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Broadband Plasmon-Induced Transparency to a
Electromagnetically Induced Absorption Conversion

Metastructure Based on Germanium

Di-Di Zhu, You Lv, Si-Ying Li, and Hai-Feng Zhang*

A Germanium (Ge) metastructure with switching features from broadband
plasmon-induced transparency (PIT) and electromagnetically induced
absorption (EIA) is presented, which forms a broadband PIT through the
near-field coupling between the localized plasmon resonance and the Mie
resonance employing four gold cut wires as bright plasmon resonators and
four C-shaped dielectric rings as dark plasmon resonators. A wide transparent
window above 0.9 is achieved covering from 0.622 to 0.823 THz with a relative
bandwidth of 27.8%. In addition, through phase modulation, a magnetic
dipole is generated by the constructive interference of the near-field coupling
of the three resonators to realize the PIT to EIA conversion. In addition, a
grid-like metastructure is introduced to realize the PIT to EIA conversion by
phase modulation. To enhance the EIA bandwidth, another layer of C-shaped
reflection plate resonator is introduced to increase the dark mode loss, and a

As an intrinsic quantum mechanical phe-
nomenon accompanied by strong dis-
persion, EIT is expected to be useful
in areas such as quantum switching,!?]
photon storage,*! four-wave mixing,!'¥]
and regulations in light-pulse.[*®] The re-
search history of EIT has spanned a cen-
tury, and the first real experimental phe-
nomenon of EIT was observed in a three-
energy atomic system as early as 1991
by Boiler et al.l'®] However, the harsh ex-
perimental environment required to real-
ize EIT, such as ultra-low temperature!!’]
and high-intensity laser,*®! seriously hin-
ders the miniaturization of EIT devices
and their application in practical engi-

layer of frequency selective surface composed of cross-shaped resonators is
also used. Thus under the dual effect, a wide absorption window above 0.75 is
achieved covering from 0.647 to 0.756 THz with a relative bandwidth of 15.5%.

1. Introduction

Terahertz (THz) technology has been widely used in remote sens-
ing, imaging, and biomedical diagnostics, gradually opening up
anew era.l'3] Due to the characteristics of the frequency band in
which THz is located, it also places higher demands on the de-
sign principles of devices and quasi-optical components.*! Elec-
tromagnetically induced transparency (EIT) is a quantum phase
destructive interference phenomenon arising from alternative
leap paths between ground and excited states in the triatomic en-
ergy level,’l which induces a sharp and narrow transmission win-
dow in opaque media.[*?® EIT is a highly resonant phenomenon
that significantly slows down the incident electromagnetic wave
velocity!”!%] while greatly exacerbating the dispersion variation
in opaque media, resulting in a large group index (GI).'!l
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neering. In recent years, the rise of the
so-called metastructures,! that is, meta-
materials and metasurfaces, have bro-
ken the bottleneck of EIT development.
As subwavelength artificial periodic com-
posites, metastructures have unique and
exotic physical properties, such as negative refraction!'*?l and
electromagnetic polarization manipulation,?'-23] which have be-
come the "favorites" of many laboratories. To further miniatur-
ize EIT-related devices, plasmon-induced transparency (PIT) has
been proposed. PIT is a photo-induced oscillation of free elec-
trons at the metal/dielectric interface, which exhibits strong op-
tical confinement and extends the application of EIT to terahertz
and optical wavelengths. However, similar to EIT, the narrow
transparent window bandwidth has been a common drawback of
the reported PIT effect schemes, which limits the development
of technologies such as optical communication. Although Wu
et al.l?*! proposed and demonstrated that increasing the number
of layers of the PIT structure can effectively increase the band-
width, the complex structure of 41 layers also leads to a huge fab-
rication challenge.

At the same time, with the rise of research in high-frequency
fields such as THz, the drawback that metal resonators can
trigger large non-radiative Joule losses has become more se-
vere. As a result, various methods to reduce the losses and
improve the Q-factor have been continuously investigated and
demonstrated. One of the feasible strategies is to explore higher-
order plasma surface lattice resonance.[?>2°] It has been shown
that excitation of higher-order multi-poles,[?”] Mie resonances, 28!
toroidal resonances,?! Fano resonance,*"! anapole modes,*!]
and Tamm resonances are effective in improving the Q-factor and
reducing the radiation loss. The introduction of high-dielectric
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constant dielectric resonators provides a solution to the problem
of metal radiation loss at high frequencies by replacing the high-
loss ohmic currents generated by metal resonators with low-loss
displacement currents generated by dielectric resonators. At the
same time, the large Q-factor difference between the metal and
dielectric resonators fits well with the PIT bright-dark mode the-
ory. However, metastructure system studies combining these two
properties for PIT metastructure, especially for broadband prop-
erties, are still rare.

As a complementary effect to EIT, electromagnetic induction
absorption (EIA) defines a band in which enhanced atomic ab-
sorption due to wave coherence can be observed.*?! Although
the EIT effect has been extensively studied, research on EIA is
still in the process of development. EIA will open new paths for
the design of new photonic devices in narrow-band filtering, ab-
sorption switching, and light modulators.33! It is reported that
Tassin et al.** introduced a radiative dual oscillator model to
describe the absorption and scattering properties to achieve the
transition from EIT to EIA by reducing the dissipative damping
of the bright resonant cavity and increasing the dissipative damp-
ing of the dark resonant cavity. In addition, reducing the coupling
strength between the bright and dark resonant cavities (e.g., in-
creasing the coupling distance)!*! and the different phases in-
volved in the oblique incidence can also achieve the EIT to EIA
transition.[**) Among them, phase-shift modulation is an excel-
lent way to achieve EIT/EIA switching,’”%! and the EIA phe-
nomenon can be achieved in a multi-radiative metastructure by
increasing the number of radiative states to produce interference
between three and more excitation paths.

However, the reported EIA studies all exhibit sharp absorption
bands, and studies of broadband EIA have not been reported,
which limits the development of optoelectronic communication
devices. Meanwhile, many EIT/EIA metastructures have been ex-
tensively studied, but little effort has been devoted to the combi-
nation and automatic switching of the two in a single device to
meet complex engineering requirements (e.g., by varying exter-
nal factors such as light and temperature to achieve the transition
from optical transmission to absorption). At the same time, the
frequency selective surface (FSS) has become a research hotspot
as a favorable means of regulating electromagnetic waves. FSS
is composed of a large number of resonant units arranged on
a dielectric plate according to a certain rule,*! which is com-
monly used in radar radome and antenna sub-reflective surfaces.
However few studies have combined the advantages of FSS with
PIT/EIA metastructure.

In this paper, a Germanium (Ge) metastructure (GMST) with
switching features from broadband PIT to EIA is presented.
GMST forms a broadband PIT through the near-field coupling
between the localized plasmon resonance and the Mie resonance
employing four gold cut wires as bright plasmon resonators and
four C-shaped dielectric rings as dark plasmon resonators. A
wide transparent window above 0.9 is achieved covering from
0.622 to 0.823 THz with a relative bandwidth of 27.8%. In ad-
dition, a grid-like metastructure (GLM) is introduced to realize
the PIT to EIA conversion by phase modulation. To enhance the
EIA bandwidth, another layer of C-shaped reflection plate res-
onator (CRP) is introduced to increase the dark mode loss, and
a layer of cross-shaped FSS resonator (CRFS) is also used. Thus
under the dual effect, a wide absorption window above 0.75 with
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Table 1. Detailed dimension.

Parameters h, h, hy d, d, dy d,
Value [um] 32 6 10 1 1 27 1

Parameters ky k, ks ky ks ke wy
Value [um] 60 10 5 10 5 180 128
Parameters w, w; Wy ws We n r,

Value [um] 8 71 8 10 115 25 36
Parameters ry h I, Iy Iy X —
Value [um] 30 240 170 100 10 100 —

a relative bandwidth of 15.5% is realized. In addition, the oper-
ating principle of GMST is explained by analyzing the surface
current as well as the atomic energy level diagram, and the PIT
and EIA phenomena are reproduced by using the circuit model
to confirm the consistency and validity of the simulation and the-
ory. This design is expected to provide new ideas for the design
of electromagnetic induction switches with potential applications
in the fields of radome design, optical delayers, and information
coding.

2. The Design Process and Simulated Results

2.1. GMST Design

Figure 1a illustrates the top view of the proposed GMST cell struc-
ture. The meta-atoms include the top CRFSs , the middle layer
four CPRs, and the bottom grid resonator GLM (all with inte-
grated Ge). The GMST also has four gold (conductivity 6,44 =
4.561 X107 S m~1)1*0] cut wires and four C-shaped dielectric rings
to form the PIT, as well as three dielectric spacers. It is noteworthy
that the conductivity of the tunable material varies with the mod-
ulation of the external stimulus. The photosensitive semiconduc-
tor Ge can be excited by pump light at wavelengths less than 1800
nm,[*!l and the conductivity of Ge is assumed to be 0 S m~! in the
absence of pump beam illumination and gradually increases to 1
x 10° S m~! with the peak of the pump beam power.[*!] As seen
in Figure 1D, the dielectric spacer between the top CRFS and the
middle layer CPR is transparent material PMMA (relative per-
mittivity Spypa = 2.5, loss tangent tandpy 4 = 0)142] with a thick-
ness of h; = 10 um, which is introduced to facilitate the light to
change the working state of the CPR. The remaining two layers
are quartz substrates (8., = 3.793, tand,,,,= 0.0008)!**l with
intermediate layer thickness h,=6 pm and bottom layer thick-
ness h;=32 pm. As shown in Figure 1c—f, the four C-shaped di-
electric rings as dark plasma resonators are composed of Tita-
nium dioxide (TiO,, 60, = 114, tandyg, = 0.00027).1 It con-
stitutes eight dielectric rings with the upper CPR structure, and
the upper and lower two constitute a group of four parts, each of
which overlaps the central axis of the dielectric ring but differs
180° in the direction of the dielectric ring rotation. The centers
of the four dielectric rings in two planes are connected to form
a square with a side length of x = 100 pm. The detailed geom-
etry of GMST is shown in Table 1. It is worth stating that the
proposed GMST has a quadruple symmetry and has the same re-
sponse results for the incident TE (electric field direction along y-
direction, magnetic field direction along x-direction, wave vector
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Figure 1. a) Top view of GMST, b) side view of GMST, ¢) CRFS structure diagram, d) GLM metastructure diagram, e) middle two-layer resonance (CPR
and four C-shaped dielectric rings) structure diagram, and f) four gold cut wires schematic diagram.

Figure 2. a) Array diagram forming the metastructure of the broadband PIT, b) a gold cut wire and a C-shaped dielectric ring diagram, and c) top view

of PIT metastructure.

direction along z-direction) and TM (electric field direction along
x-direction, magnetic field direction along y-direction, wave vec-
tor direction along z-direction) waves, that is, it has polarization
insensitivity. The simulation results were obtained with the help
of the commercial simulation software High Frequency Simu-
lation Software (HFSS). The GMST are set up in close periodic
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alignment in the simulation process (similar to Figure 2a), and
the near-field coupling effects between adjacent unit cells (such
as gold cut wires) are negligible and their effects have been con-
sidered in the experiments. The simulation results show that the
formation principle and structural response results are the same
for TM wave or TE wave incidence. Therefore, to observe the
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Figure 3. Four gold cut wires (bright plasmon resonators) resonate individually, a) transmission response curve, b) electric field distribution, and four
C-shaped dielectric rings (dark plasmon resonators) resonate individually. c) transmission response curves, and d) electric field distribution.

phenomenon and explain the principle, TE wave incidence is
used as an example in this paper.

2.2. PIT Mechanism Analysis

Figure 2 illustrates the periodic metastructure diagram of the
first stage of forming a broadband PIT, consisting of four gold
cut wires and four C-shaped dielectric rings on a quartz dielec-
tric substrate (see Figure 2a for details). A schematic of the in-
dividual resonators and a plan view of the structure are shown
in Figure 2b,c. Detailed dimensions can be found in Table 1. It
should be emphasized that the proposed PIT metastructure has
quadruple symmetry and the overall PIT metastructure is ob-
tained by three 90° center rotations of a single resonator, and the
PIT metastructure is polarization insensitive. Figure 3a,c shows
the transmission curves of the separate responses of four gold cut
wires and four C-shaped dielectric rings in TE mode, respectively.
And the electric field diagrams corresponding to the two resonant
frequency points are located in Figure 3b,d, respectively.

The two cut wires with the same radial direction as the inci-
dent electric field direction (y-direction) strongly excite the local
surface plasmon resonance at 0.621 THz (see Figure 3a), and a
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large amount of electric field energy is localized at both ends of
the two gold cut wires (see Figure 3b), showing electric dipole
properties, which can be used as a bright plasmon resonator. In
this case, there is a strong coupling with free space, and at the
same time, there is a large radiation loss, which is manifested
in the transmission spectrum as a wide spectrum and a small Q
value of 10.7 (quality factor Q = f/Af for the fundamental reso-
nant mode, fis the resonant frequency and Af denotes the half-
peak bandwidth).[*l As can be seen from Figure 3c,d, the two
C-shaped dielectric rings with the notch linkage direction along
the electric field direction can be directly excited by the incident
electric field due to the asymmetry of the structure. The remain-
ing two C-shaped dielectric rings are almost unresponsive and
can only be excited indirectly, showing the magnetic dipole prop-
erty, which is Mie resonance. Therefore, the weak coupling of
the four C-shaped dielectric rings to the incident field is used as
a dark plasmon resonator in this PIT metastructure. Comparing
Figure 3a with Figure 3¢, it can be seen that the dark resonator
produces a high Q (42.9) resonance at 0.857 THz, which also
proves the advantage of low loss under the action of displacement
current. In summary, the bright and dark plasmon resonators
satisfy the conditions for the generation of PIT, i.e., the differ-
ence in Q values between bright and dark modes is large and
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the resonant frequency points are similar (0.621 and 0.857 THz,
respectively). Therefore, when TE waves are incident, the phase
destructive interference between the local surface plasmon res-
onance produced by four gold cut wires and the Mie resonance
produced by four C-shaped dielectric rings leads to the PIT as
displayed in Figure 4a, where the PIT metastructure produces
transmission valleys at frequencies of 0.607 and 0.884 THz, and
transmission peaks at 0.972 THz. Bright and dark plasmon res-
onators resonate individually at resonant frequencies very close
to the two resonant frequencies of the complete PIT metastruc-
ture, while the transmission peak of the PIT metastructure lies
between the two resonant frequencies, which is formed by the
weak coupling between the two modes excited by the incident
wave.

To illustrate this phenomenon, the electric field distribution at
the transmission peak (0.681 THz) and the two transmission val-
leys (0.607 and 0.884 THz) are plotted in Figure 4b—d. It is easily
observed that the accumulation of the electric field is caused by
the self-coupling of the two gold cut wires coupled to the incident
electric field in the radial direction along the electric field (y-axis),
due to the self-coupling with the incident electric field, which
causes a transmission depression at 0.607 THz. In contrast, the
transmission valley at 0.884 THz is formed by the massive accu-
mulation of electric field on two C-shaped dielectric rings, whose
notch linkage is along the electric field (y-axis) direction. In ad-
dition, Through the near-field coupling between the localized
plasmon resonance of the two gold cut wires and the Mie res-
onance of C-shaped dielectric rings, the large amount of electric
field that originally gathered on the two gold cut wires due to di-
rect excitation by the incident field was significantly suppressed,
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Figure 4. a) PIT transmission response curve, and electric field distribution chart, b) at 0.607 THz, c) at 0.607 THz, and d) at 0.607 THz.

Min

which means the destructive interference similar to the classi-
cal three-level atomic system has been generated. Thus a wide
transparency window above 0.9 is achieved covering from 0.655
to 0.871 THz with a relative bandwidth of 28.3%.

2.3. The Physical Mechanism of PIT Behavior

To facilitate the explanation of the PIT formation mechanism,
Figure 5 is plotted. PIT is a quantum interference phenomenon
generated by two laser fields with detuned frequencies that in-
terfere destructively with the spectrum of an atom that is other-
wise in an absorbing state. That is, two different paths are re-
quired that interfere with each other and can lead to the same
final atomic state. In the 3-level atomic systems (see Figure 5a),
the two ground-state energy levels |b> and |c> are of similar en-
ergy and belong to the simplex energy level, while |a> is the ex-
cited state energy level. The probe electromagnetic wave operates
at energy similar to |b> —|a>, while another pump electromag-
netic wave with very high energy can achieve |c> —|a>, and the
interference path is then generated by these two jumps. The fa-
miliar Lorentz absorption curve can be observed when the pump
light laser is not operating. When the detection and pump light
are operating simultaneously, both lasers are tuned to their re-
spective atomic jumps, and there are two paths from energy level
|b> to energy level [a>: |b> —[a> and |b> —|a> —|c> —[a>, with
equal odds and opposite directions, and the interference effect of
phase destructive interference occurs at energy level |a>, mak-
ing the atomic Bourget number at energy level |a> close to 0.4
The absorption is canceled due to phase destructive interference,

© 2022 Wiley-VCH GmbH
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Figure 5. a) Explanation of the PIT phenomenon based on the 3-level atomic systems in TE mode, where y; and 7, are the coupling coefficients
between the energy levels, Q; and Q, are the transition phases. b) Formation of the theoretical transmission response curve of the PIT phenomenon. c)
Explanation of the PIT phenomenon based on the circuit model, and d) comparison of the transmission response curve of the proposed PIT metastructure

simulation with that of the circuit model theoretical analysis.

resulting in the PIT phenomenon. Establishing a circuit model
of the coupled structure of the metastructure allows for a simpler
understanding of the electromagnetic properties of the metas-
tructure from the circuit perspective, and a more comprehen-
sive analysis of the tuning of the metastructure properties from
the perspective of the circuit parameters. The circuit approach
to the analysis of metastructure requires a circuit model of the
resonator. The simplest circuit model is to equate each resonator
as an RLC in series. Here, the four gold cut wires and four C-
shaped dielectric rings are respectively equated to an RLC circuit
since the exact same resonator detuning frequency is the same.
The loss of the resonator is equivalent to the resistance, the gap
of the resonator is equivalent to the series capacitance, and the
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resonator itself is equivalent to a coil that can be equated to a se-
ries inductor. The above equivalence is only the simplest way to
obtain the RLC value, but in fact, the equivalent value of four gold
cut wires and four C-shaped dielectric rings is much more com-
plex and complicated. The equivalent value is closely related to
the length, width, and height of the gold wires, the radii of the
rings and the size of the opening, and the electromagnetic field
frequency.*! The resonant frequency of each resonator can be
derived from the equivalent capacitance and inductance values.
The theoretical equivalent circuit diagram of the PIT is shown
in Figure 5c, where the two branch series RLC circuits represent
the two bright and dark plasma resonators, respectively, and the
coupling effect between the two resonators is represented by the

© 2022 Wiley-VCH GmbH
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Figure 6. The three processes of broadband PIT to broadband EIA and the corresponding absorption curves.

coupling capacitance C, ;. The two resonant paths resonate at
different frequencies, resulting in a standard Lorentz curve (see
the two red dashed lines in Figure 5b). When the two paths in-
terfere with each other, a transparent window of unit transmis-
sion coeflicients appears in the amplitude spectrum (see the blue
solid line in Figure 5b). To accommodate the simulation software
requirements, the simulation circuit is simplified and the inter-
resonator coupling effect is ignored. A comparison of the trans-
mission response curve of the proposed PIT metastructure sim-
ulation with that of the circuit model theoretical analysis is given
in Figure 5d. The fitted data are as follows: R, =2 Q, L,= 62 pH,
C,=1.1fH,Z,=50Q,R,=1Q, L, =78 pH, C, =0.41F, Z, =50
Q. The two curves approximately overlap, verifying the validity of
the given circuit model and the PIT metastructure. Some devia-
tions may be due to some losses and complex coupling generated
in the design.

2.4. Mechanistic Analysis of PIT to EIA

The proposed GMST based on the photosensitive material ger-
manium can realize broadband PIT to EIA, which goes through
three main design processes (see Figure 6), the first stage, as
introduced above, through the near-field coupling between the
localized plasmon resonance and the Mie resonance, realizing
broadband PIT. In the second stage, a grid-like metastructure
(GLM) is introduced to realize phase modulation, using three
resonators coupled near-field to generate a magnetic dipole that
strongly traps the incident magnetic energy, converting phase de-
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structive interference to phase constructive interference, and re-
alizing the conversion from broadband PIT to narrowband EIA.
In the third stage, to enhance the EIA bandwidth, another layer
of C-shaped reflection plate resonator (CRP) is introduced to in-
crease the dark mode loss, and a layer of cross-shaped FSS res-
onator (CRFS) is also used. The dual effect effectively increases
the EIA bandwidth. The absorption curves corresponding to each
stage are also shown below the corresponding structure diagram
(see Figure 0).

It has been reported that the methods of PIT to EIA are to in-
crease the bright and dark mode coupling distance, reduce the
bright mode radiation loss or increase the dark mode radiation
loss,!** and the phase modulation achieved by constructive in-
terference between multiple resonators has been proved to be
the most effective way. And the key to achieving PIT to EIA in
this paper is precisely the introduction of GLM. At this point,
due to the near-field coupling between the three resonators to
achieve magnetic resonance, the enhanced absorption peak at
the resonant frequency will replace the narrow absorption de-
pression accordingly, forming a good absorption resonance in
the PIT window, thus realizing the transition from phase de-
structive interference to phase constructive interference. Its ab-
sorption rate exceeds 80% and the absorption peak frequency
is located at 0.750 THz (see Figure 6, Stage II). To better ex-
plain the designed physical process, the simulated surface cur-
rent distribution with phase difference for Stage II is plotted in
Figure 7, where Figure 7a,b indicates ¢ = 0.33 z, 1.33 x at the ab-
sorption peak (0.750 THz), respectively. It can be seen that the
electric field in the TE mode is mainly localized in the radial
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Figure 7. Narrowband EIA metastructure (Stage 1) simulated surface current distribution at peak absorption frequency (0.750 THz) at TE mode, a)

when ¢=0.33 7z, and b) when ¢=1.33 z.

direction along the two gold cut wires in the electric field direc-
tion (y-axis) and on the two sides of the Ge “[0” pattern directly
below its vertical side. There is a z-phase difference between the
surface currents on the two resonators, and the reverse current
between them forms a magnetic dipole (see the blue circle in
Figure 7). It can be determined by the right-hand rule that the
direction m of the magnetic dipole is along the x-axis,!*’! which
coincides with the direction of polarization of the incident mag-
netic field. Therefore, it strongly captures the incident magnetic
energy, which causes a strong absorption.[*®] Therefore, by intro-
ducing GLM to achieve phase modulation, the constructive inter-
ference of the near-field coupling of the three resonators is used
to generate a magnetic dipole, which strongly captures the inci-
dent magnetic energy and converts the phase destructive interfer-
ence to phase constructive interference to achieve the PIT to EIA
conversion.

To better explain the formation process of PIT to EIA, typical
4-level atomic systems in TE mode shown in Figure 8a are in-
troduced, and EIA as the inverse process of PIT, the theory of
simplicial energy levels in quantum is also applicable, where |b>
and |c> are simply merged ground state energy levels and |a>
and |d> are simply merged excited state energy levels. The differ-
ence from PIT is that, in addition to the introduction of coupling
and detection light, additional control light that enables the jump
from energy level [c> —|d> is required.[*! And in different cases
(e.g., in the coupling field, the Rabi frequency of the control field
(which refers to the process by which an atom, when irradiated
by a beam of coherent light, periodically absorbs a photon and
re-emits it by excited emission, such that the reciprocal of a pe-
riod is called the Rabi frequency) and the decay rate of the fourth
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simplicial energy level do not coincide,>" the atomic coherence
process of a four-energy level atomic system does not affect the
medium absorption are the same, that is, the leap interaction
between atoms is converted from phase destructive interference
to phase constructive interference, specifically, the conversion of
PIT to EIA. To achieve PIA while keeping the PIT effect stable
and to integrate the PIT and EIA phenomena in the same metas-
tructure, the GLM based on the photosensitive material Ge was
introduced. The PIT to EIA conversion is achieved by multipath
interference between the three resonators. The proposed metas-
tructure has four gold cut wires corresponding to the energy level
|b>—|a> leap, four C-shaped dielectric rings corresponding to
the energy level |a>—|c> leap, and Ge GLM corresponding to
the energy level |c>—|d> leap.

Figure 8b plots the EIA behavior in a three-branch series RLC
resonator resonating at the detuned frequency. That is, a new
branch RLC is added to the original PIT circuit model to repre-
sent the constructive interference effect of the GLM resonator. A
series circuit is formed by the self-inductance L,; of the GLM, gap
capacitor C,; and resistor R,; and connected to the original PIT
structure through the coupling capacitor C, ;. A simplified sim-
ulation circuit to accommodate the circuit simulation software
is also plotted in Figure 8b. And a comparison of the absorp-
tion of the narrowband EIA metastructure (Stage II) simulation
with that of the circuit model theoretical analysis is shown in Fig-
ure 8c.The fitted data are as follows: R; = 35 Q, L, = 83 pH, C,
=0.56 fF, Z, =30 Q, Z, = 160 Q. The simulated and theoretical
absorbance curves can be regarded as consistent. Some minor
mismatches can be attributed to negligible capacitive/inductive
coupling between resonators.
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132]

b) Explanation of the narrowband EIA phenomenon based on the circuit model, and c) comparison of the absorption of the narrowband EIA metastructure

(stage I1) simulation with that of the circuit model theoretical analysis.

2.5. Mechanistic Analysis of Broadband EIA

The next focus of this paper is the implementation of a broad-
band EIA, which has not been reported so far. Based on Stage
11, the CRP metastructure is introduced and the individual res-
onance curves are shown in Figure 9a. The designed operating
band corresponds to a reflector plate, which can also be consid-
ered as a band resistive surface. Placed above the four C-shaped
dielectric rings (dark plasmon resonators), the Ge CRP exhibits
a metallic state under illumination and the near-field coupling
with the dark plasmon resonators enhances the loss of the dark
plasmon resonators.[*/] Related experiments have shown that the
coupling between attenuated radiation and dark modes can ef-
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fectively transition the PIT to EIA, and this has been verified in
the radiation spring oscillator model,?*! which is homologous
to either the generation of magnetic dipoles or the introduction
of coupled phase detuning. Therefore, the introduction of the
GMST species CRP proposed in this paper produces a phase con-
structive interference that eliminates the residual effect of the
remaining phase destructive interference at the frequency point
near the narrowband EIA and further enhances the broadband
effect of the original absorption window, (indirectly attenuated
phase destructive interference). In addition, the top layer of the
proposed GMST is placed with a CRFS metastructure, a band-
pass surface whose transmission response curve acting alone is
shown in Figure 9b. The proposed GMST in this paper uses this

© 2022 Wiley-VCH GmbH
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Figure 9. a) Transmission response curves (reflection and transmission curves) of CRP, and b) transmission response curves (reflection and transmis-

sion curves) of CRFS.

FSS to effectively modulate the electromagnetic wave transmis-
sion operating interval, enhance the transmission on both sides
of the absorption peak (0.702 THz), and reduce the reflection of
the structure, thus achieving an enhanced effect of bandwidth.
The bandwidth of EIA increases significantly under the dual
action of CRP and CRFS, the variation of which has been plotted
in Figure 10, while the effects of CPR and CRFS are reflected in
the three curves of reflection, transmission as well as absorbance.
The design idea is consistent with the simulated structure and
also verifies the effectiveness of the increase in interference path
and the introduction of FSS on increasing the bandwidth. It can
also be understood that the near-field coupling between multi-
ple resonators tends to form many interesting phenomena, and
the broadband EIA formed by the designed GMST can also be
seen as the formation of constructive interference between five
resonators with no detuning frequencies, and as the interference
path increases, the intensity of the phase constructive interfer-
ence cancels out the residual energy of the nearby phase destruc-
tive interference, and forms in the working interval multiple ab-
sorption peak points are formed, resulting in a broadband effect.
The corresponding theoretical circuit model consists of five se-
ries RLC circuits resonating at detuned frequencies connected in
parallel with each other (see Figure 11a), representing the roles
of each of the five resonators, and the coupling between the res-
onators is represented by the coupling capacitance. One of the
simplified simulation circuits to accommodate the simulation
software is drawn in Figure 11b. The self-inductance L,, gap ca-
pacitor C,,, and resistor R,, of the CRP form a series circuit, which
is connected in parallel with the self-inductance L, gap capaci-
tor C,5, and resistor R;s of the CRFS on the upper, and is coupled
between the layers through C,_,. This part of the circuit is the
key to EIA bandwidth increase, forming resonance near the orig-
inal narrowband EIA band, thus increasing the bandwidth. Fi-
nally, we have carefully fitted the following data: R, =55Q, L, =
75pH, C, =0.8{F, R, =80 Q, L, = 10 pH, C; = 0.5 fF. The fitting
results are shown in Figure 11b, which simulates the theoretical
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analysis curve in agreement, with slight deviations within accept-
able limits. This is attributed to the limitations of RLC resonance,
and the neglect of other resonant modes. However, the model is
still suitable for qualitative prediction of the effect of structural
parameters on the resonant frequency which also confirms the
rationality of the given GMST.

To systematically study the formation mechanism of broad-
band EIA, the metastructure forming narrowband EIA is seen
as a monolithic Part I, while the two metastructures used to in-
crease the bandwidth, CRP and CRFS, can be made as a mono-
lithic Part 115! (see Figure 11d). Since the said Part [ and Part 11
work in the EIA state when Ge is in the metallic state, the trans-
mission coefficient is negligibly small and the conventional two-
port network can be regarded as a single-port network. And it is
well known that the complex single-port network can eventually
be represented by an RLC series resonant circuit. The final sim-
plified circuit is shown in Figure 11d. Thus, the proposed GMST
can be approximated by two transmission line equivalent circuit
models, and the geometrical parameters of the proposed GMST
and the effects brought by Part II are discussed qualitatively and
quantitatively. When the z-direction electromagnetic wave is in-
cident, the gold cut wires and GLM form a magnetic dipole with
strong magnetic resonance properties, which strongly captures
the incident magnetic energy, and the C-shaped dielectric rings
are excited with Mie resonance. According to the resonance the-
ory of the equivalent RLC circuit, the mutual inductance effects
within Part I and with Part II and the underlying structure can
be described by L, and L, with the following equations, where
U, refers to the vacuum magnetic permeability®?!
hy+h, )

(rp=m) w, -l

)

L, ~ 8urywsl; In <2

h, +h,

L,~4 kln({2———
2 Holi 1 H( (r,—1) ks
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The parallel plate capacitors C,; and C,, can be used to sim-
ulate the induced capacitance within Part I and between Part II
and the underlying structure, as shown in Equations (3)—(4).

C. ~ £,605; 3

ol ™~ hl +h2 ( )
£,€,S

02 hl +’12 ( )

where ¢, is the vacuum permittivity and e, is the relative permit-
tivity of the dielectric substrate. S; and S, are the effective plane
areas of Part I and Part I, respectively. Therefore, the resonant
frequency w, of Part I is represented by Equation (5), and the
subsequent introduction of Part II will not only reconfigure the
equivalent input impedance to match the space, but also the mu-
tual coupling between Part IT and Part I will trigger a new high-
frequency resonance w,. Thus, a new absorption peak is formed
near the original narrow-band absorption frequency point to in-
crease the EIA bandwidth.

1

w, = 1 ~
= ~
2715\/ Lol Col 2ﬂ\/8u0r1w3136,5051 In <

®)

9 Inthy >
hy+h, (ry=11)-wy-ly
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1 1

w, = ~
2n \/LDZ Coz 2”\/4/40’1’615'-5052 In (

hy+h,

9 _haths )
(r=r1)ks

3. Results and Discussion
3.1. The Two States of GMST

Above we analyzed the mechanism and response curves of bright
and dark resonators forming PIT, and added three resonators
based on the photosensitive material Ge to form broadband EIA,
because of the special nature of the tunable Ge conductivity,
a broadband PIT/EIA switchable metastructure was designed.
When the Ge conductivity is 0, the GMST forms a peak PIT of
0.982 in the operating interval of 0.581 to 0.871 THz, where the
wide transparency window above 0.9 covers from 0.622 to 0.823
THz with a relative bandwidth of 27.8% (see Figure 12a). It is
worth proposing that even though the Ge conductivity is 0, there
is still a slight effect on the PIT curve (Stage I) formed by the
original dual resonator, but it does not prevent the formation of
broadband PIT in the five-resonator system and the phenomenon
is very good. When the light reaches a certain intensity, Ge takes
on a metallic state with a conductivity of 1 x 10°,[1 at which time
GMST forms an EIA with a peak value of 0.871 in the operating

© 2022 Wiley-VCH GmbH
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Figure 13. a) The transmission phase, b) the group delays, and c) the group index of the proposed GMST.

interval of 0.554 to 0.861 THz, where the wide absorption win-
dow above 0.75 covers from 0.647 to 0.756 THz with a relative
bandwidth of 15.5% (see Figure 12b).

3.2. The Slow-Light Effect of PIT

An important property of the PIT phenomenon is the slow-light
effect, which is widely used in the application of optoelectronic
information devices. As a highly resonant phenomenon, PIT sig-
nificantly slows down the incident electromagnetic wave velocity
in opaque media, while greatly exacerbating the dispersion vari-
ation. In the transparent window of PIT, the drastic phase shift
directly triggers a high group delay (GD), while the phase shift
time is positively correlated with the local field enhancement and
is an important factor to verify the induced optical state. In addi-
tion, the corresponding group index (GI) is used to describe the
slow wave effect in the proposed GMST. The calculation is based
on the following!>*!

0P
Tep = _a )
c
NG = Z%6p 8)

t

where w, ¢, ¢, and t denote the angular frequency, the transmis-
sion phase, the speed of light in a vacuum, and the total thickness
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of the proposed GMST, respectively. Thus, the phase of the inci-
dent wave in Figure 13a shows two abrupt changes on both sides
of the PIT transmission window, which is consistent with a typ-
ical PIT. Figure 13b shows clearly that the TE mode has a max-
imum GD of 776 ps, corresponding to a maximum GI of 2326
(see Figure 13c). As a result, the transmission spectrum has a
strong dispersion and low loss, while the associated dispersion
has a distinct phase spectrum, showing a clear slow light effect.
It has a wide range of applications in optical switching, enhanced
nonlinear effects, and optical storage.

3.3. Key Parameters Impact Analysis

To further investigate the dependence of the proposed GMST on
the incidence angle, the transmission and absorption efficiencies
at different incidence angles are depicted in Figure 14a,b, respec-
tively. It can be seen that the EIT still shows broadband transmis-
sion at an incidence angle of less than 20°, while the frequency
band of transmission above 0.9 gradually decreases until it dis-
appears as the incidence angle increases. The EIA also shows the
same trend, the frequency band above 0.75 is still very wide when
the incidence angle is within 30°, then as the incidence angle in-
creases, the absorption spectrum suffers a certain degree of at-
tenuation and gradually turns into the narrow band absorption
and blue shift phenomenon. This phenomenon can be explained

© 2022 Wiley-VCH GmbH
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by the fact that as the incident angle increases, the electric field
components of the electromagnetic waves arrive at different res-
onant structures at different times, thus showing differences in
the modulation effect on the electromagnetic waves. However, in
short, the proposed GMST can still present a broadband EIT/EIA
effect with some stability under the action of small incidence an-
gles.

To obtain the best phenomena, the geometrical parameters
of the proposed GMST were optimized by simulation software.
The performance variation curves of two key parameters are pre-
sented in Figure 15, which include the coupling distance h, be-
tween the dual resonator structure forming the PIT and the un-
derlying GLM metastructure, the thickness and inner radius size
of the four C-shaped dielectric rings d, and r,. Observing Fig-
ure 15a,b, it can be seen that the absorbance curve is red-shifted
as h, increases, and the two transmission valleys, as well as the
relative bandwidth, have the best effect at h; = 32 um, which is be-
cause the coupling distance h, between the dual resonator struc-
ture forming the PIT is the key parameter that affects the con-
version of phase destructive interference into phase constructive
interference, that is, it has a greater effect on EIA. At the same
time, h, also affects the PIT to some extent, and as h, increases,
the transmission curve appears red-shifted, which is because of
the red-shift of the operating frequency caused by the increase of
the dielectric substrate thickness. As can be seen in Figure 15c,
with the increase in the thickness of the CPR and four C-shaped
dielectric rings d;, the transmission window is significantly com-
pressed and the transmission amplitude in the high-frequency
region is optimized. This is attributed to the enhancement of the
Mie resonance effect of the dark plasmon resonator. At the same
time, with the increase of d,, the absorbance curve shows a signif-
icant red-shift and a general trend of narrowing the bandwidth,
and the d, is finally selected as 27 pm considering the specific ef-
fects(see Figure 15d). Moreover, considering that thickness uni-
formity is usually an issue in the deposition process, the inner
radius size of the four C-shaped dielectric rings r, is discussed in
Figure 15e,f. As the gradient thickness of walls in C-shaped di-
electric rings increases, the right transmission valley and band-
width above 0.9 of the transmission curve are both improved. But
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this is at the expense of the two absorption valleys of the absorp-
tion curve of the EIA. Therefore, the adjustment of specific geo-
metric parameters has a certain effect on the change of the oper-
ating band.

To further validate the proposed mechanism of broadband
EIA formation of GMST, the impedance matching principle is
introduced as a classical theory. It is assumed that the equiva-
lent impedance (Z) of the proposed integrated device is numer-
ically close or even equivalent to the equivalent impedance (Z,)
in free space, and thus the absorption performance is improved.
To check the degree of impedance matching of Z and Z,, the nor-
malized complex impedance Z, = Z/Z, is introduced. Z, can be
obtained by inversion of the S-parameters asl**!

o (1 + Sy (50))2 - 521(60)2 o)
(1 =Sy (w))z =Sy (w)z

where S;; (@) and S, (w) refer to the scattering parameters of re-
flection and transmission, respectively. Perfect absorption can be
achieved when the real and imaginary parts of Z, converge to 1
and 0, respectively. The real and imaginary parts of Z, calculated
from the s-parameters of the optimized GMST as a function of
frequency are shown in Figure 16. In the 0.55-0.75 THz range,
the normalized input impedance of Z, is slightly above 1 in the
real part and close to 0 in the imaginary part, leading to an effec-
tive broadband absorption, an observation that confirms a perfect
match with free space.

4, Conclusion

In conclusion, a GMST with switching features from broadband
PIT to EIA is studied theoretically in various aspects. GMST
forms a broadband PIT through the near-field coupling between
the localized plasmon resonance and the Mie resonance employ-
ing four gold cut wires as bright plasmon resonators and four
C-shaped dielectric rings as dark plasmon resonators. A wide
transparent window above 0.9 is achieved covering from 0.622
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to 0.823 THz with a relative bandwidth of 27.8%. In addition,
through phase modulation, a magnetic dipole is generated by the
constructive interference of the near-field coupling of the three
resonators, which strongly captures the incident magnetic en-
ergy and converts the phase destructive interference into phase
constructive interference to realize the PIT to EIA conversion.
In addition, another layer of reflection plate composed of CRP is
introduced to increase the dark mode loss, and a layer of FSS, in-
creases the bandwidth of EIA. A wide absorption window above
0.75 is achieved covering from 0.647 to 0.756 THz with a relative
bandwidth of 15.5%. In the end, the surface current as well as
the atomic energy level diagram is introduced to explain the op-
erating principle of GMST, and the PIT and EIA phenomena are
reproduced using the circuit model, confirming the consistency
and validity of the simulation and theory.
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