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Abstract: In this paper, tunable dual plasmon-induced transparency (PIT) is achieved by using
a monolayer graphene metamaterial in the terahertz region, which consists of two graphene
strips of different sizes and a graphene ring. As the dual PIT effect is induced by the destructive
interference between the two quasi-dark modes and the bright mode, we propose a four-level
plasmonic system based on the linearly coupled Lorentzian oscillators to explain the mechanism
behind the dual PIT. It is proved that the theoretical results agree well with the simulation results.
Most importantly, the sensing properties of the designed device have been investigated in detail
and we found that it can exhibit high sensitivities and figure of merit (FOM). Furthermore, the
dual PIT windows can be effectively modulated by changing the Fermi energy of the graphene
layer and the angle of incidence. Thus, the proposed graphene-based metamaterial can hold wide
applications for switches, modulators, and multi-band refractive index sensors in the terahertz
region.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, metamaterials, a new type of artificial materials consisting of subwavelength unit
cells, have engaged many scientists’ attention owing to their extraordinary properties which are
different from natural materials. Graphene, a two-dimensional form of carbon, has also been
investigated quite intensively in recent years [1,2] due to its high carrier mobility [3,4], low
transmission loss [5], and electrical tunability [6—8]. Since the Fermi energy can be easily changed
through altering the bias voltage [9,10], graphene has greater potential compared to noble metals
[11] to lead to tunable plasmon metamaterials. Surface plasmons (SPs), including surface plasmon
polaritons (SPPs) and localized surface plasmons (LSPs), are surface electromagnetic waves
existing at the interface between a metal and a dielectric [12]. Plasmon-induced transparency
(PIT) [13], is a classical plasmonic analog of electromagnetically induced transparency (EIT)
[14,15], and does not require rigorous experimental conditions such as gaseous medium, stable
optical pumping, and extremely low-temperature environment [16]. In general, single PIT
originates from the coupling of a bright and a dark mode [17,18] or two bright modes [19,20]. In
other words, the generation of an EIT analog in plasmonic metamaterials can be achieved by two
different approaches: bright-dark mode coupling and bright-bright mode coupling [20].
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In addition to the single PIT effect, the multispectral PIT effect can also be realized in
graphene-based metamaterials. However, in order to realize the multispectral PIT effect, most
metamaterials proposed by researchers in recent years are based on multilayer graphene structures
[21-24] or hybrid metal-graphene nanostructures [25], which undoubtedly increase the difficulty
of manufacturing. A few researchers realized multispectral PIT by using a simple monolayer
graphene metamaterial in the terahertz region [26,27].

PIT metamaterials have many other potential applications such as slow-light devices [28,29]
and modulators [30,31]. In addition, since the PIT effect with a sharp transparency window
has the strong ability to confine electromagnetic fields, another important application of PIT
metamaterials is sensing. In general, THz waves can be used to detect biological macromolecules,
since organic molecules exhibit strong absorption and dispersion in the THz frequency range
when they interact with each other. However, most natural materials lack a strong response THz
waves, limiting their sensing capability. Fortunately, graphene can support THz LSPs. The
ultrathin thickness of graphene further increases the electromagnetic field confinement capacity
of the PIT effect. Thus, many graphene-based PIT metamaterials have been proposed and used
for sensing [32,33]. However, most reported sensors cannot meet the requirements of practical
applications owing to their low sensitivities. Designing highly sensitive sensors is therefore
important for sensing.

Motivated by recent work in this area, in this paper, we propose a monolayer graphene
metamaterial, which consists of two graphene strips with different size and a graphene ring, to
realize tunable dual PIT in the terahertz range. All components can couple directly with the
external field, and the destructive interference between them induces the dual PIT effect. To
better understand the principles behind it, we numerically calculate the electric field distributions
and propose a simple four-level plasmonic system based on the coupled Lorentzian oscillators.
The theoretical results agree well with the finite element method (FEM) simulation results. Under
certain conditions, the refractive index sensing properties of two PIT transmission peaks are
S1=0.92 THz/RIU and S, = 1.08 THz/RIU, respectively. The influence of the refractive index of
the substrate on the sensitivities is also studied in detail. In addition, the dual PIT effect can be
effectively modulated by changing the Fermi energy of the graphene layer and the angle of the
incident light. Based on the above advantages, the proposed metamaterial can be used not only
for sensors but also for optical switches and modulators in the terahertz region.

2. Structure design and methods

As illustrated in Fig. 1(a), the proposed graphene metamaterial is fabricated on top of the silica
(Si0y) substrate with a refractive index of 1.5. An ion-gel layer with a refractive index of 1.43
[34] is spin-coated on the graphene patterns, and the gold gate contacts are deposited onto the
ion-gel layer. Thus, we can adjust the Fermi energy of the graphene layer by controlling the bias
voltage between the gold gate contacts and the substrate [35]. It has been demonstrated that the
Fermi energy of graphene can be dynamically tuned from 0.2 eV to 1.2 eV by applying a high
bias voltage [36]. Figure 1(b) shows the top view of the unit cell, which consists of two graphene
strips with different size and a graphene ring. The ring is tangent to the centers of both the left
and right strips. To better distinguish these components, we refer to the graphene ring, the left
strip, the right strip, the combination of the left strip and the ring, and the combination of the
right strip and the ring as C, LS, RS, LSC, and RSC, respectively. The geometrical parameters of
the unit cell are given in Fig. 1(b) and they will not change throughout the paper unless otherwise
indicated. In this study, the transmission spectra and electric field distributions of the proposed
metamaterial are calculated using the commercial software COMSOL which is based on the
FEM. The terahertz plane wave polarized in the y direction propagates in the normal (z) direction
towards the surface of the structure. Periodic boundary conditions are applied in the x and y
directions, and perfectly matched layer (PML) absorbing boundary conditions are used in the z
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direction. The computation domain is discretized using a user-controlled inhomogeneous mesh.
The maximum element size of the graphene layer is set equal to 0.5um to ensure the accuracy of
the simulation results. The numerical method above has been verified by reproducing the results
in Refs. [28,37].

Graphene

Fig. 1. (a) Schematic diagram of the graphene metamaterial on a dielectric substrate. (b)
Top view of the structural unit of the metamaterial. The dimensions are: L;=12.5um,
Lr=10.5um, wy=wp=1.5um, r1=5.25um, rp=2um, d1=d»=5.25um, Px=Py=20um.

Graphene is modeled as a conductive surface by using the transition boundary condition and
its thickness is set equal to t;=1nm [38]. The conductivity of graphene, including interband and
intraband contributions, can be obtained from the Kubo formula [39,40]

20%kgT i Ep e [1 1 hw — 2EF
o(w) = e In [2 cosh (ZkBT t o |7t actan |
_ei, (ot 2E) ]

4h (27 (hw - 2EF)* + 4(kgT)* |~

where kg is the Boltzmann constant, e is the electron charge, 7= 300K is the temperature, / is
the reduced Planck’s constant, w is the angular frequency of the incident light, and EF is the
Fermi energy of graphene. 7 =uER / evg? is the carrier relaxation lifetime, where v = 1x10°
m-s~! denotes the Fermi velocity, and u.=10000 cm?-V~'.S! represents the carrier mobility.
Carrier mobility is an important parameter reflecting the conductivity of graphene. According
to previous reports, its highest value for a graphene film on a silica substrate can reach 40000
cm?-V~1.S7! at room temperature [41]. By considering our device’s performance and practical
feasibility, we choose 30000 cm?-V~!.S™! as the value of the carrier mobility. In the terahertz
frequency range (Er >>hw), the surface conductivity of graphene can be simplified by neglecting
the interband contribution, and the condition Er > kpT is fulfilled at room temperature. As a
result, it can be calculated using [38,39]

€2EF i

2

W= wr T

The effective permittivity of graphene can then be calculated through &(w) = 1+ io(w) / owty
[42], where g is the vacuum dielectric permittivity.
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3. Simulation results and theoretical analysis

3.1.  Simulation results

The transmission spectra of several different structures are shown in Fig. 2. In Fig. 2(a), we
observe that there is coupling between the LS, RS, and C structures and the incident light with
resonant dips at 2.39 THz, 2.75 THz, and 3.76 THz, respectively. The measured Q-factors for
the modes of the C, LS, and RS structures are ~8.3, ~12.6, and ~16.2, respectively. We note
that the Q-factor can be calculated from Q = fo/FWHM, where f is the resonant frequency and
FWHM [the pink shade in Fig. 2(a)] is the full width at half maximum bandwidth. Even though
these structures can be directly excited by the incident light, the coupling strengths between each
of them and the incident light are different. The larger the Q-factor, the weaker the coupling
strength. Thus, we classify the mode of the C structure with the lowest Q-factor as a bright
mode, and the modes of the LS and RS structures with larger Q-factors as quasi-dark modes
[43-45]. Here we would like to emphasize that, although we classify the modes of the LS and RS
structures as quasi-dark modes, these modes do couple to the incident light. They are therefore
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Fig. 2. Simulated transmission spectra of (a) sole C (blue solid line), sole LS (dark purple
solid line), and sole RS (bright purple solid line) metamaterial structures; (b) the proposed
metamaterial (black solid line), sole LSC (dark purple dashed line), and sole RSC (bright
purple dashed line) metamaterial structures. The illustrations represent one-unit cell of each
structure. The parameters of graphene are Er = 1.2 eV and u = 3.0uc.



Research Article Vol. 28, No. 21/12 October 2020/ Optics Express 31785 |
Optics EXPRESS b Ny \

different from dark modes, which do not couple to the incident field. In addition, the coupling of
the LS structure (first quasi-dark mode) to the incident field is stronger than the one of the RS
structure (second quasi-dark mode). When the LS and RS structures are combined with the C
structure to form the LSC and RSC structures, respectively, these structures exhibit single PIT
responses [dark purple dashed line and bright purple dashed line in Fig. 2(b)]. Finally, when
the C, LS, and RS structures are combined into the composite proposed metamaterial, there are
two transparency windows in the transmission spectra [black solid line in Fig. 2(b)], i.e. we
have a dual PIT response. Since the three elements of the metamaterial have different resonant
frequencies [Fig. 2(a)], the two transparency windows of the dual PIT response exhibit asymmetry
in frequency. It is worth noting that transmission spectra with asymmetric transparency windows
have sharper spectral profile compared to spectra with symmetric transparency windows, which
can lead to higher sensitivity [46].

The large overlap between the left graphene strip and the graphene ring as well as between
the right graphene strip and the graphene ring significantly affect the modes of the proposed
metamaterial structure. The resonant frequency of the mode of the sole left strip structure
is 2.39 THz [Fig. 2(a)]. The resonant frequency of the mode of the proposed metamaterial
structure which is mostly localized on the left strip is 2.88 THz [Fig. 2(b)]. This large shift in the
resonant frequency is due to the large overlap between the left strip and the ring in the proposed
structure. Similarly, the resonant frequencies of the modes of the sole right strip structure and
of the proposed metamaterial structure which is mostly localized on the right strip are 2.75
THz [Fig. 2(a)] and 3.45 THz [Fig. 2(b)], respectively. Again, a large shift is observed due to
the large overlap between the right strip and the ring in the proposed structure. Finally, the
resonant frequencies of the modes of the sole ring structure and of the proposed metamaterial
structure which is mostly localized on the ring are 3.76 THz [Fig. 2(a)] and 3.99 THz [Fig. 2(b)],
respectively. In this case the overlap between the ring and the strips results in a smaller shift of
the resonant frequency. We note that we chose to have overlap between the C and LS and C and
RS structures in the proposed metamaterial because this leads to superior sensing performance.

We also note that the mode of the proposed metamaterial structure which is mostly localized
on the left strip is affected by the left strip-ring overlap. On the other hand, by comparing the
transmission spectra of the LSC and proposed metamaterial structures [Fig. 2(b)], we conclude
that the right strip-ring overlap does not significantly affect this mode. Similarly, the mode of the
proposed metamaterial structure which is mostly localized on the right strip is affected by the
right strip-ring overlap, while the left strip-ring overlap does not significantly affect this mode.

To better understand the physical mechanism behind the dual PIT behavior, we show the
z-component of electric field (E;) distributions in the proposed dual PIT metamaterial structure
at the transmission dips at fq; =2.88 THz, f4p = 3.45 THz, and f43 = 3.99 THz in Figs. 3(a), 3(b),
and 3(c), respectively. We also show the distributions at the transmission peaks at f; =3.11
THz and f,; =3.77 THz in Figs. 3(d) and 3(e), respectively. In Figs. 3(a), 3(b), and 3(c) we
observe that the electric field is mostly localized around the edges of the LS, RS, and C structures,
respectively, similar to the electric field of optical dipole antennas. Thus, the three dips are caused
by the direct coupling between each of these three modes and the incident light. In contrast to the
E. distributions at the transmission dips [Figs. 3(a), 3(b), and 3(c)], the E, distributions at the
transmission peaks [Figs. 3(d) and 3(e)] are not localized and extend over the whole structure.
We attribute these distributions to the interference between the two quasi-dark modes and the
bright mode supported by the structure.

3.2. Theoretical analysis

The three modes mentioned above as well as the incident light can be considered as photon
states [47]. The incident light can be assumed to be the ground (continuum) state |0). The
excited states of the bright mode C, the first quasi-dark mode LS, and the second quasi-dark mode
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Fig. 3. The z-component of electric field (E;) distributions in the proposed dual PIT
metamaterial structure at (a) f5; =2.88 THz, (b) f3p =3.45 THz, (c) f43 =3.99 THz, (d)
fp1 =3.11 THz, and (e) f; =3.77 THz.

RS, which can be directly excited by the incident light, are assumed to be [M;) = M;(w)e*,
[My) = My(w)e'®!, and |[M3) = M3(w)el®”, respectively. The external electromagnetic field is
Eoe'“!. Based on the classical atomic system of EIT, here we propose a four-level plasmonic
system as shown in Fig. 4 to model the hybridization coupling effect and destructive interference
between these three modes in the proposed metamaterial.

continuum | 0 >

Fig. 4. Schematic diagram of the four-level plasmonic system for dual PIT.

Linearly coupled Lorentzian oscillators in the frequency domain are employed to describe the
destructive interference. The field amplitudes can be obtained by [13,48-50]

W = Wy + Y1 K12 K13 M, a1k
K12 W — Wy + i)/mz 0 Mz = - ngo 5 (3)

K13 0 W — W3 + Ym3 M3 gEo
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where w is the angular frequency of the incident light, and w,,; and vy,,; (i=1, 2, 3) represent
the resonant angular frequencies and damping factors of the bright mode, the first quasi-dark
mode, and the second quasi-dark mode, respectively. In addition, k1, and «13 are the parameters
describing the coupling strength between |M|) and |M;), and |M ) and |M3), respectively. Finally,
g1, 82, and g3 are geometric parameters indicating how strongly the C, LS, and RS structures
couple with the incident light.

In Eq. (3), the complex amplitude of the bright mode M is proportional to the polarizability of
the plasmonic system [13,48]. Thus, the normalized energy dissipation as a function of frequency
can be derived as

2

-g1 + 82K12 83K13
_ 1 (W= +iYm2) (W=Wm3+TYm3) 4
- 2 2 . ( )
K _ K13
(W=wpp+iyYm2) (W=Wp3+iYm3)

M,

P(w) = 2

(W = W1 + iYm1) —
The transmission coefficient can then be obtained by
T(w) =1- P(w). 5)

As we mentioned above, the destructive interference between the two quasi-dark modes and the
bright mode induces the dual PIT effect. However, based on the proposed four-level plasmonic
system, we can draw a further conclusion that the destructive interference of three pathways
(|0Y—>|M1), |0)—|M)—|My)—|M;), and |0)—|M|)—|M3)—|M;)) results in the dual PIT
effect.

In addition to the linearly coupled Lorentzian oscillators model used here [13,48-50], coupled-
mode theory (CMT) can also be used to analyze the underlying physics of PIT [26,51-53].

4. Discussion

4.1. Sensing performance of the proposed metamaterial

In terms of sensing performance, dual PIT windows are very sensitive to the changes in the
surrounding medium. One potential application is therefore sensing in the THz range. Thus,
we study the sensing properties of the proposed metamaterial by varying the refractive index of
the surrounding medium above the structure, as shown in Fig. 5(a). As before, the refractive
index of the dielectric substrate is 1.5 and the incident light is normally incident on the surface of
the structure. Figure 5(b) shows the transmission spectra corresponding to the dual PIT effect
as a function of the refractive index of the surrounding medium. The refractive index range
considered includes the refractive indices of many important materials for THz sensing. We
observe that the transmission spectra exhibit a red shift with the increase of the refractive index.
If we assume that one side of the graphene layer is exposed to the surrounding medium with
relative permittivity €1, and that the relative permittivity of the substrate is &;, the plasmon
frequencies of graphene can be written as [54]

e LEF I
= — — - 9 6
f h \/ 2n3(e1 + &)D  4nT ©)

where D is the outer graphene ring diameter, L is a dimensionless parameter which depends on
the ratio of inner and outer diameters of the graphene ring, and the imaginary part accounts for
the carrier relaxation lifetime. Based on Eq. (6), we can conclude that the resonant frequency
decreases as the refractive index (n = +/€y) increases. This leads to a red shift.

In addition, we plot the frequency shifts of peak 1 and peak 2 relative to the refractive index in
Fig. 5(c). We observe a linear increase in frequency shift with the refractive index. Thus, we
demonstrate that the proposed structure has a potential application in sensing. The refractive
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Fig. 5. (a) The sensing model of the metamaterial. (b) The evolution of the transmission
spectra for different refractive index. (c) Frequency shifts of peak 1 and peak 2 versus the
refractive index. (d) The value of FOM versus the refractive index.

index sensitivity S, which is defined as the ratio of the variation of the transmission peak position
to the refractive index unit (S =Af / An), can be used to evaluate the sensing performance of the
structure. Using Fig. 5(c), we calculate high refractive index sensitivities of S; = 0.92 THz/RIU
and S, = 1.08 THz/RIU. Here, S| and S, represent the sensitivities of transmission peaks 1 and 2,
respectively. Both of these values are much higher compared to previously reported results in the
THz region [55-58]. The sensitivities of the structures mentioned above are compared with our
structure in Table 1. If we convert these numbers into AA/RIU by using |A1/ An| = (c / f¢?) X
S, where c is the speed of light in vacuum and f represents the frequency of the transmission
peak position, we obtain 28720 nm/RIU and 22917 nm/RIU, which are four to five times higher
compared to 6750 nm/RIU in Ref. [55], and 5189 nm/RIU in Ref. [59].

Table 1. Comparison of the proposed structure with
previously reported structures.

Sensor Sensitivity

Ref. [55] §=0.36 THz/RIU

Ref. [56] §=0.53 THz/RIU

Ref. [57] S =0.44 THz/RIU

Ref. [58] §=0.59 THz/RIU

Proposed structure | S; =0.92 THz/RIU, S, = 1.08 THz/RIU

In addition, the sensing performance can also be quantified by using the figure of merit (FOM)
which is defined as
_ S(THz/RIU)

FOM =
0 FWHM(THz)’

@)
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where S is the sensitivity. Figure 5(d) shows the FOM of the two transmission peaks as a function
of the refractive index. When the refractive index is equal to 1.6, FOM and FOM, are equal to
~3.29 and ~3.78, respectively.

In addition to silica, several other materials are used as substrate to make metamaterials appli-
cable in different fields for refractive index sensing. For example, some low-loss semiconductors
(such as silicon, GaAs, etc.) and polymers (such as PTFE, polyimide, PTE, etc.) are also used
as substrate. However, the sensing performance can be influenced by the substrate since the
relative permittivity of the substrate may affect the effective permittivity of the metamaterial.
We therefore investigate the sensing performance of the proposed metamaterial with different
substrate materials: PTFE (n=1.43), polyimide (n=1.79), and silicon (n=3.45). Figure 6 shows
the transmission spectra around the positions of peak 1 and peak 2 for PTFE, SiO;, and polyimide
substrates. The sensitivity of the metamaterial for all substrate materials considered, including
silicon, is shown in Figs. 7 and 8. The refractive index of the surrounding medium is set equal
to 1.4. The transmission spectra exhibit a red shift when the refractive index of the substrate
increases, which is consistent with Eq. (6).
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Fig. 6. Transmission spectra around peak 1 and peak 2 for different substrates.
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Fig. 7. Frequency shifts of (a) peak 1 and (b) peak 2 versus the refractive index of the
surrounding medium for different substrate materials.

Figure 7 depicts the frequency shifts of peak 1 and peak 2 versus the refractive index of the
surrounding medium for different substrate materials. For all kinds of substrates, the frequency
shifts for both peak 1 and peak 2 increase linearly with the increase of refractive index of
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Fig. 8. The relationship between the sensitivities and the refractive index of the substrate.

the surrounding medium. Using the results of Fig. 7, we can calculate the sensitivities of
the metamaterial for different substrates, as shown in Fig. 8. We observe that the sensitivity
decays exponentially with the refractive index (Fig. 8). For example, when we choose silicon
(n=3.45) as the substrate, the sensitivities of peak 1 and peak 2 are 0.14 THz/RIU and 0.18
THz/RIU, respectively. Thus, a substrate with large refractive index greatly degrades the sensing
performance of the metamaterial.

Based on the results presented here, we can conclude that the proposed structure has great
potential as a multi-frequency refractive index sensor in the terahertz region. In addition, we
found that increasing the refractive index of the substrate leads to decreased sensitivity.

4.2.  Tunability of the dual PIT

Based on the discussion above, one of the advantages of graphene-based metamaterials is that the
surface plasmon resonant frequencies can be dynamically tuned by adjusting the Fermi energy of
the graphene layer without having to modify the device geometry. Figure 9(a) shows numerical
simulations (blue asterisks) and theoretical calculations (red solid line) of the dual PIT effect.
We observe that the theoretical results are in good agreement with the FEM simulation results,
which demonstrates the validity of the proposed four-level plasmonic system model. In addition,
in Fig. 9(a) we observe that the transmission spectra exhibit a remarkable blue shift as the Fermi
energy varies from 0.9 eV to 1.2 eV. This is consistent with [49]

aocEr —
fe 2712th Er. ®)

where f is the resonant frequency of graphene, c is the speed of light, L represents the length of
the graphene strip, and «( represents the fine structure constant. Based on Eq. (8), the resonant
frequency increases as the Fermi energy increases.

Figure 9(b) shows w1, wn2, and w,,3 as a function of the Fermi energy. We observe that
the intrinsic resonant frequencies of the three modes increase linearly with the Fermi energy.
The coupling coefficients (k1> and «13) and damping factors (y,1, Ym2, and y,,3) play a key
role in the transmission spectra. In Fig. 9(c) we therefore plot k12, K13, Ym1, Ym2, and y,,3 as a
function of the Fermi energy. We observe that these parameters do not vary significantly with
the Fermi energy. Thus, the variation in Fermi energy has almost no influence on the shape
of the transmission spectra. The Fermi energy mostly affects the resonant frequencies, so that
the metamaterial exhibits dual PIT behavior in a wide frequency range with weakly varying
widths of the transparency windows. When the Fermi energy of graphene is equal to 1.2 eV,
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Fig. 9. (a) Transmission spectra calculated with FEM numerical simulations (blue asterisks)
and theoretical calculations (red solid line) with Ef varying from 0.9V to 1.2 eV. (b-c) The

fitting parameters in the four-level plasmonic system model as a function of the Fermi energy.

Their values are extracted by fitting the simulated transmission spectra using the nonlinear

least squares method of the MATLAB curve fitting toolbox.

the values of parameters 7y, /27, V2/27, yu3/27, k12/27, k13/27, g1/27, g2/27, and g3/2m are
0.1167,0.1053, 0.1539, 0.2143, 0.265, 0.3183, 0.2228, and 0.1592, respectively, in units of THz.
Their values are extracted by fitting the simulated transmission spectra using the nonlinear least
squares method of the MATLAB curve fitting toolbox.

The transmission dips and peaks of dual PIT as a function of the Fermi energy are shown in
Fig. 10(a). We observe that the resonant frequencies linearly increase with the Fermi energy.
In addition, the evolution of the transmission spectra as the Fermi energy is varied are shown
in Fig. 10(b). We observe a blue shift in the spectra, as the Fermi energy increases. Using the
tunability of graphene’s Fermi energy, the proposed metamaterial can exhibit high sensitivities
over a wide tunable range in the THz. This undoubtedly increases its application potential as a

Sensor.
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Fig. 10. (a) Resonant dips and peaks versus Fermi energy. (b) The evolution of the
transmission spectra as a function of the Fermi energy.
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The angle of incidence also plays a key role in tuning the response of the proposed structure.
Here, we calculate the transmission spectra as a function of both frequency and angle of incidence,
as shown in Figs. 11(a) and 11(b). We note that the angle of incidence has no influence on the
positions of the resonant frequencies. This is due to the following reasons: first, the resonances
in the C, LS, and RS structures are localized, and the LSPs at the graphene-dielectric interface
are strongly confined. In addition, the plasmon wavelength is much smaller than the operating
wavelength of the device [38]. In addition, we find that the transmittance of these dual PIT
windows is still close to 70% when the incident angle exceeds 60°. This indicates that the
proposed metamaterial is insensitive to incident angle variations, which is a desired feature for
practical applications.
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Fig. 11. Transmission spectra of the proposed structure for different angles of incidence 6.
The plane of incidence is the y-z plane. The angle of incidence 0 is shown in the inset. (b)
The transmission spectra as a function of frequency and angle of incidence.

5. Conclusions

In summary, a monolayer graphene metamaterial is proposed to realize tunable dual PIT effect in
the terahertz region. We propose a four-level plasmonic system model to comprehend the physical
mechanism behind dual PIT, and the theoretical calculations agree well with the simulation results.
Most importantly, the two transmission peaks can exhibit high refractive index sensitivities
with 0.92 THz/RIU (28720 nm/RIU) and 1.08 THz/RIU (22917 nm/RIU). The influence of the
refractive index of the substrate on the sensitivities is also studied in detail. Furthermore, the
dual PIT effect can be effectively tuned by changing the Fermi energy of graphene and the angle
of incidence. We show that the dual PIT effect persists until the incident angle exceeds 60°.
Thus, the proposed graphene-based metamaterial may pave a new way for designing modulators,
switches and multi-band refractive index sensors in the terahertz region.
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