in Figure 7a. The
transmission, reflection, and absorption spectra dependence on asymmetry parameter as
are illustrated in Figure 7a–c. When the asymmetry parameter changed from as = 35 µm
to as = 0 µm, the EIT-like peak disappeared and turns into a single transmission valley at
653.2 GHz (ωs). The EIT-like effect can be tuned by adjusting the asymmetry parameter
as. The absorption spectra are calculated using a relationship A = 1− T− R in Figure 7c,
where T and R represent the transmission and reflection, respectively.
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Figure 7. (a) Transmission, (b) reflection, and (c) absorption spectra of perovskite metamaterial
structure with different asymmetry parameters (as = 0 µm, 10 µm, 15 µm, 25 µm, and 35 µm) under
the normally incident y-polarized wave.

3.2. Slow-Light Effect

The EIT-like effect can slow down the group velocity of THz waves. This slow-light
effect is physically related to a large group index that can be produced by extremely steep
normal phase dispersion. The transmission phase shift, group delay, and group index in
the transparency window are calculated, as depicted in Figure 8a–c. The group velocity is
determined by the relationship [55]

vg =
dω

dk
=

c

ne f f + ω
dne f f

dω

=
c

ng
(6)

where ne f f is the effective refractive index, and k is the wave vector of THz waves. The

group index is defined as ng = ne f f + ω
dne f f

dω . It can be seen that the group slow-light

effect can be enhanced by increasing the dispersion of
dne f f

dω . The group index is a crucial
parameter for evaluating the slow-light effect, which can be described by [56]

τg = −dφ(ω)

dω
, (7)

ng =

(
c

te f f

)
τg = −

(
c

te f f

)
dφ(ω)

dω
(8)

where τg is the delay time, φ(ω) is the transmission phase shift, c is the velocity of light,
te f f is the effective thickness of the MM structure, and ω is the frequency of the incident
wave, respectively. The transmission phase shift is dramatically modified, leading to a
change in group delay. As seen in Equations (7) and (8), the values of group delay and group
index are proportional to the transmission phase shift relative to the frequency, i.e., dφ(ω)

dω .
The phase shift and group delay are modulated at the transparency window, as shown in
Figure 8a,b. As the asymmetry parameter as increases, the dispersion range widens. The
group delay and group index as a function of frequency are illustrated in Figure 8b,c. It
can be observed that the perovskite MM structure has positive and negative group velocity
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values. Furthermore, it is worth noting that the steeper the transmission phase shift slope
results in a larger group delay. For example, when the asymmetry parameter as = 10 µm,
the group delay can reach up to about 106 ps at 653.5 GHz. The corresponding group index
can reach up to about 3100. As the asymmetry parameter increases gradually, the gradient
of phase shift decreases and the slow light effect weakens.
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the normally incident y-polarized wave.

The effective permittivity and the effective permeability of the perovskite MM structure
as a function of asymmetry parameter are shown in Figure 9a,b. These results indicate that
the designed perovskite MMs can be used for efficient slow-light applications.

3.3. Refractive-Index Sensing

In general, the sensing of THz MM structure mainly refers to the sensing of the
refractive index of the surrounding medium [57,58]. The performance of sensors is usually
characterized by sensitivity S, Q-factor, and the figure of merit (FOM). The performance
parameter of sensitivity S can be defined as

S =
∆ f
∆n

(9)

where S is the sensitivity, the unit is GHz/RIU (RIU, Refractive Index Unit), ∆ f is the
resonant frequency shift, and ∆n is the change of the refractive index, respectively. The
figure of merit parameter is obtained by multiplying the sensitivity of the quality factor.
The FOM value emphasizes both sensitivity (S) and the quality factor (Q). The FOM value
is defined as [59,60]

FOM = S×Q (10)

where S represents the sensitivity and Q refers to the quality factor of an EIT-like resonant
peak. The quality factor (Q-factor) can be obtained by the following formula:

Q =
fr

FWHM
(11)



Crystals 2023, 13, 1090 10 of 14

where the fr is the resonant frequency of maximum transmission at the EIT window, and
the FWHM is the full width at half maximum. Equation (10) indicates that a higher Q-factor
for a constant S results in a better FOM value, which means better sensor performance.
From the above Equations (9)–(11), we discuss the sensing performance of the designed EIT-
like sensor for different refractive indices. As shown in Figure 10a,b, when the refractive
index increases from 1 to 1.1 by steps of 0.02, the resonant transmission peak of the EIT
window shifts 53.1 GHz towards the low-frequency direction (as = 0 µm and 35 µm). For
as = 35 µm, the transmission peak amplitude of the transparency window reaches 93.5% at
n = 1.1 in Figure 10a. Figure 10b shows the EIT peak frequencies change linearly with the
refractive index for both as = 0 µm and 35 µm. As the refractive index of the surrounding
medium increases, the effective permittivity of the MM structure increases, causing the
EIT-like resonance to redshift [8]. It is found that EIT-like resonances for refractive indices
from 1 to 1.1 have the same sensing performance, with two slopes of S = 531 GHz/RIU,
which represents the refractive index sensitivity of the designed MM structure.
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as = 35 µm. (b) The EIT-like peak frequency of MM structure as a function of the refractive index of
the surrounding medium for two different asymmetric parameters of as = 10 µm and 35 µm.

Figure 11a displays that the FOM value increases as the asymmetry parameter as de-
creases for y-polarized waves. The Q-factor increases as the magnitude of the asymmetry
parameter |as| decreases, leading to an increase in the FOM value. A higher Q value
indicates the resonant peak is sharper, indicating that the resonator has lower losses and
higher energy storage capacity. The Q-factor decreases as the absolute value |as| of asym-
metry parameter increases, while the transmission peak amplitude gradually increases
with the asymmetry parameter |as|. In Figure 11a,b, there is one transparency peak in the
spectrum with a high Q-factor of about 1470 at as = 10 µm, resulting in a corresponding
FOM value of about 780. This is because the electric field is mainly concentrated on the
EIT-like sensor during EIT-like signal occurrence. It is noted that a slight change in the
surrounding medium perturbs the electric field around an EIT-like sensor, causing the
EIT-like resonance to shift. Thus, when the electrical and geometrical properties of the
material being measured, such as its dielectric constant and thickness, vary, the EIT-like
resonance shifts, making it useful for sensing purposes.
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4. Conclusions

The numerical simulation in FDTD characterized the bright–dark mode coupling,
electromagnetically induced transparency (EIT)-like transparency with a high Q-factor,
and slow light propagation in the perovskite metamaterials at the THz spectral region. It
was observed that the strong near-field coupling between the two modes was achieved
through THz waves when the perovskite MM structure was asymmetric. By adjusting
the asymmetry parameter, the EIT-like effect in the perovskite MM structure could be
controlled. Unlike previous studies [2,47–51] on the EIT-like effect, it was found that there
is a maximum value for the coupling strength between bright–dark modes. This implies
that there is a region where the coupling strength increases or decreases with changes
to the asymmetry parameter. For an asymmetry as = 10 µm, the group index reached
up to about 3100 and the corresponding group delay was around 106 ps, indicating a
slow-light effect based on perovskite MM as a result of coupling between bright–dark
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modes. Furthermore, a high Q-factor, high sensitivity, and FOM value was achieved for the
EIT-like resonant peak as a refractive index sensor. In particular, the designed asymmetric
perovskite MM exhibited a sensitivity of up to 531 GHz/RIU and a FOM value of up to
780 at the resonance frequency 653.5 GHz, with a corresponding Q-factor of about 1470.
The numerical simulation results of perovskite metamaterials should pave the way for
experimental realizations for applications including slow-light devices, THz sensors, and
tunable switching in the THz spectral region.
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