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Abstract: The plasmon-induced transparency (PIT) in planar metasurface comprising of resonators having one S-shaped
structure and a rectangular strip (both made of silver) was investigated. It was found that the S-shaped component of metasurface
induces a single bright mode, whereas the rectangular strip manifests two bright modes with strong coupling of incident
electromagnetic waves. When both the metasurface components were placed in the proximity, the PIT-like phenomenon was
observed. The effects of rotational angle of the metasurface as well as the angle of incidence on the transmission spectra (of the
metasurface) were also investigated. Both the transverse electric (TE) and transverse magnetic (TM) waves were used to explore
the PIT effect. It was noticed that the PIT window could be easily tuned by altering the horizontal distance between the resonator
components (i.e., the S-shaped structure and rectangular strip). It is expected that the proposed metasurface structure would be
prudent in switching, ultrafast sensing and optical applications.

Index Terms: Plasmon-induced transparency; metasurface; resonating structures.

1. Introduction

2D metamaterials of sub-wavelength size thickness reveal fantastic and unique light controlling capabilities [1-4].
Metasurface-based devices are ultrathin and miniaturized, which distinguish these from the conventional bulky optical
devices, thereby making these attractive for future optical applications [5,6]. Due to the unusual features of
metasurfaces, these find promising potentials in constructing waveplates [7,8], planar lenses [9,10], beam splitters [11],
planar filters [12,13], modulators [14-16], meta-holograms [17—19], meta-switches [20], optical vortex and Bessel beam
generation [21-24], etc. With the rapid advancements in nanotechnology, and in view of the future challenges of optical
communication systems, researchers have been developing varieties of not only photonic, but also plasmonic structures
during the last few years.

Electromagnetically induced transparency (EIT) is the electromagnetic phenomenon that takes place in three-level
atomic systems. This results owing to the interference of the atomic resonance [25,26]. Plasmon-induced transparency
(PIT) is the analogues of EIT, usually observed in metamaterial structures [27-29], and remains an attractive topic for
research. PIT got widespread applications in optical storage devices [30], nano-sensing [31], filtering [32], optical
switching [33], etc. PIT with narrow window remains useful for sensing and switching applications [34,35]. Refs. [36,37]
illustrate potentials of PIT with high Q-factor in sensing. Switching applications of PIT have been reported in [38,39].

Zhang et al. [27] firstly proposed the phenomenon of PIT in the terahertz (THz) regime in metamaterial comprised of
two optical nano-antennas. The trapping of surface plasmon polariton (SPP) in metamaterial structures can break the
diffraction limit and manipulate the electromagnetic waves at the sub-wavelength scale. This opens up a new horizon to
realize many optical devices, such as detectors [40], polarizers [41], absorbers [42,43], amplifiers [44], biosensors
[45,46], antennas [47] and filters [48], etc.

The phenomenon of PIT generally results in because of strong coupling between the bright-dark or bright-bright
modes. Plenty of PIT-based designs have been implemented to develop metamaterials [49], nanowire gratings [50] and
coupled waveguides [51]. Within the context, Chen et al. [52] observed the PIT-like switching response in plasmonic
resonators composed of a metallic split-ring resonator (SRR) and rectangular strip. Liu et al. [31] demonstrated highly
sensitive metamaterial-based sensor, which works on the PIT-like phenomenon. Yi et al. [53] proposed compact XOR
and XNOR logic gates exploiting the PIT-based metamaterials.

Tunable and multiple PIT windows (TMPWs) are expedient as these fine applications in nano-sensing and optical
switching. These are usually created by the complex and multifaceted arrangements for fabrication [54—56], which limit
their practicability. As such, it has been a challenging task to create TMPWs exploiting simple and compact structures.

In this paper, we investigate the characteristics of TMPWs in specially designed planar metasurface having the unit
cell consisting of an S-shaped resonator and a rectangular strip, both made of silver. We study the electromagnetic
response of the proposed PIT-like metasurface under different rotational angles of the resonators at the top. We observe
multiple PIT windows with low and high amplitudes; the latter one being useful for THz sensing and future
communication applications, such as modulation and switching. The effect of different oblique incidence angles on the
transmission spectra is also determined. We consider both the transverse electric (TE) and transverse magnetic (TM)
modes, and analyze the tuning feature (of the PIT window) by altering the horizontal distance between the resonator
components. Further, the electric field and current distribution patterns are also plotted correSEonding to different
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resonance conditions in the transmission spectra. Mestasurafces exhibiting single- and/or double-PIT windows have
been communicated before in the literature. Ref. [57] demonstrates multiple PIT by using an arrangement of ring
resonators. However, the design presented in this paper is simple, wherein multiple PIT windows could be obtained by
the use of combinational arrangements of metallic strip and S-shaped resonators.

2. Design and Modeling

Figure 1 illustrates the schematic of the two-layer planar metasurface-based structure, wherein the unit cell of the top
metasurface has a suitable arrangement of an S-shaped resonator and a rectangular strip, both made of silver. This
metasurface is grown over silicon dioxide (SiOz) dielectric substrate. The S-shaped resonator and rectangular strip are
placed at a distance S from each other, as shown in fig. 1a. Figures 1b and 1c, respectively, depict the three-
dimensional (3D) and side views of the structure.

(b) ()

Fig. 1. Schematic diagram of the proposed PIT planar metasurface: (a) cross-sectional view, (b) 3D view, and (c) side view.

We obtain the optimized design parameters of the proposed PIT-based metasurface configuration; these are as P =
80 um, L =45 um, W =5 pm, a = 30 um, b = 25 um, ¢ = 12.5 pm and S = 0.5 pm; fig. 1a shows all these parametric
symbols. The thickness of the top unit cell (t,,) and that of the dielectric substrate (h,) are taken to be 5 um each (fig.
1c). Having these design considerations in mind, the proposed planar metasurface is simulated by using the
commercially available 3D EM software CST Microwave Studio. We take the value of conductivity o of silver as 6.3 x 107
S/m, as recorded from the software library. Apart from this, silver being dispersive in nature, its permittivity at 2 THz
frequency) is taken to be (—1.77 + 3.87i) x 10° [58]. Also, the permittivity of SiO2 is considered as 3.5. While performing
simulations, we impose the unit cell boundary conditions along the x-y direction, and the open add space boundary
conditions along the z-axis, above and below the proposed PIT device. The top plasmonic metasurface is illuminated
with incident EM wave from the +z-axis, and the transmission characteristics are noticed along the - z-axis.

3. Results and Discussion

Figure 2 shows the transmission spectra of the proposed planar metasurface configuration. However, while obtaining
these spectral characteristics, we initially take into account the resonator components (of the metasurface) individually,
and excite those. Within the context, fig. 2a corresponds to the transmission spectra of the silver S-shaped resonator
only. In this figure, we observe the presence of a transmission dip at 3.40 THz. This corresponds to the bright mode,
which is strongly coupled with the S-shape resonator. Figure 2b illustrates the transmission spectra due to the excitation
of the rectangular silver strip only. We notice the presence of two transmission dips (with zero transmission) in this case,
positioned at the frequency values of 2.46 THz and 4.0 THz. These two transmission dips are also named to be the
bright modes. TAs such, the use of strip and S-shaped metallic resonators in forming metamaterials would be interesting
owing to the feature of exhibiting multiple PIT windows — the phenomenon that results in due to the interactions of
multiple bright-bright and bright-dark modes.

Figure 3 illustrates the surface current distribution patterns corresponding to the cases when the S-shaped resonator
and silver strip are used individually. Upon interaction with incident electromagnetic waves, the dipolar response is
observed in which the currents are flowing upward and downward alternately. As figs. 2a and 2b exhibit the presence of
transmission dips at the frequencies 3.40 THz, 2.46 THz and 4.0 THz, figs. 3a, 3b and 3c, respectively, depict the
surface current distribution patterns corresponding to these values of frequency, thereby determining bright modes. We
find that, in the case of S-shaped resonator, the current density remains maximum on the surface of the resonator (fig.
3a), which confirms the presence of bright modes. We further notice that, in the case of bright mode at 2.46 THz, the
strong current density exists at the surface of the metallic strip, and it becomes weaker upon moving away from the
resonator (fig. 3b). Corresponding to the transmission dip positioned at 4.0 THz, the surface current remains more
confined around the resonator (fig. 3c).
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Fig. 2. Transmission spectra obtained upon using the individual components of the proposed metasurface; (a) S-shaped resonator, (b) rectangular
strip, and (c) S-shaped resonator and rectangular strip together.
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Fig. 3. Surface current density around the silver strip corresponding to (a) 3.40 THz (for S-shaped resonator), (b) 2.46 THz, and (b) 4.0 THz (for silver
strip resonator).

When both the metasurface components are excited together in a certain arrangement, as shown in fig. 2c, strong
coupling between the S-shaped resonator and rectangular strip occurs, which remains responsible for the generation of
PIT effect in the metasurface. Figure 2c depicts the transmission spectra obtained in this case. We find the presence of
dips in the transmission spectra positioned at 2.86 THz, 3.33 THz, 3.83 THz, 3.90 THz; the respective transmission
peaks appear at the frequency values of 3.05 THz, 3.50 THz, 3.88 THz. We clearly notice that the resonance condition
is greatly altered upon amalgamating the components which the unit cell is comprised of. Both the resonators have
strong coupling, and the PIT windows appear due to destructive interference of PIT bright modes. Considering the
transmission dips as observed in fig. 2c, we present the surface current density patterns in fig. 4. Here figs. 4a, 4b, 4c
and 4d, respectively, exhibit current distributions corresponding to the values of frequency 2.86 THz, 3.33 THz, 3.83 THz
and 3.90 THz. From these figures, the coupling between the two resonator elements in the metasurface becomes
obvious.

Max

Min

Fig. 4. Surface current density in the case when the S-shaped resonator and rectangular strip are used together, as shown in fig. 2c.

We now attempt to investigate the impact of rotating the metasurface components when the S-shaped structure and
rectangular strip are placed together in the proximity, i.e., the kind on configuration used in fig. 2c. We consider the
angle of rotation to be a, and observe the results when o assumes values as 30°, 45°, 60° and 90°, and also, taking into
account the excitations by the TE- and TM-polarized waves. Figure 5 illustrates the schematic of the array of unit cell
that forms the metasurface. In this figure, 6 and o represent the angles of incidence and rotation (of metasurface),
respectively.
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Fig. 5. Schematic of the proposed metasurface along with the angular representations.

Figure 6 shows the transmission spectra obtained in this case. Indeed, the spectral characteristics are significantly
altered upon implementing such a rotation. In particular, under the TE-polarized incidence excitation, the use of a = 30°
exhibits four PIT peaks positioned at the frequency values of 3.19 THz, 3.45 THz, 3.90 THz and 4.05 THz (fig. 6a).
However, a TM-polarized excitation yields one PIT peak at the frequency of 3.5 THz. As such, the number of PIT peaks
is reduced while changing the excitation mode from the TE-polarized to the TM-polarized one. However, the same in not
observed upon increasing the angle to 45°, as can be seen in fig. 6b. In this case, both the TE- and TM-polarized
incidence excitations yield four PIT peaks corresponding to four different resonance frequencies, and for each type of
polarization, the obtained PIT peaks are positioned at almost the same frequency. In this case, the transmission in the
higher frequency regime (above 3.7 THz) remains significantly large (with relatively sharper transmission peaks) for the
TE mode, as compared to the TM.
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Fig. 6. Simulated transmission spectra of the proposed metasurface under various rotational angles of the top resonators: (a) a = 30°, (b) a = 45°, (c) a
=60°, and (d) a = 90°.

Upon increasing the angle of rotation of the unit cell (in the top metasurface) to 60°, we notice in fig. 6¢ that both the
TE- and TM-mode excitations yield four PIT peaks at the operating frequencies of nearly at 3.34 THz, 3.88 THz, 4.0 THz
and 4.13 THz. But, corresponding to higher frequencies above 3.7 THz, the transmittance is significantly reduced.
Making o = 90° results in the appearance of only one PIT peak at nearly 3.59 THz operating frequency, when the
metasurface is undergoing the TE-polarized incidence excitation (fig. 6d). But, the use of TM-polarized waves, keeping
the other operating conditions fixed, yields three PIT peaks positioned at nearly 3.05 THz, 3.50 THz and 3.88 THz. As
such, we observe the rotation of metasurface allows alterations in the magnitude as well as positions of PIT peaks of the
resonator structure. The two extreme values of angles, i.e., 0° and 90°, provide the maximum number of transmission
peaks corresponding to both the TE- and TM-polarized incidence excitations.

In order to understand the physical behavior of the effect of the observed PIT better, we now look into the electric
field distribution patterns corresponding to different transmission dips and peaks in fig. 2 under the normal incidence of
TE-polarized excitation. Within the context, we take into account the frequencies 2.86 THz, 3.05 THz, 3.33 THz, 3.50
THz, 3.83 THz, 3.88 THz, and 3.90 THz; figs. 7a—g exhibit the obtained field patterns. Looking at figs. 7a, 7c, 7e and 7g,
we notice weak mutual coupling between the rectangular strip and S-shaped resonator — the fact that causes the
absence of PIT effect corresponding to the respective operating frequencies. Figures 7b, 7d and 7f exhibit strong
coupling between the resonator components, which results in three PIT windows at the respective frequency values.

Figure 7 shows the three-dimensional plots of the electric fields, wherein the mutual coupling between the rectangular
strip and S-shaped resonator can be seen. Within the context, one may be interested in alterations in electric fields at
the interfce of the dielectric medium and metasurface, and also, at the top of metasurface. With this viewpoint in mind,
we choose some of the cases shown in fig. 7, namely the frequency values 2.86 THz and 3.05 THz, which correspond to
the figs. 7a and 7b, respectively. Using these illustrative values of frequency, fig. 8 depicts the electric field patterns at
the interface of two mediums (figs. 8a and 8b), and that at the top of metasurface (figs. 8c and 8d). Figure 8 clearly
presents the fields better coupled at the top of metasurface (figs. 8c,d) than that exist at the interface.

To further explore the phenomenon of PIT in our proposed structure, we also investigate the electric field distributions
corresponding to different transmission peaks (centered points of the PIT windows) obtained upon rotating the unit cell
at an angle of 60° (i.e., a = 60°). Also, we consider the case of TE-polarized incidence excitation; fig. 9 illustrates the
obtained results. More explicitly, figs. 9a—d show the field patterns corresponding to the PIT peaks positioned at 3.34
THz, 3.88 THz, 4.0 THz and 4.13 THz, respectively. As can be noticed in these figures, the metasurface components
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(i.e., the S-shaped resonator and rectangular strip) are strongly coupled due to interference. As a result of this mutual
coupling, the PIT-like phenomenon is generated at the stated operating frequencies.

Fig. 7. Electric field dlstrlbutlon patterns of the proposed metasurface at different operating frequencies, namely (a) 2.86 THz, (b) 3.05 THz, (c) 3.33
THz, (d) 3.50 THz, (e) 3.83 THz, (f) 3.88 THz, and (g) 3.90 THz.
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Fig. 8. 2D electric field distributions at the metasurface-dlelectnc interface corresponding to (a) 2.86 THz, (b) 3.05 THz, and at the top of metasurafce

corresponding to (c) 2.86 THz, (d) 3.05 THz. The chosen frequency values are as used in figs. 7a, and 7b.
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Similar to fig. 8 shown above, we get the illustrative plots corresponding to fig. 9 as well to observe the electric field
patterns at the metasurface-dielectric interface, and also, at the top of metasurface, taking into account the rotational
angle o = 60°. For this purpose, we take the illustrative frequency values as 3.88 THz and 4.13 THz, that represent the
field patterns in figs. 9b and 9c, respectively; the corresponding field enhancement profiles at the interface as well as the
top of metasurface are shown in figs. 10a—-d. We clearly observe in these figures the mutual coupling of electric fields
between the rectangular strip and S-shaped resonator at the top of metasurface; the strength of coupling remains less at
the interface.
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We now attempt to investigate the effect of the angle of incidence on the transmission spectra, taking into account
the situation of both the TE- and TM-polarized incidence excitations. Within the context, figs. 11 and 12, respectively,
illustrate the transmission characteristics corresponding to the cases of TE- and TM-fields. For this purpose, we use four
different values of incidence angles, namely 20°, 40°, 60°, and 80°. We clearly observe the presence of PIT peaks, the
features of which essentially depend on the angle of incidence excitation.
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Fig. 10. 2D electric field distributions at the metasurface-dielectric interface corresponding to (a) 3.88 THz, (b) 4.0 THz, and at the top of metasurafce
corresponding to (c) 3.88 THz, (d) 4.0 THz. The chosen frequency values are as used in figs. 9b and 9c corresponding to the rotational angle o = 60°.

In the case of TE-polarized incidence excitation, we observe in fig. 11a that a 20° angle of incidence yields the PIT
resonance peaks positioned at the operating frequencies 2.62 THz, 3.49 THz, 3.63 THz, 3.81 THz and 4.04 THz; the
PIT peak at 2.62 THz frequency yields the maximum transmission. Upon increasing the angle, red-shifts in the position
of transmission peaks happen. For instance, we get the PIT peaks at the frequencies 2.25 THz, 3.12 THz, 3.57 THz,
3.78 THz and 3.89 THz corresponding to 40° angle of incidence (fig. 11b). Looking at the transmission spectra obtained
upon a further increase in incidence angle, the red-shift in PIT peaks becomes obvious. In all situations, the magnitude
of transmission remains the maximum corresponding to the minimum value of frequency.
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Fig. 11. Transmission spectra under the TE-polarized incidence excitation for angles (a) 6 = 20°, (b) 6 = 40°, (c) 8 = 60°, and (d) 6 = 80°.

It is very important to discuss the quality (Q-) factor associated with the PIT window. The Q-factor is defined as Q =
f/FWHM with f, and FWHM being the resonance frequency and full-width half-maximum of the PIT window,
respectively riensidering Jfig: Jdtaitdsmdetenmined thatthe.Qrfacionscortesponding.damhlopaakssal35 THz and 3.64
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THz are 27 and 485, respectively. Figure 11b, that relates to 40° angle of incidence, the Q-factors for PIT peak at 3.13
THz and 3.56 THz are 97 and 17, respectively. The highest value of Q-factor as 557 is attained for the PIT at 2.81 THz,
as obtained upon using 80° angle of incidence. It is noteworthy that sharp PIT peak has higher Q-factor, whereas wider
PIT peak will have lower value of the same. Higher Q-factor (i.e., sharp peak) in PIT window remains useful for switching
and sensing applications.

Figure 12 depicts the transmission spectra of the proposed metasurface under the TM-polarized incidence excitation,
keeping the other geometrical and operational conditions unchanged. We observe that all the PIT peaks undergo
significant amount of red-shifts, as compared to the case of TE-polarized incidence. Further, upon an increase in the
angle of incidence, we notice the presence of relatively flat PIT windows in the higher frequency span. The use of 20°
angle of incidence yields multiple PIT peaks (fig. 12a) — the feature that becomes more prominent upon increasing the
angle to 40°; the situation that gives three PIT peaks positioned at the operating frequency values at nearly 3.08 THz,
3.62 THz and 3.79 THz (fig. 12b). Further increase in incidence angle results in nearly flat band of transmission in the
high-frequency regime (figs. 12c,d). As such, the more oblique the incidence is, the more will be the chances of attaining
flat transmission band by the use of the proposed kind of metasurface. However, this kind of feature was not observed in
the case of TE-polarized incidence excitation.
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Fig. 12. Transmission spectra under the TM-polarized incidence excitation corresponding to angles (a) 6 = 20°, (b) 6 = 40°, (c) 6 = 60°, and (d) 6 = 80°.

Now, considering the features of Q-factor in the case of TM-polarized incidence, we notice that its values are
significantly lowered, as compared to what observed before under the TE-field excitation (fig. 11). For instance, with
respect to 40° incidence angle (fig. 11b), we find the values of Q-factor as 34, 36 and 35 corresponding to the PIT peaks
at 3.089 THz, 3.62 THz and 3.78 THz, respectively. Therefore, it may be inferred that the excitation of TM-mode remains
of relatively less importance, as compared to the TE-mode excitation, so far as the applications in the areas of sensing
and/or switching are concerned.
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Fig. 13. Electric field distribution patterns of the proposed metasurface under the TE-polarized incidence excitation, and at the operating frequencies
(a) 3.12 THz, (b) 3.56 THz, (c) 3.79 THz, and (d) 3.88 THz corresponding to incidence angle 6 = 40°.
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incidence angle. Figure 13 exhibits the obtained electric field distribution patterns corresponding to the PIT peaks
noticed in fig. 11b. We find in this figure that the PIT peaks are positioned at the frequencies 3.12 THz, 3.56 THz, 3.79
THz and 3.88 THz; figs. 13a—d illustratre the respective electric field distribution patterns. In all these figures, the mutual
coupling of electric field with both the resonator components in the unit cell can be easily noticed. However, such a kind
of coupling essentially depends upon the horizontal separation S (fig. 1) between the components, which the
metasurafce is comprised of. Keeping this in mind, we attempt to evaluate the transmission spectra of the metasurface-
based structure under varying values of S; fig. 14 illustrates the obtained results in the case when the TE-polarized
waves excite the metasurafce under normal incidence.
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Fig. 14. Transmission spectra obtained under varying distance of separation S, namely (a) 0.5 um, (b) 1.0 um, (c) 1.5 um, (d) 2.0 um, and (e) 2.5 um.

As can be seen in fig. 14, we use five different values of the distance of separation between the S-shaped resonator
and rectangular strip in the metasurface; these are as 0.5 um, 1.0 um, 1.5 um, 2.0 uym and 2.5 um, and the respective
transmission characteristics obtained in these situations are depicted in figs. 14a—e. We observe the existance of three
PIT peaks in all the metasurface configurations, and the positions of those remain almost unchanged. However, the
values of FWHM of PIT peaks greatly depend on the parameter S which, in turn, yields the Q-factor. We notice that the
first PIT peak is the most prominent one in all the situations, and the corresponding value of Q-factor reduces with the
increase in S. Also, the amplitude of transmission of the second peak reduces, and that of the third peak increases with
increasing S. Comparing figs. 2 and 14, we observe that the former one shows two PIT windows with more than 95%
transmission, whereas the later one exhibits such windows with over 97% transmission in certain conditions based of the
distance of separation S between the resonator components. The value of Q-factor can be determined accordingly, and
therefore, a control over the transmission characteristics can be achieved by suitably adjusting horizontal distance S
between the S-shaped resonator and rectangular strip — a way to tune the PIT window of the proposed metasurface.
Therefore, careful adjustment of operating conditions would yield PIT windows on demand.

4. Conclusions

The PIT characteristics of planar metasurafce, comprised of an S-shaped resonator and rectangular strip (both made of
silver), is investigated. The excitations of the top metasurface by the TE- and TM-polarized waves are taken into
account, and the transmission properties are studied under different operational conditions, viz. the incidence angle, the
angle of rotation of metasurface and the separation of metasurface resonator components. It is found that the proposed
configuration exhibits three PIT windows under the TE-polarized incidence excitation. This happens owing to the strong
mutual coupling of bright-bright modes, generated by the S-shaped resonator and rectangular strip. It is noticed that the
angle of incidence and incidence polarization leave profound effect on the Q-factor of the PIT windows. Under the
influence of rotational and oblique incidence angles, the metasurface shows multiple PIT windows at different operating
frequencies. The obtained transmission spectra reveal red-shift in PIT peaks upon increase in incidence angle in the
case of TE-polarized excitation. In the case of TM-polarized waves, the red-shifts in PIT peaks become more significant,
but the PIT windows become flat the higher frequency regimes — the feature that remains greatly influenced due to the
angle of excitation. This characteristic is, however, not obtained in the case of TE-polarized incidence excitation, which
makes this case more useful for optical applications. The tuning feature of PIT windows is achieved by varying the
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horizontal distance between the components of metasurface, which basically determines the coupling of fields among
those. It is expected that the proposed PIT-like metasurface configuration can be used in photonic devices, such as
buffers, sensors, and memory storage units.
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