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Abstract: We propose two designs of polarization-sensitive metamaterials (PSMs), which are
composed of face-to-face spilt-ring resonators (SRRs) and a cut-wire resonator (CWR) sandwiched
by two face-to-face SRRs. For convenient description, they are denoted as PSM_1 and PSM_2,
respectively. PSM_1 and PSM_2 are fabricated by tailoring Au layers with periodic configurations on
silicon-on-insulator (SOI) substrates. By changing the incident polarization light, the electromagnetic
responses of PSM_1 can be manipulated between single-resonance and dual-resonance, while those
of PSM_2 exhibit switching behavior between single-resonance and triple-resonance. By enlarging
the distance between the gap centers of the two face-to-face SRRs along the y-axis direction,
the electromagnetic responses of PSM_1 show switching characteristics from single-resonance to
triple-resonance at the transverse electric (TE) mode and from dual-resonance to triple-resonance at
the transverse magnetic (TM) mode. PSM_2 exhibits switching characteristics from single-resonance
to triple-resonance at the TE mode and from dual-resonance to quad-resonance at the TM mode.
Furthermore, by changing the width of the CWR under the condition of two face-to-face SRRs with a
constant gap distance, PSM_2 exhibits stable electromagnetic responses at the TE mode and tunable
resonances at the TM mode, respectively. This work paves the way to the possibility of metamaterial
devices with great tunability, switchable bandwidth, and polarization-dependence characteristics.
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1. Introduction

Metamaterials have attracted great attention by researchers due to their extraordinary
electromagnetic properties spanning the entire spectra range. These unique optical properties are
unavailable in natural materials [1]. Through electromagnetic waves, metamaterials exhibit surprising
optical characteristics, such as a negative refraction index [2,3], a biosensor [4], an antenna [5], invisible
cloaking [6], and a perfect absorber [7]. The classical design of a metamaterial is the configuration of a
split-ring resonator (SRR). There has been much research presenting and demonstrating the use of
diversified SRR designs [8–13], either symmetrically or asymmetrically, such as cross-shaped SRR [9],
V-shaped SRR [10,11], spiral-shaped SRR [12], and multiple SRRs [13]. In view of these extraordinary
optical properties of SRR-based metamaterials, there have been extensive studies reported in the
different frequency ranges, from microwave, terahertz (THz), and infrared to visible spectra [14–19].

Designs utilizing THz metamaterials have attracted a great deal of interest owing to the
extraordinary electromagnetic responses of metamaterials and the potential applications of their
sensing and imaging characteristics in the THz frequency range [20–23]. This is a considerable method
to obtain excellent transmission characteristics. In addition, metamaterials are useful for tunable THz
devices, which have been presented with electrical control [24], optical control [25], thermal control [26],
and magnetic control [27]. Recently, THz metamaterials hybridized with microelectromechanical
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systems (MEMS) have become one of the most striking topics in this field, owing to their advantages
of electrostatic tunability, enhanced electro-optic performance, and miniaturized size [10,11]. Many
electromagnetic functions can be performed by using the MEMS technique to actively manipulate the
metamaterial’s configuration. The MEMS technique has become a notable approach for tunable THz
metamaterials, in areas such as resonant filtering, resonant switching, and electromagnetically-induced
transparency [28,29].

In this study, we propose two designs of polarization-sensitive metamaterials (PSMs) composed
of face-to-face SRRs and a cut-wire resonator (CWR) sandwiched by two face-to-face SRRs, which are
noted as PSM_1 and PSM_2, respectively. These two designs are fabricated by tailoring Au layers
with periodic configurations on silicon-on-insulator (SOI) substrates. The electromagnetic responses
of the proposed PSMs are investigated in order to implement the tunable THz metamaterial with
polarization-sensitive multi-resonance characteristics in the THz frequency range. These designs
open an avenue by which THz metamaterials could be used in widespread applications, with high
portability, flexibility, and compatibility.

2. Materials and Methods

Figure 1 shows the schematic drawings of PSM_1 (Figure 1a) and PSM_2 (Figure 1b) unit cells
and the corresponding denotations, respectively. The configuration of PSM_1 is two face-to-face SRRs,
while that of PSM_2 is a CWR sandwiched by the two face-to-face SRRs. The propagation direction
of the incident THz wave is set along the negative z-axis direction, whereas the electric (E) field and
magnetic (H) field are set as the xy-plane. The incident transverse electric (TE) polarized light is
defined as the E-field, set along the x-axis direction, and the H-field, set along the y-axis direction,
named the TE mode. The incident transverse magnetic (TM) polarized light is defined as the E-field,
set along the y-axis direction, and the H-field, set along the x-axis direction, named the TM mode.
The incident THz wave is set as a plane wave propagating vertically to the PSM surface; the surface
plasma resonances will then be generated between two face-to-face SRRs for PSM_1 and between the
CWR sandwiched by the two face-to-face SRRs for PSM_2. The proposed PSMs are tailored by the
Au layer with a thickness of 300 nm (h = 300 nm) on SOI substrates. The structural periods of the
PSMs are denoted as Px and Py along the x- and y-axis directions, respectively, where Px = Py = 100
µm. The lengths and widths of the PSMs are denoted as l and w, respectively, where l = 60 µm and
w = 27.5 µm. The line widths of the PSMs are kept constant at 5 µm (c = 5 µm). The gaps and the
distances of the gap center of the face-to-face SRRs along the y-axis direction are defined as g and s,
respectively. The distances between the two face-to-face SRRs and between the SRRs and the CWR
along the x-axis direction for PSM_1 and PSM_2 are defined as d. The geometrical parameters of
the CWR are the metallic line width (a) and length (l). The g, s, and d parameters of PSM_1 are kept
constant at g = 5 µm, s = 0 µm, and d = 5 µm, respectively. The g, s, d, and a parameters of PSM_2 are
kept constant at g = 5 µm, s = 0 µm, d = 2 µm, and a = 1 µm, respectively. First, the transmission spectra
of the PSMs are explored under the incident THz wave. Then, for PSM_2, the a and d variations are
changed synchronously to investigate their relationships to the transmission spectra, while the g and s
parameters are kept as g = 5 µm and s = 0 µm, and the sum value of a and d is kept constant. Finally,
the effect of the incident polarization angles at 0 degrees (TE mode) and 90 degrees (TM mode) for both
PSM_1 and PSM_2 are compared and investigated. The optical properties of the proposed devices
are simulated through Lumerical Solutions’ finite difference time domain (FDTD)-based simulations.
The propagation direction of incident light is set to be perpendicular to the x-y plane in the numerical
simulations. Periodic boundary conditions are also adopted in the x and y directions, and perfectly
matched layer (PML) boundary conditions are assumed in the z direction. The transmission of the
incident THz wave is calculated by a monitor set under the bottom side of the proposed PSMs.
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Figure 1. Schematic drawings and the corresponding denotations of (a) PSM_1 and (b) PSM_2 unit cells.

3. Simulation Results and Discussion

Figure 2a,b show the transmission spectra of PSM_1 by changing the g value from 1 µm to 30 µm
at the TE and TM modes, respectively, while s and d are kept as s = 0 µm, d = 5 µm. The electromagnetic
response exhibits single-resonance at TE mode and dual-resonance at TM mode. These two different
responses show the polarization dependence of PSM_1. At the TE mode, the resonant intensity is
almost kept constant, whereas the resonant frequency is blue-shifted from 0.22 THz to 0.27 THz by
increasing the g value. The tuning range is 50 GHz. For a resonance larger than 0.40 THz, the resonant
frequency is blue-shifted with the decreasing resonant intensity. When g is larger than 15 µm, there is
no resonance. At the TM mode, there are two resonances blue-shifted from 0.13 THz to 0.17 THz (the
first resonance) and from 0.34 THz to 0.44 THz (the second resonance). In order to better interpret the
physical mechanism of this phenomenon, the corresponding E- and H-field distributions of PSM_1 at
the TE and TM modes under the condition of g = 30 µm are presented in Figure 2c,d, respectively. At
the TE mode, the E-field is accumulated in the adjacent parts of the two face-to-face SRRs, and the
H-field is distributed around the upper and lower conductor bars of the SRRs. It generates a typical
localized surface plasmon (LSP) resonance at 0.27 THz [30]. Figure 2d indicates the electromagnetic
field distributions of these two different resonances, which contribute to the two LSP resonances at
0.17 THz and 0.43 THz. The E-fields are distributed around the gap of each SRR at 0.17 THz (the first
resonance) and 0.43 THz (the second resonance), whereas the H-fields are distributed around the left
and right conductor bars of the structure at 0.17 THz and around the contours of both SRRs at 0.43 THz.

The transmission spectra of PSM_1, obtained by changing the d value and simultaneously keeping
s = 0 µm and g = 5 µm at the TE and TM modes, are shown in Figure 3a,b, respectively. At the TE
mode, the resonances are first blue-shifted from 0.22 THz to 0.25 THz when d increases from 5 µm
to 15 µm, and then the resonances are red-shifted from 0.24 THz to 0.19 THz when d increases from
15 µm to 25 µm. At the TM mode, there are two resonances at 0.14 THz and 0.36 THz, and both
resonances are slight variations of the resonant frequency and intensity, obtained by changing the d
value. This indicates that the proposed PSM_1 exhibits the polarization-dependence characteristic. The
electromagnetic characteristics of PSM_1 can be switched from single-resonance to dual-resonance by
changing the polarization mode from TE to TM. These results could be explained by the corresponding
E- and H-field distributions at the TE and TM modes, as shown in Figure 3c,d, respectively. It is
obvious that the electromagnetic field distributions of PSM_1 with d = 25 µm are similar to those with
g = 30 µm, which are shown in Figure 2c,d. Therefore, the resonances of 0.19 THz at the TE mode and
the resonances of 0.13 THz and 0.37 THz at the TM mode are LSP resonances.
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Figure 3. Transmission spectra of PSM_1 with different d values at the (a) TE and (b) TM modes. Here,
(c) and (d) are the corresponding E-field and H-field distributions of PSM_1 with d = 25 µm at TE and
TM modes, respectively (f is the monitored frequency).

To investigate the coupling effect between the gap center distance of the face-to-face SRRs and
the incident THz wave, the transmission spectra of PSM_1 with different s values from 0 µm to
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40 µm at the TE and TM modes are shown in Figure 4a,b, respectively. The g and d values are kept
constant at 5 µm. The electromagnetic responses indicate that PSM_1 with different s values exhibits
polarization-sensitivity. At the TE mode, the main resonance that occurs at 0.24 THz is blue-shifted,
and the resonant intensity decays as a result of the increasing s value. Meanwhile, two resonances
are generated around the resonant frequencies of 0.12 THz and 0.34 THz. By increasing the s value,
these two resonances are red-shifted, and the corresponding resonant intensity becomes stronger. This
shows a switchable behavior. At the TM mode, there are two resonances, at 0.14 THz and 0.37 THz,
and there is no resonance at 0.24 THz for s = 0 µm. By increasing the s value, these two resonances
are red-shifted with decreasing resonant intensities. A resonance is generated at 0.24 THz which is
blue-shifted, and the resonant intensity increases when the s value is increased. This indicates the
behavior of a switchable electromagnetic response. The corresponding E- and H-field distributions of
PSM_1 at the TE and TM modes under the conditions of s = 0 µm, 20 µm, and 40 µm are presented
in Figure 4c,d, respectively. The corresponding monitored frequencies are 0.23 THz, 0.24 THz, and
0.25 THz at the TE mode and 0.36 THz, 0.33 THz, and 0.33 THz at the TM mode. At the TE mode, the
E-fields are gathered at the adjacent parts of the two face-to-face SRRs and the H-fields are distributed
around the upper and lower conductor bars of the SRRs. This indicates that the resonances of 0.23 THz
for s = 0 µm, the resonances of 0.24 THz for s = 20 µm, and the resonances of 0.25 THz for s = 40 µm
are LSP resonances. Figure 4d indicates the electromagnetic fields distributions of resonances under
the conditions of s = 0 µm, 20 µm, and 40 µm, which contribute to LSP resonances at 0.36 THz, 0.33
THz, and 0.33 THz at the TM mode. The E-field is distributed within the gap of the SRRs, and the
H-field is distributed around the corners of the SRRs for s = 0 µm. For s = 20 µm and s = 40 µm, the
H-fields are distributed around the contours of the SRRs. Meanwhile, the E-fields are restricted in the
middle adjacent parts of the face-to-face SRRs for s = 20 µm and at the apexes of the adjacent parts of
the SRRs for s = 40 µm. By increasing the s value, the E- and H-fields captured by PSM_1 at the TE and
TM modes vanish, which indicates the correspondingly decreasing resonant intensities.Crystals 2020, 10, x 6 of 12 
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Figure 5a,b show the transmission spectra of PSM_2 by changing g from 1 µm to 30 µm and
simultaneously keeping s = 0 µm, d = 2 µm, and a = 1 µm at the TE and TM modes, respectively.
At the TE mode, the resonant frequency is blue-shifted from 0.21 THz to 0.26 THz, while the resonant
intensity is almost kept constant when the g value is increased. The tuning range is 50 GHz. For the
resonance larger than 0.4 THz, the resonant frequency is blue-shifted, and the resonant intensities
are strong only for g = 1 µm and g = 5 µm. At the TM mode, there are three resonances that are
blue-shifted, from 0.15 THz to 0.20 THz (the first resonance), from 0.29 THz to 0.36 THz (the second
resonance), and from 0.37 THz to 0.44 THz (the third resonance). Compared with the transmission
spectra of PSM_1 by changing g from 1 µm to 30 µm in Figure 2a,b, the electromagnetic characteristic
of PSM_2 is the same at the TE mode but is different at the TM mode. The electromagnetic response
exhibits single-resonance at the TE mode for both PSMs, while it exhibits dual-resonance for PSM_1
and triple-resonance for PSM_2 at the TM mode. The extra resonance from 0.29 THz to 0.36 THz at
the TM mode is contributed by the CWR, which generates a stronger coupling effect of PSM_2 at the
TM mode but is almost transparent at the TE mode. These could be explained by the corresponding
E- and H-field distributions of PSM_2, with g = 30 µm at the TE and TM modes in Figure 5c,d. The
electromagnetic field distributions of PSM_2, with g = 30 µm at the TE mode, are similar to those of
PSM_1 in Figure 2c, which indicates that the LSP resonances of these two devices are almost the same
at the TE mode. At the TM mode, three LSP resonances are generated, at 0.19 THz, 0.36 THz, and
0.43 THz, for g = 30 µm. The E-fields are distributed around the gaps of each SRR and the apexes of
the CWR at 0.19 THz, while the H-fields are distributed around the left and right conductor bars of
the structure and the contour of the CWR. At 0.36 THz, the electromagnetic fields are gathered at the
contour of the CWR, while at 0.43 THz, the electromagnetic fields are distributed around the contours
of the SRRs and the middle part of the CWR. Therefore, the difference in the electromagnetic response
between PSM_1 and PSM_2 at the TM mode is that the CWR contributes a greater coupling effect
with the two face-to-face SRRs, leading to the second resonance at around 0.30 THz and the stronger
resonant intensity of the transmission spectra that are shown in Figure 5b, compared with those shown
in Figure 2b.

Figure 6a,b show the transmission spectra of PSM_2 by changing the s value from 0 µm to 40 µm
at the TE and TM modes, respectively. The g, d, and a values are kept as g = 5 µm, d = 2 µm, and
a = 1 µm. Evidently, the transmission spectra of PSM_2 by changing the s value at the TE mode shown
in Figure 6a are similar to those of PSM_1 shown in Figure 4a. It can be explained by the E- and
H-field distributions of PSM_2 in Figure 6c. It is obvious that the electromagnetic field distributions of
PSM_2 at the TE mode are similar to those of PSM_1, shown in Figure 4c. Therefore, the resonances
of 0.22 THz, 0.23 THz, and 0.25 THz at the TE mode are LSP resonances. At the TM mode, there are
three resonances, at 0.16 THz, 0.29 THz, and 0.39 THz, at the initial state (s = 0 µm). By increasing the s
value, the PSM_2 device can be switched from triple-resonance to quad-resonance. The E- and H-field
distributions of PSM_2 with s = 0 µm, 20 µm, and 40 µm at the TM mode are summarized in Figure 6d.
The electromagnetic fields are gathered in the CWR and are quite different from those of PSM_1, which
are shown in Figure 4d. This causes the difference in the transmission spectra between PSM_1 and
PSM_2 at the TM mode. It indicates that the LSP resonances of 0.29 THz for s = 0 µm, 0.30 THz for s =

20 µm, and 0.40 THz for s = 40 µm are generated by the CWR.
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40 µm at TE and TM modes, respectively (f is the monitored frequency).

The transmission spectra of PSM_2 obtained by changing the d value and simultaneously keeping
g = 5 µm, s = 0 µm, and a = 1 µm at the TE and TM modes are shown in Figure 7a,b, respectively. The
electromagnetic responses indicate that the PSM_2 with different d values shows polarization-sensitivity.



Crystals 2020, 10, 611 8 of 11

At the TE mode, the resonances are first blue-shifted from 0.22 THz to 0.24 THz when d increases
from 2 µm to 8 µm, and they are then red-shifted from 0.24 THz to 0.19 THz when d increases from
8 µm to 12 µm. At the TM mode, there are three resonances: one is around the resonant frequency of
0.16 THz, one is blue-shifted from 0.29 THz to 0.37 THz, and the other is blue-shifted from 0.39 THz to
0.42 THz by increasing the d value. A resonance will be generated at 0.11 THz when d is 4 µm. By
increasing the d value, this resonance is blue-shifted and the corresponding resonant intensity is larger.
The corresponding E- and H-field distributions of PSM_2 with d = 12 µm at the TE and TM modes are
shown in Figure 7c,d, respectively. The corresponding resonant frequencies are 0.19 THz at the TE
mode and 0.37 THz at the TM mode. Compared with the electromagnetic field distributions of PSM_1
with d = 25 µm at 0.19 THz (at the TE mode) and 0.37 THz (at the TM mode) shown in Figure 3c,d, the
E- and H-field distributions of PSM_2 with d = 12 µm indicate the influence of the CWR. It is obvious
that the coupling effect generated by the CWR becomes weaker with the larger distance between the
CWR and the SRRs. Therefore, the LSP resonances of 0.19 THz at the TE mode and 0.37 THz at the TM
mode are generated by the SRRs.Crystals 2020, 10, x 9 of 12 
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modes, respectively (f is the monitored frequency).

To investigate the coupling effect between the distance of the SRRs and the CWR and the width of
the CWR and the incident THz wave, the transmission spectra of PSM_2, obtained by changing the d
and a values at the TE mode and the TM mode, are shown in Figure 8a,b, respectively. The distance of
the two SRRs is kept constant at 5 µm. By increasing the a value from 0.5 µm to 2.5 µm at the step of
0.5 µm, the d value will decrease accordingly from 2.25 µm to 1.25 µm. At the TE mode, there are two
resonances, at 0.22 THz and 0.43 THz, which both show minor variations in resonant frequency and
intensity by simultaneously changing the a and d values. This indicates the high stability obtained
at the TE mode by changing the a and d values; the electromagnetic responses of PSM_2 are almost
the same. In other words, the optical behavior of PSM_2 under the incident THz wave are identical
when a and d are changed. At the TM mode, the electromagnetic characteristics show switchable
electromagnetic behavior that can be switched from dual-resonance to quad-resonance by decreasing
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the a value. There are four resonances, at 0.11 THz, 0.18 THz, 0.34 THz, and 0.45 THz, for a = 0.5 µm
and d = 2.25 µm, while three resonances are generated at 0.16 THz, 0.29 THz, and 0.38 THz under the
conditions of a = 1.0 µm, d = 2.00 µm and a = 1.5 µm, d = 1.75 µm, and two resonances at 0.22 THz and
0.33 THz under the condition of a = 2.0 µm, d = 1.50 µm and a = 2.5 µm, d = 1.25 µm. The corresponding
E- and H-field distributions of PSM_2 with a = 1.5 µm, d = 1.75 µm at the TE and TM modes are
summarized in Figure 8c,d, respectively. At the TE mode, the E-field is distributed within the middle
part of the CWR, except for the areas related to the gaps in the SRRs, and the H-field is distributed
around the upper and lower conductor bars of the SRRs, as well as the apexes of the CWR. At the TM
mode, the electromagnetic fields are restricted to the contour of the CWR. The electromagnetic field
distributions of PSM_2 indicate that the resonances at 0.22 THz at the TE mode and 0.29 THz at the TM
mode are LSP resonances. This clarifies that the CWR contributes more at the TM mode.
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Here, (c) and (d) are the corresponding E-field and H-field distributions of PSM_2 with a = 1.5 µm,
d = 1.75 µm at TE and TM modes, respectively (f is the monitored frequency).

4. Conclusions

In conclusion, we have demonstrated two designs of PSM devices by modifying the corresponding
parameters to investigate their superior electromagnetic properties in the THz wave. The resonances of
both devices could be tuned to be blue-shifted or red-shifted by changing the geometrical parameters.
By changing the g values, the tuning ranges of both PSMs at the TE mode were 50 GHz from 0.22 THz
to 0.27 THz. The tuning ranges of PSM_1 were 40 GHz from 0.13 THz to 0.17 THz (the first resonance)
and 100 GHz from 0.34 THz to 0.44 THz (the second resonance) at the TM mode, and those of PSM_2
were 50 GHz from 0.15 THz to 0.20 THz (the first resonance), 70 GHz from 0.29 THz to 0.36 THz
(the second resonance), and 70 GHz from 0.37 THz to 0.44 THz (the third resonance). By changing
the polarization angle between 0 degrees (TE mode) to 90 degrees (TM mode), the electromagnetic
responses exhibited by PSM_1 could be manipulated from single-resonance (at the TE mode) to
dual-resonance (at the TM mode), while the electromagnetic responses exhibited by PSM_2 could be
switched from single-resonance (at the TE mode) to triple-resonance (at the TM mode). This indicates
that both PSM devices show polarization switching characteristics. By changing the s value from 0 µm
to 40 µm, the electromagnetic responses of PSM_1 show a switch characteristic that can be manipulated
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from single-resonance to triple-resonance at the TE mode and from dual-resonance to triple-resonance
at the TM mode, and PSM_2 exhibits a switch characteristic that can be switched from single-resonance
to triple-resonance at the TE mode and from dual-resonance to quad-resonance at the TM mode.
Furthermore, PSM_2 shows stability at the TE mode and exhibits a switchable characteristic that can
be manipulated between dual-resonance, triple-resonance, and quad-resonance at the TM mode by
simultaneously changing the a and d values. The proposed PSM devices exhibit polarization-sensitive
characteristics, which can be made more controllable and exhibit better optical performance. Such
designs with multiband resonance are desirable for THz-wave applications, such as tunable polarizers,
high-sensitive sensors, multispectral imagers, polarization-sensitive devices, multifunctional switches,
and so on.
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