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Abstract: This study proposes a terahertz metamaterial structure composed of a silicon—graphene-
silicon sandwich, aiming to achieve quadruple plasmon-induced transparency (PIT). This phe-
nomenon arises from the interaction coupling of bright-dark modes within the structure. The results
obtained from the coupled mode theory (CMT) calculations align with the simulations ones using the
finite difference time domain (FDTD) method. Based on the electric field distributions at the resonant
frequencies of the five bright modes, it is found that the energy localizations of the original five bright
modes undergo diffusion and transfer under the influence of the dark mode. Additionally, the impact
of the Fermi level of graphene on the transmission spectrum is discussed. The results reveal that the
modulation depths (MDs) of 94.0%, 92.48%, 93.54%, 96.54%, 97.51%, 92.86%, 94.82%, and 88.20%,
with corresponding insertion losses (ILs) of 0.52 dB, 0.98 dB, 1.37 dB, 0.70 dB, 0.43 dB, 0.63 dB, 0.16
dB, and 0.17 dB at the specific frequencies, are obtained, achieving multiple switching effects. This
model holds significant potential for applications in versatile modulators and optical switches in the
terahertz range.

Keywords: plasmon-induced transparency; optical switch; Fermi level; graphene

1. Introduction

Surface Plasmon Polaritons (SPPs) [1], which are collective resonances produced
by the interaction of incident photons and surface electrons [2,3], have been extensively
studied in metallic and graphene materials [4-8]. Graphene, a tunable two-dimensional
hexagonal lattice material, exhibits similar dielectric constants to noble metals in the
terahertz and infrared wavelengths [9]. Recently, researchers have noted the occurrence
of the PIT phenomenon in both graphene [10-12] and metallic structures [13]. However,
those waveguide structures utilizing noble metals only allow for static adjustments and
suffer from significant losses [14]. In comparison, graphene offers significant advantages
with dynamic modulation through gate voltage tuning, making it highly versatile [15,16].
Because of its low loss [17-19], excellent dynamic tunability, and significant local field
enhancement effect [18-21], graphene finds crucial applications in optical sensing [22-24],
optical switching [25,26], optical storage [27,28], etc.

Graphene-excited surface plasmons show robust localized field enhancement effects in
the terahertz and infrared wavelengths. The plasmon excitations on the surface of graphene
can generate plasmon-induced transparency (PIT) [29], which is a phenomenon similar to
the electromagnetically induced transparency (EIT) [30,31] caused by atomic coherence.
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However, due to the challenging experimental conditions and high costs associated with
EIT, it is not conducive to practical applications [32]. PIT is a transparent phenomenon
produced in classical systems by destructive interference. It shares similarities with EIT, but
the required experimental conditions are not as stringent as those of EIT [33,34]. Recently,
PIT has been gaining significant attention among numerous researchers, owing to its
unique characteristics [35-37]. Studies have indicated that the interplay of bright and
dark modes can generate the PIT effect [38]. Bright modes, which are directly excited by
the incident light, induce resonance at specific frequencies, thereby causing a continuous
transmission dip within the transmission spectra. Conversely, dark modes, being unable
to be directly stimulated by incident light, typically do not impact the spectra. However,
in those designed bright-dark mode symbiosis structures, the dark mode is brought into
action through an optical field created by the interaction of the incident light and the bright
mode, leading to anomalous light transmission and a PIT window.

In this study, we present a dual-layer graphene waveguide structure composed of five
graphene ribbons (M1, M2, M3, M4, M5) and double vertical graphene ribbons (DVRG)
to achieve multiple PIT windows. The proposed structure is a multilayer terahertz meta-
material, in which a silicon substrate is sandwiched between two graphene layers, each
connected to its respective electrodes, respectively. Furthermore, the destructive interfer-
ence between the structure’s four bright modes and one dark mode results in significant
PIT. The theoretical results of quadruple PIT are fitted using the coupled mode theory
(CMT), which shows high consistency with the outcomes of the finite difference time do-
main (FDTD) simulations. Importantly, excellent optical modulation characteristics are
achieved for our structure, since the maximum and minimum modulation depths (MDs)
reach 97.51% and 88.20%, corresponding to the insertion losses (ILs) of 0.43 dB and 0.17 dB,
respectively. Therefore, our proposed structure offers significant prospects in areas such as
optical switching and modulation.

2. Simulation Model

The three-dimensional view depicted in Figure 1a showcases a terahertz metamaterial
structure consisting of a double-layer graphene. The substrate of the structure is made
of silicon, serving as the supporting layer, with a thickness of 0.45um. The upper layer
consists of a single rectangular graphene (M1), while the lower layer is composed of four
rectangular graphene sheets (M2, M3, M4, M5) and double vertical rectangular graphene
(DVRG) sheets, with each graphene layer having a thickness of 1 nm. Figure 1b provides
a distinct depiction of the top view of the proposed metamaterial structure. Figure 1c,d
provide the detailed parameters of the upper and lower layers of graphene. The geometric
parameters are as follows: d; = 0.9 pm, dy = 0.3 pm, d3 =dsy = 0.8 um,ds = dg = 1.1 um,
d7 = dg = d9 = le = 0.2 Hm, d11 = d12 = 0.6 wm, d13 = 0.5 wm, d14 = 0.7 um,
dis = dig = 02 um, Ly = Ly = 2 um, hy = 0.2 um, hy = 0.1 um, hz = 0.15 um. The
incident plane wave, serving as the excitation source, propagates in the negative direction of
the z-axis, perpendicular to the x-y plane. Monitors are positioned at a distance of 0.15 pm
above the bottom of the silicon substrate. In the X and Y directions, periodic boundary
conditions (PBC) are used and in the Z direction, a perfect matching layer (PML) is applied.
PBC is suitable for periodic structures, reducing computational resource requirements and
avoiding edge effects. Meanwhile, PML effectively absorbs reflected waves, ensuring the
accuracy of simulation results. The mesh step sizes in the x and y directions are set to
0.1 um, while the mesh step size in the z direction is set to 0.02 um, with a utilization of
22.5 mesh nodes vertically. The simulation time is set to 15,000 fs. The Fermi level of the
graphene ribbon is 0.6 eV.

Within the context of our proposed metamaterial structure, Molecular Beam Epitaxy
(MBE) presents a promising approach for fabricating the upper Si regions. MBE is capable
of growing crystalline thin films with excellent layer thickness and material quality control.
This technique involves the precise deposition of atoms or molecules onto a substrate
surface under ultra-high vacuum conditions. By finely adjusting growth parameters such
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as temperature, deposition rate, and silicon precursor flux, the controlled growth of Si
layers with nanoscale thickness can be achieved.

Incident wave
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Figure 1. (a) A 3D diagram presents the entirety of the proposed graphene structure. (b) An overhead
perspective providing a top view of the graphene arrangement. (c) Diagram of the graphene structure
on the upper layer in the z-direction of the structure. (d) Diagram of the graphene structure on the
lower layer in the z-direction of the structure.

The Kubo model stands as a well-established theoretical framework in the realm
of condensed matter physics. It is harnessed to ascertain the electrical conductivity of
graphene, which can be formulated as follows [38]:

O'(CU) = Ointra + Cinter 1)
2ie?kgT Er
‘Tintm - W ln |:2 COSh( szT ):| (2)

271 1 hiw — 2Ep 2 | i (hw + 2Ef)?
op = ——= | = + —arctan | ————L )| — — |1
Tinter = 173 {2 + —arc an< kg T ﬂ 72 o (ﬁw+2EF)2 +4(kBT)2 3)

where e, i, kp, w, Er stand for the electron charge, the reduced Planck constant, the
Boltzmann constant, the angular frequency of incident light and the Fermi level of graphene,
respectively. y is carrier mobility, and vr = 10° ms~! denotes the Fermi velocity. From
T = uEp/ evlz_- [39], the carrier relaxation time T can be deduced. The ambient temperature
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is configured as T = 300 K. By adjusting the bias voltage, the Fermi level of graphene Er
can be modulated from 0.6 eV to 0.72 eV. Under the conditions established in this study;,
Ointer can be disregarded, so o can be obtained [40,41]:

€2E1: i
h? w+ it !

o(w) = 4

In the proposed graphene metamaterial structure, with silicon as the substrate, the
propagation constant  and effective refractive index 1, are as follows [38,42]:

Esi Eair 0y
+ =2 5
VB —esiko? /B — eqirko? weg ®
Meff = k% (6)

where ¢, €,i;, and gy present the relative dielectric constants of silicon, air and vacuum
dielectric, respectively. ko and 7y correspond to the wave number in free space and the
inherent impedance, respectively.

3. Results of Simulation and Theoretical Analysis

The FDTD simulation process involves numerically solving Maxwell’s equations using
a grid-based approach. It discretizes both time and space, allowing us to track the evolution
of electromagnetic fields over discrete time steps, enabling analysis of its optical behavior
and properties. In the simulation, the graphene layer is discretized into grid cells both in
time and space. The electromagnetic field interacts with the graphene layer based on its
material properties, and the FDTD algorithm iteratively solves Maxwell’s equations in a
timely manner to calculate the propagation of the electromagnetic field and its interaction
with the graphene layer. To elucidate the physical mechanism behind the emergence of
the quadruple PIT phenomenon, the proposed structure is simulated using the FDTD
method, and the transmission spectra are depicted in Figure 2. When an x-polarized beam
is vertically incident on the structure, different graphene structures exhibit distinct Lorentz
curves. In Figure 2a, the M1, M2, M3, M4, and M5 structures generate five Lorentz modes,
considered as the bright modes, which can be readily stimulated by the incident plane
wave. The resonant frequencies of these bright modes, denoted as fy, f1, f2, f3, and f4, are
2.75THz, 3.37 THz, 3.98 THz, 4.63 THz, and 5.44 THz, respectively. When the incident light
is launched on the DVRG, similar bright modes are hardly excited, but the DVRG generates
a mode with a transmission of approximately 1, which serves as the dark mode. The dark
mode is incapable of direct excitation by the incident plane wave, yet it engages with the
localized field generated by the bright modes. Therefore, the destructive interferences
between the five bright modes and the dark mode lead to a pronounced quadruple PIT
phenomenon, as shown by the solid red curve, indicating the formation of the quadruple
PIT windows. The four PIT peaks are labeled as f;, f3, fc, and f; from left to right in
Figure 2b with the red curve. At the resonant frequencies of the bright modes (fo, f1, f2, f3,
and fy), the originally bright modes transform into the states with transmission rates close
to 1, as confirmed in Figure 2a,b.

To further delve into the underlying formation mechanism that governs the creation
of the quadruple PIT, the electric field distributions of the bright modes, the dark mode,
and the overall structure at the resonant frequencies of the four PIT windows are analyzed,
respectively. The SPPs’ excitation of graphene determines the intensity of the electric
field, where a higher excitation level results in stronger electric field energy. Figure 3a
illustrates the transmission spectra for the cases of only M2, DVRG, and the entire structure.
Figure 3b,c represent the electric fields of the bright mode M2 and the dark mode DVRG at
the resonant frequency of 3.37 THz, respectively. In Figure 3b, the electric field distribution
at the edges of graphene appears in a darker shade of red, indicating higher energy levels.
Graphene strongly couples with the incident plane wave for generating the bright mode,



Nanomaterials 2023, 13, 2474

50f16

and then the energy of the incident wave tightly binds with the graphene. In Figure 3c,
when only two vertical graphene strips DVRG are presented, the electric field energy
primarily localizes outside the graphene strips, with a very weak energy level. Within the
terahertz range, it exhibits no significant response to the incident plane wave, behaving as
a dark mode. Figure 3d represents the spatial distribution of the electric field within the
entire structure at the first resonant peak f;. The energy of the bright mode M2 experiences
significant attenuation and transfers to the dark mode DVRG, induced by the near-field
coupling between the bright and dark modes. At the resonance frequency of 3.27 THz,
a distinctive and clearly pronounced transparency window emerges as a result of the
destructive interference occurring between the two distinct modes. Figure 4a depicts the
transmission spectra for the scenarios involving only M3, DVRG, and the entire structure.
Figure 4b,c depict the spatial distribution of the electric field within the bright mode M3
and the dark mode DVRG at the resonant frequency of 3.98 THz. It can be observed
that when M3 and DVRG exist independently, energy localization occurs independently
under the influence of the incident light. In Figure 4b, the energy is mainly contributed
by the rectangular graphene strip. In Figure 4c, the weaker energy is localized along the
edges of the two vertical graphene strips. Referring to Figure 4d, which depicts the energy
distribution of the electric field across the entire structure at the second resonance peak, the
enhanced electric field is mostly distributed on the M1, M2 and DVRG, while the energy
within the M3 region diminishes. This demonstrates the transfer of electric field energy
from the M3 structure to the DVRG and M2, induced by the resonant interaction between
the bright and dark modes. Figure 5 depicts the emergence of the second notable PIT
transparency window, resulting from the destructive interference between the two modes,
which is similar to the previous analysis. Figure 5a illustrates the transmission spectra for
the cases of only M4, DVRG, and the entire structure. Figure 5b,c represent the electric fields
of the bright mode M4 and the dark mode DVRG at the resonant frequency of 4.63 THz. At
the third PIT transparency window, the dark mode is indirectly excited, and the electric
field energy primarily propagates from the M4 structure to the DVRG, as depicted in
Figure 5d. Figure 6a illustrates the transmission spectra for the cases of only M5, DVRG,
and the entire structure. Figure 6b illustrates the direct excitation of M5 by the incident light,
resulting in high electric field energy. At the fourth resonance peak fj, the electric field on
the M5 structure weakens, and the energy transfers to the M1 and M2 structures and weakly
couples with the vertical graphene strips. Furthermore, the bright mode M1 at the resonant
frequency of 2.75 THz undergoes destructive interference with other graphene structures,
causing the transmittance changed from ~0 to ~1. Figure 7a illustrates the transmission
spectra for the cases of only M1, DVRG, and the entire structure. Figure 7b indicates that
the energy at 2.75 THz is primarily contributed by M1. Figure 7c demonstrates that the
edges of the vertical graphene strips DVRG exhibit a conspicuous presence of extremely
weak electric field energy, and a low energy level across the entire structure is revealed in
Figure 7d. The energy on M1 is significantly attenuated, and the energy undergoes transfer
and diffusion, primarily weakly localizing outside the vertical graphene strips DVRG and
graphene structures. Therefore, under the influence of the incident plane waves, the bright
mode M1 at the resonant frequency of 2.75 THz experiences destructive interference with
the remaining graphene structures. This is investigated in the transmission spectrum with
quadruple PIT, where the absorption peak disappears and the transmittance increases
from 0.10 to 0.76. In Figure 8, the electric field energy is concentrated at the central local
position of M1, and the energy level is relatively low. This phenomenon indicates that at
the frequency of approximately 5.64 THz, the geometrical features of structure M1 resonate
with the wavelength of the incident electromagnetic wave, leading to the concentration
of electric field energy in specific regions. Due to the lower energy level, this resonance
behavior is not as pronounced as the main peak. Therefore, a smaller peak appears in the
transmission spectrum line represented by the black line in Figure 2a.



Nanomaterials 2023, 13, 2474

6 of 16

M1 M2 M3 M4 M5 DVG

1.0

0.8 —_— M1

0.6 —M2
§ 0.4 = M3
8 0.2 w— M4
g 0.0 M5
© DVG
= 22 s quadruple PIT

0.4

0.2

0.0

2 3 4 5 6
Frequency (THz)

Figure 2. (a) The transmission spectra of individual M1 (black line), M2 (green line), M3 (dark blue

line), M4 (purple line), and M5 (light blue line). (b) The transmission spectra of the entire structure

when the structure is under direct incident light excitation. Here, the Ep = 0.6 eV.
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Figure 3. (a) Transmission spectra for the scenarios involving only M2, DVRG, and the entire structure.
(b,c) The spatial distribution of the electric field within structures M2 and DVRG at the resonant

frequency f;. (d) Electric field distribution of the entire structure at f;.
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Based on the analysis process above, it can be understood that in the absence of the
dark mode, the energy of the five bright modes remains independently localized. However,
with the inclusion of the dark mode, the destructive interferences between the dark mode
and the five bright modes give rise to the formation of quadruple PIT. The originally
localized bright modes undergo diffusion and transfer under the influence of the dark
mode, resulting in the enhanced energy of the dark mode. This mechanism plays a crucial
role in the emergence of the quadruple PIT effect.

4. Math Method

To validate the FDTD simulation results, the CMT is employed to fit the FDTD sim-
ulation results. The theoretical coupling diagram derived from the CMT is depicted in
Figure 9, where elements A, B, C, D, and E represent the five resonators (correspond-
ing to M2, M3, M4, M5, and DVRG, respectively), and the amplitudes of the resonator
modes are labeled as “a, b, ¢, d, and e”, respectively. The superscripts “in” and “out”
of “Ain/out ~ pin/out - cin/out - pin/out anq pin/outs are respectively the input and output
waves of the resonator. The subscripts “+” and “—" of “Alf/out pgin/out - cin/out = pin/out
and Eij;/ °ut” represent the positive and negative directions of wave propagation, respectively.
Drawing upon the concepts of CMT [43,44], the mathematical depiction that elucidates the
interconnections among the various resonant modes finds its expression as follows:

—i;l/l14 —iﬂ15 a *'7(1){2 0 0 0 0 Aljf + Al,n

—ilpy  —ipos | [ b 0 Y20 0 0 Bi" + Bi

—ipzy  —ipgs || c | = 0 0 18>0 0 Cip 4+ @)
Y4 —ipss ) | d 0 0 0 N o D+ D™

—ipss 5 e 0 0 0 0  —qi{?) \EP+ET

where i, denotes the mutual coupling coefficients that interconnect the five resonators
(m, n=1, 2, 3, 4, 5, m # n). The variable -y, (with n values of 1, 2, 3, 4, 5) is contingent
upon the resonant angular frequency w; and is explicitly characterized by the equation
Yn = iw —iwy — Yip — Yon for n = 1, 2, 3, 4, 5), where the inter-loss coefficient 7;,
is determined by v;, = wn/(2Q;,) and the external loss coefficient -y, is obtained by
Yon = Wn/(2Qon). In addition, the overall quality factor Qy,, the inherent loss quality
factor Q;,,, and the exterior loss quality factor Qo for the nth resonant mode adhere to
the correlation 1/Qw =1/Qiy +1/Qon (n =1, 2, 3, 4, 5), where Qi = f/Af represents
the complete quality factor of the nth mode (f stands for resonance frequency and Af
signifies the full width at half maximum). The calculation of Q;;, involves the formulation

Qin = Re (neff) / Im (ne ff) [40]. Abiding by the law of energy conservation, the correla-
tion between the input wave and the output wave can be articulated as follows:
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BN = A% . exp(igy), AN = B - exp(igy), 8)

Ct = B - exp(iga), B™ = CO - exp(igy), )

D = C™ - exp(igs), C™ = D™ - exp(igs), (10)

EN = D . exp(igy), D™ = E°% - exp(igy), (11)

AQUE Al 12 g pout _ gin 112 g (12)

Bt — Bin _ /2. p pout — pin _ 412y (13)

ot = it — {2 ¢ cont — cin _ 41/2 ., (14)

D = D —qY4%.d, DM = D" — 4112 . g, (15)

EQU = EiN — ql/2. ¢ pout — pin _q1/2., (16)

where ¢1, ¢5, ¢3, and ¢4 denote the phase differences between A and B, B and C, C and D,
D and E, respectively. Meanwhile, the values of ¢, (n =1, 2, 3, 4) can be derived utilizing

the association ¢, = Re(B)d, = wd,Re (ne ff) /¢, where d,, designates the distance between
layers of graphene.

/;QQ\
Yo2 le / Y"' Vo4

M52 M4z "
H21 M1z 45
! Hps " Hsa
4y A Hs1 E E in
Ain Vi1 His Yis gin
Yol Tos

Figure 9. Theoretical schematic depicting the coupling among the resonant modes in the proposed
graphene metamaterial structure.

In addition, there is an absence of input wave propagating in the opposing direction
in E, thus ‘
E" =0. (17)

According to Equations (7)—(17), the complete system’s transmission coefficient can be
represented as follows:

Eout

T =12 (Vo v )+ (Vi Vs )t
+(\/77+\/%X53>t3+<m+\/%%)t4

b=
(18)
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where ;
tl = _i/ (19)

te
A (20)

te

It+ps ip—Imt, jp—Int

t3:kp—lo kp—1lo'te  kp—1lo't. @)
_o(lt+ps) —t(lo—kp)  m(lo—kp)+o(ip—1Im) t, n(lo—kp)+o(jp—1In) t,
e p(kp —lo) i p(kp —lo) T p(kp —lo) te 22
te = [(hs + Ir)(ch+dg) — (hq —dr)(hk — gl)] > [(kp — 1o)(f + jh) — (jp — In)(hk — gl)] (23)
+[(df 4 bh) (hk — gl) + (ch +dg) (f1 + jh)] x [(kp — 10) (el + hi) — (ip — Im) (hk — gl)],

a = Y1X25 + X15X21, b = y2X15 + X12X25, € = X15X23 + X13X25,d = X15X24 + X14%X25,

€ = X25X31 + X21X35, f = Y2X35 + X25X32,§ = Y3X25 + X23X35, 1 = X25X34 + X24X35,

I = X35X41 + X31X45,] = X35X42 + X32X45,k = Y3X45 + X35X43, | = Y4X35 + X34X45, (24)
M = 7Y5X41 + X45X51, 1 = Y5X42 + X42X52,0 = Y5X43 + X45X53, P = Y4'Y5 + X45X54,

g = /Yo1X25 — 1/ Y02X15, 7 = \/Y02X35 — \/V03X25,5 = \/V03X45 — 1/ V04X35,t = \/Yoa'Y5 — \/Y05X45,

Xin = /YomYon + itbmn (M, 1 =1,2,3,4,5;m # n). (25)

Theoretical transmission characteristics closely associated with the proposed graphene
metamaterial structure can be mathematically expressed as T = \t|2.

5. Analysis and Discussion

As is well known, graphene exhibits satisfactory dynamic tunability. The gate voltage
dependency enables dynamic tuning of the transparency window without altering the
geometric structure of graphene [45—47]. From Figure 10a,b, it becomes evident that the
transmission spectra exhibit a nearly linear blue shift with the increase in the Fermi level
from 0.6 eV to 0.72 eV. The correlation between the bias voltage and Fermi levels is described
by the following equation [30,48]:

1
mosdvg> i 26)

EF:ZHUF(de?
C

where v, Vg, €9, €4, and d. correspond to the Fermi carrier velocity, the gate voltage, the
relative dielectric constant of air, the relative dielectric constant of silicon and the thickness
of silicon, respectively.

The commonly used metrics for evaluating the performance of optical switch modula-
tors are the MD [49] and the IL [50], which can be obtained as follows:

MD = Tmax = Tmin| 000, (27)
max
IL =—10IgT, . (28)

where Tmax signifies the maximum transmission and Ty, corresponds to the
minimum transmission.

The transmission spectra curve, acquired via FDTD simulations, is depicted in
Figure 10a. With an elevation of the graphene Fermi level from 0.6 eV to 0.72 eV, a
noticeable blue shift becomes apparent along the red curve. The green dashed line rep-
resents the results fitted using the CMT theory, which closely matches the red curve. To
observe the blue shift more clearly, the variation process with the increment of the Er is
illustrated in Figure 10b. It is shown that the functional relationship between the frequency
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and transmittance of the structure changes as Er changes continuously within a certain
range. The red curve represents the baseline transmission spectra of the quadruple PIT at
0.6 eV. Then, the overall graphene structure’s Er is adjusted to 0.72 eV. As demonstrated in
Figure 10c, when the Er is 0.6 eV, the optical switch is considered “off” at the frequency
points of 3.74 THz, 4.32 THz, 4.98 THz, and 5.94 THz, while it is “on” at the frequency
points of 3.32 THz, 4.08 THz, 4.70 THz, and 5.41 THz. After modulation, the original “off”
states at the frequency points of 3.74 THz, 4.32 THz, 4.98 THz, and 5.94 THz change to the
“on” states. Conversely, at frequency points of 3.32 THz, 4.08 THz, 4.70 THz, and 5.41 THz,
they change to the “off”. Before and after the modulation, the “on” and “off” states are
completely reversed. Therefore, the influence of this optical switch is asynchronous.

(a) » s FDTD simulation eceee CMT  (|)

0.8 8
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Figure 10. (a) The simulated transmission spectrum obtained from FDTD at different Eg. (b) The
theoretical transmission spectrum as Er undergoes continuous variation within the range of 0.6 eV to
0.72 eV in FDTD simulation. (c¢) The octa-frequency switch of the transmission spectrum under Ep
values of 0.60 eV and 0.72 eV, respectively.

The MD values and IL values in Figure 10c are 94.0%, 92.48%, 93.54%, 96.54%, 97.51%,
92.86%, 94.82%, and 88.20%, and 0.52 dB, 0.98 dB, 1.37 dB, 0.70 dB, 0.43 dB, 0.63 dB, 0.16 dB,
and 0.17 dB, respectively. Here, to demonstrate the superior performance of our proposed
modulator, we compare it with several graphene-based metamaterial structures used for
optical switch modulators, as shown in Table 1. Clearly, the proposed octa-frequency
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switch modulator exhibits excellent MD and lower IL performances, providing important
guidance for the switch modulation at terahertz frequencies. Overall, this structure exhibits
dynamic and controllable spectral response characteristics. Through modulation of the
entire structure’s Fermi level, an octa-frequency asynchronous switch can be achieved with
an MD of up to 97.51% and excellent modulation performance.

Table 1. Comparison of graphene-based optical switch performance.

Reference/Year Material Structure Mo&l:)lgilon MD (%) IL (dB and %)  Modulation Band
Multilayer graphene : 87.8% 0.31dB
[491/2020 metamaterials Multiple frequency 77.7% 0.20dB Terahertz
[44]/2020 Multilayer graphene Single frequency 83.3% 0.33 dB Terahertz
metamaterials
[51]/2020 Multilayer graphene Single frequency 83.3% 7.2% Terahertz
metamaterials
Single-layer patterned 93.0% 0.32dB
[521/2020 graphene Dual frequency 85.0% 0.25dB Terahertz
[53]/2021 Bilayer graphene Triple frequency 86.1% 8.1% Terahertz
metamaterials
94.00% 0.52 dB
92.48% 0.98 dB
93.54% 1.37 dB
. Double-layer patterned 96.54% 0.70 dB
This work graphene Octa-frequency 97.51% 0.43 dB Terahertz
92.86% 0.63 dB
94.82% 0.16 dB
88.20% 0.17 dB

6. Conclusions

In essence, our study introduces a dual-layer graphene terahertz metamaterial struc-
ture to realize an octa-frequency asynchronous switch, since quadruple PIT transparency
windows have been generated. The mechanism of PIT formation is studied by inves-
tigating the electric field distribution. The results derived from the FDTD simulation
and CMT fitting show high consistency. Through the manipulation of the Fermi level in
graphene, dynamic and controllable multi-switch modulation functionality is achieved.
For the proposed octa-frequency switch, the MD is generally greater than 88%, and the IL
(0.16 dB < IL < 1.37 dB) is also remarkable. In the case of Er = 0.6 eV (Er = 0.72 eV), the
maximum MD reaches 97.51%, corresponding to an IL of 0.40 dB. Moreover, the minimum
IL of 0.16 dB corresponds to an MD of 94.82%. Compared to other structures based on
PIT, our proposed dynamically controllable optical switch exhibits excellent modulation
performance in terms of MD. Therefore, we believe that this structure offers a fresh avenue
for exploring optical switches and modulators at terahertz frequency.
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