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Abstract: Graphene can support surface plasmon polaritons (SPPs) in the terahertz band, and
graphene SPP sensors are widely used in the field of terahertz micro- and nano-optical devices. In
this paper, we propose an H-shaped graphene metasurface and investigate the plasmon-induced
transparency (PIT) phenomenon in the proposed structure using the finite-difference time-domain
(FDTD) method. Our results show that the Fermi energy levels, as well as certain shape parameters,
can effectively modulate the PIT phenomenon in the proposed structure. Interestingly, changing
some of these shape parameters can excite two dips into three. In terms of sensing performance, the
maximum values of sensitivity and figure of merit (FOM) are 1.4028 THz/RIU and 17.97, respectively.
These results offer valuable guidance for the use of terahertz optical graphene SPP sensors.
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1. Introduction

In recent years, there has been a growing interest among researchers in exploring tera-
hertz radiation, which has the unique ability to reveal the physical and chemical properties
of matter through the absorption and reflection spectra of various substances [1,2]. The
terahertz spectrum contains a vast amount of information that can be used to investigate
the optical properties of different materials [3-5]. As a result of this, the terahertz spectrum
has found applications in a range of fields, including terahertz spectroscopy for agricultural
product quality testing [6,7], terahertz sensing [8], and terahertz imaging [9].

Graphene, a two-dimensional material consisting of a single layer of carbon atoms,
possesses unique physical features [10,11], such as high transmission [12], high thermal
conductivity [13], and room-temperature ferromagnetism [14]. At the terahertz wave
band, graphene can generate SPPs that are highly localized and low-loss [15-18]. SPPs
are electromagnetic waves generated by the excitation of free electrons on the surfaces of
metals and media by incident light [19-25].

Fano resonance is a highly fascinating phenomenon in photonics systems [26,27]. As
SPPs have advantages like strong enhancement of the local electric field and much better
adaptability to nanoarchitectures, Fano resonance is widely achieved in the micro- and
nano-optical interference domains that exploit SPPs [28,29]. In the terahertz band, when
incident light interacts with a graphene surface, two different transmission modes are
generated. The first mode is a superradiant resonance mode, also known as the bright
mode, which exhibits broadband features and is directly excited by the incident light. The
second mode is a subradiant resonance mode, also known as the dark mode, which has
narrowband features and is indirectly excited. These modes interfere and couple with each
other, resulting in the PIT phenomenon [30,31].

The conventional sensors that use metal metasurfaces are inefficient due to their
excessive ohmic losses. However, graphene metasurface offers outstanding advantages
because it has significantly lower ohmic losses [32,33], which leads researchers to propose
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various PIT sensing optical devices based on different structures of graphene metasurface.
For example, in 2018, Tang et al. realized sensing with a sensitivity of 0.36 THz/RIU based
on a graphene micro-ribbon array structure [34]. In 2020, He W. et al. designed a periodic
metasurface structure consisting of wide horizontal graphene and two graphene sheets with
high sensitivity [35]. In 2021, Su et al. investigated terahertz sensing with 1.17 THz/RIU
in metamaterials consisting of monolayer graphene and two metal-distributed Bragg
reflectors [36]. In 2022, Yixuan Wang et al. designed a periodic metasurface structure
consisting of continuous graphene bands and truncated graphene bands with a sensitivity
of up to 0.7928 THz/RIU [37]. In 2022, Zhenxiong Li et al. designed a metasurface structure
that contains a graphene ribbon and U-shaped graphene [38]. Research in the field of
graphene SPP sensors has yielded several impressive results. Nonetheless, despite the
significant progress that has been made, there is still an urgent need to further increase the
sensitivity of these sensors and optimize their structures.

This paper focuses on the design of an H-shaped periodic structure for graphene
metasurfaces based on the PIT phenomenon. The H-shaped structure comprises a hori-
zontal element and two vertical elements, with the horizontal component acting as the
bright mode and the two vertical components acting as the dark mode. By conducting
FDTD simulations, we observed that adjusting the Fermi energy levels or changing the
shape parameters of the proposed H-shaped periodic graphene metasurface can effectively
tune the PIT phenomenon. Importantly, by adjusting certain parameters, we can obtain
three separate dips in the PIT response. Through these findings, we further explore the
sensing performance of the structure and find that Dip1 exhibits a maximum sensitivity
of 0.5612 THz/RIU, while Dip2 exhibits a maximum sensitivity of 1.428 THz/RIU and a
maximum FOM of up to 17.97 at a resonant frequency of 6.02204 THz.

2. Structure and Theoretical Model

Through an exhaustive literature review, our investigation into the PIT phenomenon,
which relies on plasmonic excitation, revealed that achieving this effect involves two modes
of destructive interference. Inspired by this finding, we designed a novel periodic structure
of graphene metasurface, incorporating two vertical elements appended to a rectangular
horizontal component to attain the intended effect. The structure was validated using
finite-difference time-domain (FDTD) simulations, and its design is illustrated in Figure 1.
The structure consists of a rectangular, square substrate and a graphene material layer,
which are represented in grey and red, respectively, as shown in Figure 1. The substrate is
composed of silicon dioxide, and the graphene material layer is adsorbed onto the upper
surface of the substrate. Each unit cell in the structure has an H-shaped configuration.

(a) E®) Incident wave

(b)
H(y) )
K@) % &

888888 Graphene
SiO,

Figure 1. (a) The 3D schematic diagram of the periodic structure. (b) Schematic of unit cell, where
dy=5um,dy =22 um, d3 =0.8 pm, dy =4.2 um, d5 = 1.5 um, and dg = 4.5 um.

We can achieve subjective control of conductivity by applying an electric field to the
graphene material to move its Fermi surface and thus change its conductivity, which can
be described by using Kubo’s formula [39-42]:
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where w, E fr€ and 7 are the frequency of the incident wave, the Fermi energy, the electron
charge, and the reduced Planck constant, respectively. T is the carrier relaxation time, which
can be expressed by T = pEs/e- v2p, with i =1m?/(Vs) and vr = 10° m/s.
In Equation (1), Ef is the Fermi energy of graphene, which can be given by the
following equation:
Tte0esi Vg 2
d.e )

Here, ¢, €0, ¢, dc, vp, and V are the static permittivity of silicon, the vacuum permit-
tivity, the electron charge, the silicon thickness, the Fermi velocity, and the gate voltage,
respectively. According to Equations (1) and (2), the Fermi energy level of graphene can be
adjusted by varying the gate voltage, enabling subjective adjustment over its conductivity.

In the simulation, we assumed that the x-axis and y-axis directions were infinitely
long. The periodic boundary conditions are applied in the x-axis and y-axis directions, and
perfectly matched layers are applied in the z-direction. The incident light was irradiated
vertically to the graphene metamaterial surface along the z-axis, and we observed a signifi-
cant PIT phenomenon. We designated the horizontal graphene component and the two
vertical graphene components as Part 1 and Part 2, respectively, and then analyzed the
phenomenon using the theory of bright and dark modes. As shown in Figure 2a, when
only Part 1 is present, the transmission spectrum (red curve) exhibits a bright mode that is
directly excited by the incident light. Conversely, when only Part 2 is present, the transmis-
sion spectrum (blue curve) represents a dark mode. Interestingly, when both Part 1 and
Part 2 are present, we can clearly see the PIT transmission spectrum under the interaction
of bright mode and dark mode.

Ef = Tiwp( )
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Figure 2. (a) Transmission spectra of graphene metasurface at a Fermi energy level of 1.0 eV, with the
red solid line for the bright mode (Part 1), the blue solid line for the dark mode (Part 2), and the black
solid line for the PIT (all parts). Figures (b—d) correspond to the electric field distributions at points
(b), (c), and (d) labeled in figure (a), respectively.

To gain further insights into the physical mechanism behind the observed PIT phe-
nomenon, we analyzed the electric field diagrams. From the diagrams shown in Figure 2b—d,
it is apparent that when the incident light is directly irradiated towards the surface of Part
1, the component is excited by the light to generate an electric dipole resonance mode.
Conversely, when the incident light is directly irradiated towards the surface of Part 2, it is
not excited. However, when both Part 1 and Part 2 are present simultaneously, they interact
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with each other, leading to the excitation of the dark mode and ultimately resulting in the
formation of the PIT phenomenon.

3. Results and Discussion

To investigate the impact of the Fermi energy level on the PIT phenomenon, we varied
the Fermi energy level of the graphene. In our study, we expressed the Fermi energy level
of the individual horizontal and vertical graphene components as Ef; and Ep, respectively.
The overall Fermi energy level of the graphene material was expressed as Ey.

We increased Ef from 0.3 eV to 0.7 eV in increments of 0.1 eV and observed the changes
in the transmission spectra of the H-shaped periodic graphene metasurface. As displayed
in Figure 3a, it is evident that with increasing Ey, the resonant frequencies at Dip1 and Dip2
show a blue shift. Figure 3b can also explain and illustrate the blue shift. In addition, the
transmission of both Dip1 and Dip2 is significantly decreased, as shown in Figure 3c.

(a) ®
L —A—Dipl A
0.8 B vt o
04} E /
 WES0TEE Sl
Q
0.8} 55
=041 g __a—*
2 V E=0.6e) mot , a—*
-éo.s - S P
204} *® Fetmi ener €é6V) o
s E=05 eV 9 ¥
! il 1 ! 1 . —A—Dip]
Ho.8E 0.7} \ —A—Dip2
04F Sos N
E=0.4 eV Ao.s| \\
0.8 W TN 504' \ “
< 0.3
0.4} Eoal N
E,=03eV : g
1 1 f 1 1 1 0 1+ A\A
1 2 3 4 5 6 7

0.3 0.4 0.5 0.6 0.7

Frequency(THz) Fermi energy(eV)

Figure 3. (a) Transmission spectra at different E values. (b) The resonant frequencies of Dip1 and
Dip2 with the varied Fermi energy Ey. (c) The transmission of Dip1 and Dip2 with the varied Fermi
energy Er.

We further explored how changes in the Fermi energy levels of the individual hori-
zontal and vertical graphene components (Es; and Ep,, respectively) can modulate the PIT
phenomenon. To achieve this, we increased Ey; and Ep, individually from 0.4 eV to 1.2 eV
in increments of 0.2 eV. As shown in Figures 4a and 5a, respectively, with an increase in
En and Ep, both Dipl and Dip2 show a blue shift, as also illustrated in Figures 4b and 5b.
Meanwhile, the transmission of both Dipl and Dip2 decreases gradually as we increase
Efl, which is shown in Figure 4c. Differently, when we increase the Efz, the transmission of
Dip1 decreases, but the transmission of Dip2 increases, as shown in Figure 5c.

Based on our analysis above, it is evident that the resonance frequency and trans-
mission of the PIT phenomenon can be modulated by changing the Fermi energy level of
the graphene material as a whole or by changing the Fermi energy levels of Part 1 and
Part 2, respectively.

The propagation of SPPs is closely related to the surface structure of metals and non-
metals. Thus, to further explore the PIT phenomenon, we varied some of the shape
parameters of the graphene metasurface structure to investigate their impact on the
PIT phenomenon.
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Figure 4. (a) Transmission spectra at different En values. (b) The resonant frequencies of Dip1 and

Dip2 with the varied Fermi energy Eg. (c) The transmission of Dip1 and Dip2 with the varied Fermi
energy Efl.
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Figure 5. (a) Transmission spectra at different Ep values. (b) The resonant frequencies of Dip1 and

Dip2 with the varied Fermi energy Ep. (c) The transmission of Dip1 and Dip2 with the varied Fermi
energy Ep.

To investigate the effect of changing the shape parameter d, on the PIT phenomenon,
we increased one of the parameters (d;) from 1.2 um to 2.0 pm in increments of 0.2 pm. The
changes of the transmission spectra with d; are shown in Figure 6a, where it is evident that
as d increases, the resonant frequencies at Dip1 show a redshift and the resonant frequen-
cies at Dip2 show a blueshift, as also shown in Figure 6b. Additionally, Dip1’s transmission
decreases and then increases at a value of d, = 1.4 um, while Dip2’s transmission increases
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continually, as shown in Figure 6¢. These findings demonstrate that changing the shape
parameter d; can also allow for the subjective modulation of the resonant frequency and
transmission of the PIT phenomena (Dip1 and Dip2).
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Figure 6. (a) Transmission spectra at different d, values. (b) The resonant frequencies of Dipl and
Dip2 with the varied shape parameter dy. (c) The transmission of Dip1 and Dip2 with the varied
shape parameter d;.

To investigate the effect of varying the shape parameter dg¢ on the PIT phenomenon,
we keep the coordinates on the left side of dg fixed and increase dg from 3.9 um to 4.3 um
in increments of 0.1 um. As shown in Figure 7a, changes in the transmission spectra are
observed as dg varies. Interestingly, as depicted in Figure 7b, there is no obvious variation
in the resonant frequency when dj is in the range of 3.9 um to 4.1 um. However, when dg is
increased from 4.1 pm to 4.3 um, the resonant frequencies at Dip1 and Dip2 show a redshift.
In the graphene metasurface structure shown in Figure 1a, it is apparent that when dg lies
within the range of 3.9 um to 4.1 pm, the right-edge coordinates of horizontal graphene lie
within the width of the right vertical graphene. Conversely, when d¢ lies within the range
of 4.1 pm to 4.3 um, the right-edge coordinates of horizontal graphene stretch beyond the
width of the right vertical graphene. As a result, when d¢ is within the range of 3.35 um
to 4.15 pum, it has a weak impact on the PIT phenomenon, while Dip1 and Dip2 undergo
redshift when dg falls within the range of greater than 4.15 um and do not exceed the edge
of the unit cell.

To clarify the physical mechanism behind this phenomenon, we can analyze the
electric field distribution map. As can be observed from Figure 7c, there is no electron
accumulation on the right edge of the horizontal graphene. Therefore, when dg varies
within the range of 3.9 um to 4.1 pum, its electric field distribution remains unaltered, so
it does not cause any changes in the PIT phenomenon. In Figure 7d, the electrons are
accumulated on the right edge of the horizontal graphene to form an electric quadrupole
with the left edge, so Dip1 and Dip2 undergo redshift when d¢ falls within the range of
greater than 4.15 pm and does not exceed the edge of the unit cell.
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Figure 7. (a) Transmission spectra at different dg values. (b) The resonant frequencies of Dipl and
Dip2 with the varied shape parameter d¢. Figure (c,d) correspond to the electric field distributions at
the points (c) and (d) labeled in Figure (a), respectively.

Next, we investigate the effect of varying the shape parameter d4 on the transmission
spectra by decreasing it from 3.8 pm to 3.0 um in decrements of 0.2 pym. As shown in
Figure 8a, as d4 decreases, a new Dip3 gradually emerges at Dip2 and then disappears
from the transmission spectra. To understand the physical mechanism behind the gen-
eration of Dip3, we plotted the electric field distribution at Dip2 and Dip3. As can be
seen in Figure 8b,c, Dip2 is formed due to the interaction of an electric dipole and an
electric quadrupole, while two pairs of electric dipoles interact at Dip3, thus leading to the
generation of Dip3.
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Figure 8. (a) Transmission spectra at different dy values. Figure (b,c) correspond to the electric field
distributions at points (b) and (c) labeled in figure (a), respectively.
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Finally, we evaluated the sensing performance of the proposed graphene metasurface
structure. To do this, we increased the refractive index of the outer medium from 1.2 to
2.0 in increments of 0.1, and we analyzed the changes in the transmission spectra, as shown
in Figure 9. It is evident that as the refractive index of the outer medium increases, Dip1
and Dip2 undergo redshifts. We then define the sensitivity equation as S = Af/An and
separately explore the sensitivities at Dip1 and Dip2, which are summarized in Table 1.
The Af1 and Af, denote the frequency difference between Dipl and Dip2, and S; and S;
denote the sensitivity at Dipl and Dip2, respectively. As can be seen from Table 1, the
maximum sensitivity at Dip1 is 0.5612 THz/RIU, while the maximum sensitivity at Dip2 is
1.4028 THz/RIU.

1.0

Transmission
o o o
I N oo

<
o

0 ‘0 YO
2 3 4 5 6 7 8 9
Frequency(THz)

Figure 9. Transmission spectra at different refractive indices for the Fermi energy level of 1.0.

Table 1. The sensitivities at Dip1l and Dip2.

Af1/THz S1 Af>/THz Ss
0.05611 0.5611 0.14028 1.4028
0.05611 0.5611 0.11223 1.1223
0.05611 0.5611 0.14028 1.4028
0.05612 0.5612 0.14028 1.4028
0.05611 0.5611 0.11222 1.1222
0.05611 0.5611 0.14028 1.4028
0.05611 0.5611 0.11223 1.1223
0.02806 0.2806 0.14028 1.4028

By defining the FOM as FOM = AT/TAn [38], where AT is the change in transmission
and An is the change in refractive index, we calculated the maximum FOM values for the
proposed graphene metasurface structure, as shown in Figure 10. From Figure 10, we can
find that the maximum FOM values were 15.06, 15.92, 16.10, 16.89, 17.56, 17.18, 17.97, and
17.52 when the refractive index of the outer medium was 1.2,1.3,1.4,1.5,1.6,1.7,1.8, 1.9,
and 2.0, respectively.
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Figure 10. Figure (a-h) show the FOM values corresponding to refractive indices of 1.2, 1.3, 1.4, 1.5,
1.6,1.7,1.8, 1.9, and 2.0, respectively.

4. Conclusions

In summary, we have presented a novel H-shaped graphene metasurface and inves-
tigated its plasmonic properties by using FDTD simulations. Our findings reveal that by
changing the Fermi energy level and the shape parameters d, and dy, we can tune the PIT
phenomenon. Additionally, altering dy enables us to form a new Dip at Dip2. The sensitiv-
ity of the proposed graphene metasurface structure can reach up to 1.4028 THz/RIU, and
the FOM at the resonance frequency of 6.02204 THz is maximized at 17.97. These results
demonstrate the potential of graphene-based plasmonic sensors and provide valuable
insights for the development of advanced sensing technologies.
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