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Abstract: Electromagnetically induced transparency (EIT) metamaterials (MTMs) based on the bright-
dark mode theory have gained great interest in slow light, sensing, and energy storage in recent years.
Typically, various split ring resonators with magnetic response have been proposed as dark resonators
in EIT MTMs. Here, we have employed a cut-wire (CW) and two electric-field-coupled inductor-
capacitor (ELC) resonators with a pure electrical response on a liquid crystal polymer (LCP) substrate
with a low loss tangent to fulfill the EIT effect in the terahertz (THz) region. The former works as
the bright mode, and the latter functions as the dark mode. The EIT phenomenon results from the
destructive interference between these two modes, which can be verified by numerical simulation and
near field distribution. In addition, a Lorentz oscillator model was studied to quantitatively analyze
the relationship between the coupling strength and the coupling distance. As a demonstration, an
EIT MTM device with 5000 units was fabricated and characterized, which showed a transmission
window with a peak value of 0.75 at 0.414 THz. This work may inspire new multifunctional EIT
MTMs, especially the flexible applications at THz frequencies.

Keywords: electromagnetically induced transparency; metamaterial; terahertz; electric-field-coupled
inductor-capacitor resonator; liquid crystal polymer

1. Introduction

Electromagnetically induced transparency (EIT) arises from the destructive interfer-
ence phenomenon between the two quantum transition paths in a three-level atomic system,
leading to an abnormal transmission peak within a broad absorption spectrum and a large
group delay accompanied by a significant attenuation of the group velocity [1,2]. With the
advantages of the strongly dispersive nature and the enhancement of nonlinear suscepti-
bility in the transmission window, EIT has found many important applications, such as
slow light [3], enhancing nonlinear interactions [4], and memories [5]. However, the real-
ization of the typical atomic EIT effect requires some harsh working conditions including
ultra-low temperature and high intensity pumping, which prevents its on-chip integration.
To overcome the listed drawbacks, various classical systems have been demonstrated to
mimic the EIT effect, such as electric circuits [6], plasmonic structures [7], microcavity [8],
photonic crystal waveguides [9] and metamaterials (MTMs) [10-21].

Metamaterials are periodic functional structures consisting of subwavelength metallic
or dielectric “meta-atoms”, which exhibit abnormal abilities to freely tailor electromagnetic
waves at infrared and below [22]. Metamaterials possess the ability to enhance the inter-
action between electromagnetic waves and media, and thus have found many promising
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applications in sensing [23,24], communications [25] and nonlinear devices [26]. Recently,
the EIT analogues in MTMs have gained great interest due to its slow light effects and profile
miniaturization, enabling many advances in sensing [10], filtering [11], energy storage [12],
switching [13], etc. In general, the unit cell of EIT MTMs is composed of two coupled res-
onators with dissimilar absorption responses at similar frequencies, namely bright and dark
modes, respectively. These resonators in two modes usually employ metal materials, which
limits the achievable quality factor (Q-factor) of EIT phenomenon to less than 10 because of
the inherent ohmic loss [14]. Therefore, some high-refractive-index dielectric MTMs with
smaller intrinsic loss have been proposed to achieve high Q-factor [15,16]. Almost all the
reported bright mode resonators, whether metallic or dielectric, are cut-wires (CW) [15-17]
and square rings [18], which can be directly excited by incident waves to generate a broad
absorption band. The dark mode resonators excited by the near field coupling of the bright
mode resonators have a high Q-factor response and produce interference phenomenon,
subduing the absorption of the bright resonator, and thus inducing a narrow transmission
peak. As typical magnetic response elements, split ring resonators (SRRs) have become
the most common dark mode resonators in metallic and dielectric EIT MTMs, and further
support the realization of multi-frequency response [12], active regulation [13,17,19,20],
and polarization insensitivity [18,21]. For dielectric EIT MTMs, silicon rings and silicon
disks supporting magnetic dipole modes have also been designed as dark modes [15,16]. In
contrast, high symmetric units with purely electrical response and negative permittivity, i.e.,
electric-field-coupled inductor-capacitor (ELC) resonators [27], have never been reported
as dark mode resonators up to now.

To improve the transmission peak of EIT MTMs, the substrate typically needs low
loss tangent, low permittivity, and small thickness, which may become a big constraint
at terahertz (THz) frequencies with small wavelength. The THz band, lying between
microwave and infrared frequencies, has enormous potential in advanced communication
and sensing applications because of its peculiar properties, such as spectral fingerprint,
non-ionization, and rich spectrum resources [28]. At THz frequencies, the most widely used
substrate is high-resistivity silicon, whose permittivity is as large as 11.9 [22]. In addition,
its substrate thickness is typically larger than 200 pm, and its cost is high with respect
to the polymers. Alternatively, the common polyethylene terephthalates (PET) [29] and
polyimides (PI) [30] exhibit large loss tangent at THz frequencies. Liquid crystal polymers
(LCP) substrate is a perfect candidate for THz MTMs because of its flexibility, low dielectric
constant (~3), low loss tangent, and small thickness down to 25 um [31]. Current reports on
LCP-based MTMs focuses on microwave [32] and millimeter wave [33] frequencies, while
the research in terahertz band needs to be further developed.

In this work, a novel LCP-based MTMs with purely electrical response resonators
is designed and demonstrated for the first time, achieving the well-known EIT effect
at THz frequencies. The proposed EIT MTM unit is composed of a CW and two ELC
resonators, which function as the bright and dark resonators, respectively. The internal
working mechanism between these two resonators are demonstrated by the simulated
field distributions and surface current densities. In simulation, the EIT MTM unit has
a transmission peak of 0.86 at 0.41 THz. The maximum value of the group delay is
11.67 at 0.41 THz and the minimum value is —63.4 ps at 0.38 THz, respectively. The
coupling distances have been discussed to clarify the impact of unit cell parameters on
the performance of the EIT phenomenon. To illustrate the flexible performance accurately
and visually, a bending model was built by using the wrap sheet method for the change
of transmission peak under different curvature radius. Furthermore, theoretical research
based on the effective Lorentz oscillation model was applied to quantitatively reveal the
coupling process between the CW and the ELC resonators. The spectrum curves calculated
from the double oscillator model perfectly matched the simulation data. To verify this
design, a device with 5000 EIT MTM units was manufactured and tested, showing a peak
value of 0.75 and a Q-factor of 9 at 0.414 THz. This work paves a new way for EIT MTM
structures and their flexible applications in the THz range.
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2. Design and Simulation
2.1. Structural Design

Figure 1a illustrates the schematic configuration of the proposed EIT MTM device
and the polarization of the incident plane terahertz waves. To suppress the dielectric loss
and develop flexible applications at THz band, the EIT MTM was placed on a 100 um
thick liquid crystal polymers (LCP) substrate with a relative permittivity of 3.27 and a loss
tangent of 0.002. These MTM patterns were set as gold with a thickness of 300 nm. As
shown in Figure 1b, the EIT MTM unit cell was composed of a CW and two conventional
ELC resonators located on the same side of the CW. The detail structural parameters
are listed in the caption of Figure 1. The horizontal and vertical lattice constants were
Wsyp = 200 pm and Ly, = 400 um, respectively. The length and width of the CW were
L1 =230 pm and W; = 10 pm, respectively. The length, width, wire width and gap width of
the ELC resonator were Ly =124 um, W5 = 64 um, W3 = 10 um, Weg, = 10 pum, respectively.
The vertical coupling distance between the two ELC resonators was L; = 106 um. The
horizontal coupling distance between the CW and the ELC resonators was W; = 13 pm.
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Figure 1. Schematic of the proposed EIT MTM device and the coordinate systems. (a) Periodic array.
(b) Top view of one unit cell. (Tg,, = 100 pm, Wy, =200 um, Ly, = 400 um, L1 = 230 um, Wy =10 um,
Ly =124 pum, Wy = 64 um, W3 = 10 um, Wegp = 10 pm, Ly = 106 um, W, = 13 pm). The coordinate
systems show the corresponding polarization direction of the incident waves.

The ELC resonator was composed of two or four SRRs, which is a kind of metamaterial
with both central symmetry and axial symmetry [34]. Compared with the SRR resonators,
the ELC resonators eliminate the magneto-optical coupling effects, while mainly exhibit
purely an electrical resonant response to the electric field. The real part curve of the effective
permittivity extracted from the ELC resonator in this work is depicted in Figure 2a and
shows a significant negative dielectric response. There is a sharp switch from 4.268 to
—5.771 at 0.42 THz in the real part curve. Note that the ELC resonator can be directly
excited by the incident waves. The polarization direction of the incident waves is shown
in the inset in Figure 2a. For the CW, the real part curve of the effective permittivity is
shown in Figure 2b. The real part curve has a peak value of 21.27 at 0.42 THz, which
corresponds to the absorption enhancement of the CW. When the two ELC resonators were
symmetrically placed on the same side of the CW without overlapping, the intrinsic peak
value of the CW dropped to 1.68 and disappeared, as illustrated in Figure 2c. At the same
time, the real part curve of the EIT MTM had two peaks with relatively small value of 8.09
and 16.56 at 0.38 and 0.45 THz, respectively. The effective permittivity in the pass band
was about 1.3. Typically, the working mechanisms of the ELC structure can be regarded as
a simplified RLC circuit model [22]. As shown in Figure 2d, R is the resistance, C represents
the capacitance of the split, L represents the cumulative inductance of the half metallic loop,



Crystals 2023, 13, 283

40f12

V represents the magnitudes of induced voltage. The resonant frequency of the proposed
ELC structure can be described as the following equation:
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Figure 2. (a—c) Real part curves of the permittivity of the ELC resonator, CW, and EIT MTM unit cell.
The insets and coordinate systems show the corresponding unit cells and the polarization direction
of the incident waves. (d) Equivalent circuit of the ELC resonator.

Ansys High Frequency Structure Simulator (HFSS) software was used to design
and optimize their performance. In the 3-D model of the proposed EIT MTM units, the
periodic boundary conditions were added in both x-directions and y-directions, and z-
direction was used as the wave propagating direction. The obtained signal amplitude of
the electromagnetic waves transmitted through the device was normalized to the incident
waves and named as normalized transmission.

2.2. Numerical Simulation

The simulated transmission curves of the CW, ELC resonator and EIT MTM under
y-direction polarized incident terahertz waves are illustrated in Figure 3. As depicted in
Figure 3a, the CW is directly excited by incident waves to generate a broad absorption band
at 0.42 THz, which exhibits a typical local surface plasmon (LSP) resonance mode. The
normalized transmission at the resonant frequency was only 0.05. The ELC resonator with
similar resonant frequency showed a gradual transmission curve without any significant
absorption responses in the transmission spectra as it cannot be excited by the y-direction
polarized incident waves. However, by combining the CW and two ELC resonators in
a unit cell with a close coupling distance, a narrow transmission peak appeared at the
frequency which was similar to the resonant frequency of the CW, as illustrated in Figure 3b.
In the normalized transmission curve, the narrow transmission peak was 0.86 at 0.41 THz,
and the two valleys were 0.09 and 0.15 at 0.38 and 0.44 THz, respectively. The transmission
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curves were in good agreement with the real part curves of the effective permittivity. The
Q-factor of the peak can be extracted by the following equation:

Q=" @)

where f is the ratio of the center frequency and Wy is the full width at half maximum
(FWHM). The Wy is 0.042 THz, so the corresponding Q-factor of the transmission peak
is 13. In this structure, the CW acts as bright resonator for its direct coupling with the
y-direction polarized incident waves while the ELC structures serve as dark resonators for
their near-field coupling with the bright resonator.
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Figure 3. (a) Normalized transmission curves of the CW (blue solid line) and ELC resonators (green
dotted line). (b) Normalized transmission curve of the proposed EIT MTM. The insets and coordinate
systems show the corresponding unit cells and the polarization direction of the incident waves.

Apart from the transmission peak, the slow light effect is another essential feature
of the EIT phenomenon [18]. The slow light effect is the phenomenon of transmission
delay when the terahertz waves transmit through the EIT MTMs, which is caused by the
severe dispersion of the transmission phase. As illustrated in Figure 4a, a sharp phase
dispersion appears around the transmission peak of the proposed EIT MTMs. The group
delay defined as —d¢(w)/dw is depicted in Figure 4b, where ¢ is the transmission phase,
w represents the angular resonant frequency, and ¢ (w) represents the phase shift of the
incident waves [35]. The maximum group delay at the EIT frequency reached 11.67 ps,
which corresponds to the propagation distance of 3.5 mm that light can travel freely in
vacuum. The minimum group delay is —63.4 ps at 0.38 THz. The delay-bandwidth product
(DBP) obtained from the maximum group delay and W was 0.49, leading to the potential
of slow light devices.

=
S’

(b) s

-50F

Group Delay (ps)
"
h

=100

Transmission Phase (degree)

—150 L L -75 : .
0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5

Frequency (THz) Frequency (THz)

Figure 4. (a) Transmission phase of the proposed EIT MTM unit. (b) Group delay of the proposed
EIT MTM extracted from the transmission curve.
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To explore the near field coupling mechanism within the EIT MTM, the electric field
distributions and surface current densities of the CW and EIT MTMs at resonant frequency
are illustrated in Figure 5. As depicted in Figure 5a, the electric fields of the CW concentrate
on both ends as an electric dipole mode under the direct excitation of the incident waves.
For the EIT MTM, the electric fields mainly concentrated around the split gaps of the
ELC resonators, which is the characteristic of a typical EIT effect. The electric fields of
the CW became subdued, due to the strong near field coupling between the CW and the
ELC resonators. The radiation waves generated by the accumulated charges in the split
gaps were polarized orthogonally to the incident waves, resulting in the cross-polarized
transmission and the narrow transmission peak [35]. The surface current densities of the
CW and EIT MTM are simulated in Figure 5b, which can further indicate the transformation
mechanisms. Under the excitation of an external stimuli, the surface current intensity of
the CW with respect to the polarization direction of the electric field of incident waves is
greater than that in the proposed EIT MTM. For the EIT MTM, it can be observed that the
induced circulating currents of the two SRR parts of each ELC resonator have opposite
directions, which evidences the fundamental LC resonance of the ELC resonators. The
surface currents of the SRRs near the center of the unit cell were in the clockwise direction,
while those of the other half SRRs were counterclockwise, so the main resonance on the
ELC resonators was electrical resonance. In general, the resonance coupling between the
CW and the ELC resonators completely suppressed the radiation loss of the bright mode,
resulting in the EIT phenomenon at the resonant frequency.
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Figure 5. (a) Electric field distributions of the CW and EIT MTM at resonant frequency. (b) Surface
current densities of the CW and EIT MTM at resonant frequency. The black arrow shows the direction
of the induced current.

To clarify the impact of unit cell parameters on the performance of the EIT effect, the
normalized transmission spectra with different horizontal and vertical coupling distance
(i.e., Wj and L;) are depicted in Figure 6. Other structural parameters mainly affect the
resonant frequencies of the CW and the ELC resonator, so they are not discussed in this
paper. As shown in Figure 6a, as the horizontal coupling distance W, varied from 13
to 53 pum, the normalized transmission gradually decreased from 0.86 to 0.25, and the
transmission peak red-shifted from 0.41 THz to 0.414 THz. The increase of horizontal
coupling distance corresponded to the decrease of coupling strength between the CW and
the ELC resonators, which led to the increasing similarity of transmission curves of the EIT
MTM and the CW. The normalized transmission curves with different vertical coupling
distance L; are illustrated in Figure 6b. As the vertical coupling distance varied from 106 to
46 um, the value of the transmission peak gradually changed from 0.86 to 0.88 at 0.41 THz
with a blue shift of 2 GHz. This almost negligible impact shows that the vertical coupling
distance had little effect on the performance of the EIT effect when it was greater than
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46 um. When the vertical coupling distance was further reduced to 16 um, the transmission
peak was 0.88 at 0.398 THz, showing a significant blue shift of 12 GHz due to the strong
electric field coupling between the two ELC resonators.
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Figure 6. Normalized transmission spectra of the proposed EIT MTM with (a) different horizontal
coupling distance W, from 13 to 53 um and (b) different vertical coupling distance L; from 16 to 106 pm.

In general, the bending substrate has a remarkable impact on the resonant frequency
and the peak value of the transmission peak [32,36]. To estimate the influence of the
bending LCP substrate on the transmission curve, a curved model that can be bent with
arbitrary curvature radius was built in HFSS using the wrap sheet method, as shown in
Figure 7a. Figure 7b illustrates the normalized transmission spectra of the proposed EIT
MTM with different curvature radii. The curvature radius is inversely proportional to the
degree of curvature. When the curvature radius was 10 mm, the transmission peak value
was 0.856 at 0.41 THz. As the curvature radius decreased to 1 mm, the peak gradually
decreased to 0.847 and maintained the same frequency, which is in good agreement with
the trend in the literature [36]. At the same time, the normalized transmission loss increased
by about 0.023 on average in the pass band.

(b) 1

08}

(2)

0.6

0.4}

Normalized S-parameter

0.2F

0.40 0.41 0.42

0.2 0.3 0.4 0.5
Frequency (THz)

Figure 7. (a) Schematic of the flat and curved EIT MTM unit cells. (b) Simulated transmission spectra
of the proposed EIT MTM unit cell with different curvature radius. The inset shows an enlarged view
around the transmission peak.

3. Theory and Experiment
3.1. Theoretical Analysis

Typically, the physical principle of the EIT phenomenon can be described as a three-
level atomic system [37]. In this design, the atomic system composed of the ground state
energy |1>, the high energy level 12> and the excitation state energy |3> was mapped to
the coupling process of the CW and ELC resonators, as shown in Figure 8. The process from
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|1>to |2> represents that the CW is excited by the incident waves, and the process from
|2> to |3> represents that the near field coupling between the CW and the ELC resonators.
Meanwhile, the ELC resonators can be excited by the x-direction polarized incident waves,
corresponding to the process from 1> to |3>. These two different excitation paths in the
proposed EIT MTM system led to a destructive interference phenomenon.

bright resonator

3>

12>
dark resonator

1>
Figure 8. Three-level atomic system model of the proposed EIT MTMs.

To further theoretically analyze the physical origin of the EIT phenomenon, a classical
Lorentz oscillator model was used to quantitatively analysis the coupling effect between
the CW and the ELC resonator [19]. The coupled oscillators satisfy the following equations:

X1+ 71x1 + wéxl +xx; = gE, 3)

X2 + Y2x2 + (wo + (5)2x2 +xx;=0. 4)

where x1, x2, 71 and 7, are the resonant amplitudes and the damping rates of the CW and
ELC resonator, respectively. wg and wy + 6 represent the angular resonant frequencies of
the CW and ELC resonator, respectively. 6 and x represent the mismatch of the resonant
frequency and the coupling coefficient between the CW and the ELC resonator, respectively.
G represents geometric parameter indicating the coupling strength between the CW and
the incident electric field. By simultaneously solving the Equations (3) and (4) based on
the approximation w«wy, the susceptibility x and the transmission T of the proposed EIT
MTM can be expressed as:

w— (wy+6) +i%

(w—wo+i%)[w— (wo+0) +iR] - &

T=1-gxi. (6)

The simulation curves and theoretically fitting transmission spectra of the EIT MTM
with various horizontal coupling distances W; are shown in Figure 9a, in which two sets
of spectrum curves are in good agreement. The fitting parameters 71, 72, 6 and «, as a
function of the horizontal coupling distance, are shown in Figure 9b, which theoretically
validates the near field coupling mechanism. When W, = 13 pm, the fitting parameters
were 1 = 0.05 THz, 7, = 0.0068 THz, § = 0.022 THz, and x = 0.058 THZ?, respectively.
As the horizontal coupling distance increased from 13 to 53 um, it was observed that -,
gradually decreased from 0.05 to 0.046 THz, whereas 7, increased markedly from 0.0068
to 0.0095 THz. The unchanged J means that the transmission peak frequency always
maintains 0.41 THz. The significant decline of x indicates the attenuation of the destructive
interference between the CW and the ELC structures.

X = Xr+ixi o , 5)
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Figure 9. (a) Simulation curves and theoretical fitting transmission curves of the proposed EIT MTM
with the coupling distance W from 13 to 53 pm. (b) The fitting parameters used in the theoretical
transmission spectra. The unit of « is THz?.

3.2. Experimental Verification

To verify the above-mentioned structure, an EIT MTM device was manufactured on
a 100-um thick LCP substrate, containing a total of 5000 EIT MTM units, as illustrated
in Figure 10a. The size of the whole device was similar to that of China’s one-yuan coin.
The LCP substrate was ultrasonically cleaned in isopropanol, absolute ethanol, and de-
ionized water for five minutes before processing. The metal pattern was composed of
30 nm titanium (Ti) and 170 nm gold (Au) from bottom to top by standard ultraviolet
lithography, electron-beam evaporation, and lift-off technology. Toptica THz frequency-
domain spectroscopy (FDS) TeraScan 1550 was applied to characterize the fabricated EIT
MTM device [22]. The experimental setup is shown in Figure 10b, where the device under
test (DUT) is located in the center of the optical path. The radius of the collimated beam
was nearly 1 mm. The test resolution was set to 30 MHz. The test was carried out at room
temperature and 10% humidity.

—_—
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0.2

—— Mea.
0.0 L 1

0.2 0.3 0.4 0.5
Frequency (THz)

Figure 10. (a) Photograph and the enlarged view of the fabricated EIT MTM device. (b) Photograph
of the test setup. (c) Measured (red solid line) and simulated (blue dotted line) transmission curves of
the fabricated EIT MTM device.

The measured transmission curve of the fabricated EIT MTM device is depicted in
Figure 10c. A significant transmission peak appeared at 0.414 THz with a peak value of
0.75 and a Q-factor of 9. The 3-dB bandwidth was 46 GHz, corresponding to 11% of the
operating frequency. The two valleys at 0.39 and 0.45 THz were 0.194 and 0.179, respectively.
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Compared to the simulated results, the blue shift of the transmission peak and valleys
mainly came from the manufacturing tolerance. In addition, the thin metal thickness of the
fabricated device reduced the interaction between the EIT MTM and the incident terahertz
waves, and thus led to a transmission attenuation of the peak and the pass band.

Table 1 shows the comparison of the experimental results between this work and the
reported EIT MTMs in terms of the type of dark mode resonator, the value of normalized
transmission peak, group delay, 3-dB bandwidth, flexibility, and substrate types. The
thickness of the LCP substrate in this work (100 um) was far less than that of F4B (2 mm),
sapphire (495 pm) and glass (500 um) substrates in the references. Apart from the ELC res-
onator and the flexible LCP substrate, the proposed EIT MTM device has many advantages,
such as large transmission peak, large group delay and similar 3-dB bandwidth, which is
especially suitable for slow light and sensing applications.

Table 1. Comparison with the experimental results of EIT MTMs already reported.

Ref.

Dark Mode
Resonator

Transmission Group Delay 3-dB Bandwidth  Flexibility

(a.u.) (ps) (%) (Y or N) Substrate Types

[17]
[19]
[20]
[21]
This work

SRR
SRR
SRR
SRR
ELC

0.62 >1000 8% N F4B
0.85 5.74 13.5% N Sapphire
0.5 3.1 Unknown 1 Y PI
0.47 Unknown 2 11% N Glass
0.75 11.67 11% Y LCP

References

! The transmission peak is too low to calculate the 3-dB bandwidth. 2 The group delay is not discussed in
the article.

4. Conclusions

To summarize, we designed and fabricated an EIT MTM with ELC resonators on a
flexible LCP substrate for the first time, achieving a significant EIT effect at THz frequencies.
The ELC resonators with purely electrical response can be excited by the CW through near
field coupling, and thus generating a destructive interference phenomenon. The proposed
device provides a new insight into the EIT MTM design and its flexible applications in
the THz regime and may be combined with active components to offer some fascinating
possibilities, such as the frequency switching of EIT phenomenon.
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