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Abstract: In this paper, a triple-band terahertz chiral metasurface is proposed, which could realize
spin-selective absorption (SSA) effect and efficient independent phase manipulation in three distinct
frequency bands. Through the simulation of the surface current distribution, we explain the mech-
anism of the triple-band SSA effect. Furthermore, the introduction of Pancharatnam–Berry phase
endows the metasurface with the ability to manipulate the reflection phase at the chiral resonance
frequencies, which enabled simultaneous amplitude and phase manipulation of CP waves through
different phase coding strategies. To test this concept, two terahertz SSA-coding metasurfaces were
designed and simulated, which have the function of four-beam splitting and vortex wave anomalous
reflection, respectively. These simple-structured multifunctional devices demonstrate the application
prospects of the metasurface in terahertz chiral sensing, imaging, secure communications, etc.

Keywords: terahertz; chiral metasurface; coding metasurface; circular dichroism; Pancharatnam–
Berry phase

1. Introduction

Terahertz waves refer to electromagnetic waves with frequencies in the range of
0.1 to 10 THz, which have great application potential in the fields of sixth-generation (6G)
mobile communications, security monitoring, non-destructive testing, and space situational
awareness [1]. Since it is difficult for natural materials to generate effective terahertz
responses, the development of terahertz functional devices is limited, forming a “Tera-
hertz Gap” in the electromagnetic spectrum [2]. Metasurfaces are the planar counterpart
of metamaterials, which have been proven to have unique electromagnetic wave con-
trol capabilities [3]. At present, many metasurfaces that possess various functionalities
have been proposed, such as wave absorption [4,5], metalens focusing [6,7], asymmetric
transmission [8–10], polarization conversion [11,12], and vortex beam generation [13,14].
In the field of terahertz and quantum nanophotonics research, impressive progress has
been made in recently reported metasurface devices, such as full-stokes polarization perfect
absorbers realized by diatomic plasmonic metasurfaces [15], dark-mode absorbers for
studying optical bound states in the continuum [16], terahertz plasmonic absorbers for
biological detection and biochemical sensing applications [17], etc. These advances and
related applications demonstrate that terahertz devices based on metasurface design could
be a powerful method to solve the terahertz technology bottleneck.

Although most of the reported metasurfaces are designed to manipulate the linearly
polarized (LP) waves, the control of circularly polarized (CP) waves requires the use of
chiral metasurfaces. Chirality is a geometric property that lacks any mirror symmetry
plane, and is widely present in structures such as DNA molecules and proteins [18]. Since

Electronics 2022, 11, 4195. https://doi.org/10.3390/electronics11244195 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics11244195
https://doi.org/10.3390/electronics11244195
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-8213-228X
https://orcid.org/0000-0003-4689-9130
https://orcid.org/0000-0001-6933-5261
https://doi.org/10.3390/electronics11244195
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11244195?type=check_update&version=2


Electronics 2022, 11, 4195 2 of 13

chiral structures can respond differently to left-handed circularly polarized (LCP) and right-
handed circularly polarized (RCP) waves, terahertz chiral metasurfaces have attracted
great attention in spin photonics. Among them, chiral metasurfaces with the spin-selective
absorption (SSA) effect have attracted a lot of attention, which can absorb a single spin state
of the CP waves while reflecting the orthogonal one. This differential absorption capability
of the chiral metasurfaces can be measured by the circular dichroism (CD) index [19].
Utilizing chiral metasurfaces to generate giant CD and manipulate CP waves is critical for
numerous applications, including chiral imaging [20], CP light detection [21], and chiral
biomolecule analysis [22].

In the past few years, a variety of SSA chiral metasurfaces have been reported in fre-
quencies ranging from microwave to optics [23–38]. In addition, the dynamic manipulation
of the terahertz CD is further realized by introducing materials such as vanadium dioxide
or graphene [27–30]. In order to achieve multi-dimensional manipulation of the CP waves
while maintaining the CD effect, the Pancharatnam–Berry (PB) phase has been introduced
into the chiral metasurfaces to achieve functions such as anomalous reflection [31,32],
vortex beam generation [33], and terahertz chiral imaging [34]. However, most of these
chiral metasurfaces for CP waves amplitude and phase modulation can only function at
a single frequency point. Although some dual-band chiral metasurfaces with CD have
been reported [35–38], the design schemes lack the space to further extend the operation
frequency bands, and many designs cannot independently manipulate the wavefront of
the CP waves in corresponding frequency bands. As a result, it is still challenging to find
a design method for chiral metasurfaces that can simultaneously manipulate the amplitude
and phase of the CP waves in multiple bands.

In this work, we proposed a chiral metasurface that can independently modulate the
reflection amplitude and phase responses of the CP waves in three distinct frequency bands.
In order to generate strong chiral resonances in the metallic resonant ring, the metasurface
was designed according to a general design principle of symmetry breaking. The simulation
results showed that the chiral metasurface attained the CD summits of 0.8, −0.66, and
0.64 at 1 THz, 1.17 THz, and 1.29 THz, respectively. In addition, the working mechanism
of the triple-band SSA effect were investigated and explained. Meanwhile, we achieved
the whole 2π reflection PB phase coverage. Therefore, the SSA effect and reflection phase
manipulation could be fulfilled simultaneously with this metasurface by using different
coding strategies. As a verification, two types of triple-band terahertz spin-selective devices
were investigated, which function as a four-beam splitter and a vortex beam generator with
an anomalous reflection angle, respectively. Traditionally, these spin-selective multifunction
devices can only be realized by cascading linear polarizers, wave plates, and absorbers,
which often leads to a bulky size. Thus, this chiral metasurface with a simple structure and
easy integration could have distinctive applications in terahertz secure communication,
chiral sensing, and chiral biomedical detection and imaging.

2. Models and Theories

According to the deduction of a Jones matrix for the reflection characteristics of the
metasurface, this type of metasurface unit cells with SSA effect should break n-fold (n > 2)
and mirror symmetries simultaneously [23]. To meet this special structural symmetry
requirement, we construct a triple-band SSA asymmetric split-ring resonator (T-SRR) as the
basic unit pattern, which consists of four chiral metal strips placed symmetrically along the
center of the top surface of the dielectric plate, as shown in Figure 1a. These four chiral metal
structures are all made of gold with a conductivity of σ = 4.56e7 S/m, and the dimension
parameters and values are shown in Table 1. This unit cell has a period of 100 µm, and
the top metal pattern, dielectric substrate, and bottom metal shield form the three-layer
structure of the unit cell. We chose polydimethylsiloxane (PDMS) as the dielectric substrate
with a relative permittivity of 2.35 and loss tangent of 0.025. The thickness of the dielectric
substrate is 33 µm while the metal on the top pattern and bottom ground shield is 200 nm.
Figure 1b shows the schematic diagram of the triple-band SSA effect of the T-SRR unit cell.



Electronics 2022, 11, 4195 3 of 13

Specifically, the T-SRR can absorb the incident LCP waves at 1 and 1.29 THz, and reflect
the incident RCP waves with suppression of the handedness change, while absorbing the
incident RCP waves at 1.17 THz, and reflecting the incident LCP waves with suppression
of the handedness change. In summary, the T-SRR could achieve a triple-band CD.
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Figure 1. (a) Model and structural parameters of the T-SRR unit cell and the four kinds of chiral metal
strips; (b) Functional diagram of the T-SRR unit cell.

Table 1. The dimension parameters of the T-SRR metal structures.

Parameter Name L1 L2 K1 K2 K3 K4 M N W

Value 66 55 26 13.2 15 5.5 30 27 3.3

Unit: µm.

As the bottom metal ground shields the transmission of incident waves, only the
reflection field needs to be considered when analyzing the performance of the SSA. In
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the Cartesian coordinate system, the relationship between the incident electric field and
reflected electric field under the LP incidence can be expressed as:(
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R
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where ER and EI represent the reflected electric field and the incident electric field, respec-
tively; r represents the reflection coefficient, “x” and “y” represent the linear polarization
directions; and R is the reflection matrix. By the matrix transformation, the LP basis
reflection matrix R could be transformed into the CP basis reflection matrix Rcirc:

Rcirc =

(
rLR rLL
rRR rRL

)
= Λ−1RΛ =

1
2

(
rxx + ryy + i(rxy − ryx) rxx − ryy − i(rxy + ryx)
rxx − ryy + i(rxy + ryx) rxx + ryy − i(rxy − ryx)

)
(2)

The transformation matrix Λ = 1√
2

(
1 1
i −i

)
, rLL, and rRR are co-polarized reflection

coefficients; rLR and rRL are cross-polarized reflection coefficients; and “L” and “R” respec-
tively represent the LCP and RCP. The absorption rate of the proposed metasurface to the
LCP and RCP waves can then be calculated according to the following equations:

ALCP = 1−|rLL|2−|rRL|2 (3)

ARCP = 1−|rRR|2−|rLR|2 (4)

The magnitude of the difference in the SSA effect of the metasurface can be measured
by the CD index:

CD = ALCP − ARCP (5)

In order to achieve independent and efficient regulation of terahertz CP waves using
the metasurface, the PB phase is introduced to independently regulate CP waves, so that
each unit cell on the metasurface has a reflection wave with the same amplitude and
an independently adjustable phase. When the unit cell rotates along the z-axis at a degree
of ϕ, then the reflection matrix can be deduced according to the following equation:

Rcirc(ϕ) = M(−ϕ)RcircM(ϕ) =

(
rLR rLL · e−i2ϕ

rRR · ei2ϕ rRL

)
(6)

The rotation matrix M(ϕ) =

(
cos ϕ sin ϕ
− sin ϕ cos ϕ

)
. Thus, when the rotation angle of the

unit cell is ϕ, an additional phase retardation with 2 ∗ ϕ can be introduced in the reflected
wave. Therefore, by controlling the change in ϕ and encoding the reflection phase, it is
possible to achieve a variety of efficient wavefront manipulations.

3. Results and Discussion

The 3D full-wave numerical simulation software CST Microwave Studio was used to
simulate the metasurface unit cell. The reflection coefficient results in Figure 2a demonstrate
that the T-SRR has different reflection characteristics for the LCP and RCP incidences. The
strong chiral resonances occur at three different frequency points: rLL possesses the low
values of 0.04 and 0.03 at low frequency (1 THz) and high frequency (1.29 THz), respectively,
rRR reaches the minimum value of 0.01 at medium frequency (1.17 THz), meanwhile the
cross-polarized reflection coefficients rLR and rRL can be efficiently suppressed in the entire
frequency band from 0.9 to 1.4 THz. The absorption of the LCP and RCP waves of the
T-SRR in Figure 2b is calculated from the reflection coefficients, and the results showed
that: ALCP is 98.7% and ARCP is only 18.7% at 1 THz; ALCP is 31.1% and ARCP is only 97.6%
at 1.17 THz; and ALCP is 94.4% and ARCP is only 30.0% at 1.29 THz. Therefore, it can be
concluded that the T-SRR could achieve strong CD in the three frequency bands, where
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the three CD peaks are 0.80 (1 THz), −0.66 (1.17 THz), and 0.64 (1.29 THz), as shown in
Figure 2c.
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(b) Absorption of the LCP and RCP waves of the T-SRR; (c) Circular dichroism of the T-SRR.

The SSA performance of the proposed T-SRR under different incident angles is also
further discussed. The angle between the incident CP waves and the z-axis is defined as θ,
and Figure 3a,b show the LCP absorption rate and RCP absorption rate of the T-SRR using
different values of θ. The absorption spectrum demonstrated that the three chiral resonance
frequency points of the T-SRR do not shift with the increase in θ. It can be observed that
even if θ increases up to 60◦, the T-SRR can still have absorption rates of more than 80%
at the three chiral resonance frequency points. Therefore, this metasurface unit cell has
excellent angular stability in terms of the SSA effect, which makes it promising tool for
complex situations with oblique incidences.
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For the purpose of further comprehending the working mechanism of the triple-band
SSA effect, the simulated surface current distributions of the T-SRR unit cell are plotted
in Figure 4. At 1 THz, under the LCP incident wave, a pair of antiparallel currents with
similar amplitudes (as indicated by the black dash arrow) was excited on both sides of the
outer ring of the T-SRR, as shown in Figure 4a. The antiparallel currents can be viewed
as a magnetic dipole with a magnetic moment perpendicular to the metasurface plane,
which causes the energy of the incident LCP wave to be bound to the surface of the unit
cell and dissipated by the ohmic loss effect of the metal and the absorption effect of the
lossy substrate PMDS. However, the surface currents excited by the unit cell under the
RCP wave were weaker than that of the LCP wave. Figure 4b shows that under the RCP
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incidence, similar antiparallel currents were also excited on the T-SRR at 1.17 THz, but the
positions are on the left sides of the outer and inner rings. Figure 4c reveals the surface
currents of the T-SRR at 1.29 THz. The LCP wave excited the magnetic dipole mode on the
respective right sides of the outer and inner rings of the T-SRR, which also led to the high
absorption of the LCP wave, but there was no such phenomenon under the radiation of the
RCP wave. According to the above analysis, the T-SRR excites the magnetic dipole modes
at three different positions under the incidence of CP waves with different handedness,
thereby realizing the triple-band SSA effect.
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According to the theory of Pancharatnam–Berry phase principle, full phase coverage
of −180◦~180◦ can be achieved by continuously rotating the metasurface unit cell structure,
and this rotation generally does not affect the reflection amplitude. In addition, another
remarkable feature of the PB phase is that the phase response of the metasurface unit cell
theoretically only depends on the geometric orientation of the unit in a wide bandwidth [32].
Figure 5a shows the schematic of the T-SRR unit cell at a rotation angle of ϕ, while Figure 5b
plots the reflection phase responses of the T-SRR at the three operating frequencies at
different rotation angles. Here, only the reflected spin state at the operating frequency
needs to be considered. The results show that the phase delay of the T-SRR is nearly linear
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with the increase in ϕ, and the corresponding reflection phase could indeed achieve full
coverage of −180◦~180◦ as ϕ increases from 0◦ to 180◦. Interestingly, the phase change
of the LCP and RCP waves showed opposing trends. Therefore, it can be inferred that
the proposed triple-band SSA chiral metasurface could independently manipulate the CP
waves phase at the chiral resonant frequencies.
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Figure 5. PB phase simulation verification of the T-SRR. (a) Schematic of the rotation angle ϕ of
the T-SRR unit cell; (b) Reflective phase response of the T-SRR varies with the rotation angle ϕ at
frequency points of 1, 1.17, and 1.29 THz.

To validate that the proposed chiral units have multi-band amplitude and phase
manipulation abilities, two types of terahertz-coding metasurface devices were designed
and simulated. The first device based on the proposed T-SRR unit cell is a 1-bit coding
metasurface, which functions as a four-beam splitter with the SSA effect. As shown in
Figure 6a, two units at a rotation angle ϕ of 0◦ and 90◦ are represented by code “0” and
code “1”, respectively, with a reflection phase difference of 180◦. Figure 6b is the schematic
diagram of the coding strategy of the 1-bit coding metasurface. Each group of 5 units along
the x-axis and y-axis forms a chessboard array. The entire array consists of 30× 30 units.
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(b) Chessboard coding strategy.

Figure 7 shows the far-field scattering patterns of the 1-bit metasurface at 1, 1.17, and
1.29 THz when the LCP and RCP waves impinge on the metasurface along the −z-axis.
Figure 7a,c show that the LCP waves are absorbed efficiently, and the RCP waves are split
into four-directional symmetric beams at 1 and 1.29 THz. Meanwhile, at 1.17 THz, the RCP
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wave is highly absorbed and only the LCP wave is split into four-directional symmetric
beams, as shown in Figure 7b.
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Figure 7. The simulated 3D far-field results for the SSA four-beam splitting metasurface array. (a) The
array under the normal incidence of LCP/RCP at 1 THz; (b) The array under the normal incidence of
LCP/RCP at 1.17 THz; (c) The array under the normal incidence of LCP/RCP at 1.29 THz.

The second terahertz coding metasurface device is a 2-bit spin-selective vortex beam
generator with an anomalous reflection angle. The basic coding units of the metasurface
are shown in Figure 8a; four types of the T-SRR units at rotation angles of 22.5◦, 67.5◦,
112.5◦, and 157.5◦ are represented by codes “0”, “1”, “2”, and “3”, respectively, with
a reflection phase difference interval of 90◦. The orbital angular momentum (OAM) carried
by a vortex beam is represented by the phase section of exp(ilγ), where γ is the azimuth
around the central axis of the beam and l is the topological charge of the vortex mode.
A general method for creating the OAM beam is to introduce a spiral-like phase shift via
the metasurface, and the phase distribution at each point (x, y) of the metasurface can be
calculated as:

γ(x, y) = l · arctan
y
x

(7)
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Figure 8. 2-bit coding scheme of the spin-selective vortex beam generator with an anomalous
reflection angle. (a) Four basic 2-bit coding units; (b) Coding strategy with OAM mode l = 1;
(c) Coding strategy with gradient coding sequence “00112233···” varying along the x direction and
the physical length of the phase gradient L = 800 µm; (d) The mixed coding strategy based on phase
superposition of b and c.

The pattern of the OAM coding strategy in Figure 8b generated a vortex beam with
OAM mode l = 1. Specifically, in order to introduce a spiral-like phase shift, the entire
array consists of four sectors with a phase interval of 90◦ counterclockwise. Figure 8c is
a gradient phase encoding strategy along the x-axis, which enables anomalous reflection of
the beam. The deflection angle can be determined by the generalized Snell’s law:

θr = ± sin−1(λ/L) (8)

where λ and L represent the wavelength of the electromagnetic wave in vacuum and the
physical length of the supercell constituting the phase gradient, respectively. The CP waves
can be flexibly controlled by the digital convolution operation on the scattering patterns
of PB-coding metasurface [39]. In this work, the gradient phase coding sequence was
superimposed on the OAM coding sequence, as shown in Figure 8d, to achieve anomalous
reflection of the vortex beam. The entire array consisted of 16× 16 units.

Figure 9a–c show the 3D far-field scattering patterns and normalized 2D scattering
patterns of the 2-bit metasurface at 1, 1.17, and 1.29 THz under the LCP and RCP incidences
along the −z-axis, respectively. At 1 THz, the LCP wave was absorbed efficiently, and only
the RCP wave was converted to the vortex beam with a −22◦ deflection angle, as shown
in Figure 9a. Simulation results showed that at the center of the reflected beam is a cavity,
which is consistent with the characteristic profile of the doughnut-shaped vortex beam.
In contrast, at 1.17 THz, the RCP wave was effectively absorbed and the LCP wave was
reflected as a vortex beam with a 20◦ deflection angle, as shown in Figure 9b. Moreover, at
1.29 THz, the LCP wave was highly absorbed while the RCP wave was converted into the
vortex beam with a −18◦ deflection angle, as shown in Figure 9c. Each deflection angle is
consistent with the theoretical value calculated from Equation (8).
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Figure 9. Simulation of the 3D far-field scattering patterns and normalized 2D scattering patterns of
the 2-bit metasurface array at the azimuth angle phi = 0◦. (a) The array under the normal incidence
of LCP/RCP at 1 THz; (b) The array under the normal incidence of LCP/RCP at 1.17 THz; (c) The
array under the normal incidence of LCP/RCP at 1.29 THz.

Table 2 provides a comparison between our work and recently reported SSA effect
chiral metasurfaces. The majority of the SSA chiral metasurfaces with giant CD usually
work at a single frequency band. Compared with some dual-band SSA chiral metasurfaces,
our work not only expands the SSA effect frequency band to three, but also maintains
a strong CD (>0.5) in all three frequency bands. Furthermore, most of these works do not
mention the phase manipulation capability of SSA chiral metasurfaces because the pattern
designs of these metasurfaces do not support the introduction of a PB phase.
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Table 2. Comparison of our work with previously reported reflective metasurfaces with CD properties.

Ref. Spectrum Band Coverage CD Peaks Phase Manipulation

[30] Terahertz Single band 0.87 Not mentioned
[33] Microwave Single band 0.85 Yes

[35] Microwave Dual bands 0.78 (1st band)
0.69 (2nd band) Not mentioned

[38] Microwave Dual bands 0.72 (1st band)
−0.79 (2nd band) Not mentioned

[36] Mid-infrared Dual bands <0.6 Not mentioned

[29] Terahertz Dual bands 0.64 (1st band)
0.75 (2nd band) Yes

This work Terahertz Triple bands
0.80 (1st band)
−0.66 (2nd band)
0.64 (3rd band)

Yes

4. Conclusions

In summary, we have proposed a design method to extend the SSA effect bands of
chiral metasurfaces in the terahertz region, and successfully extended the strong CD of
chiral metasurfaces to three frequency bands. The simulated CD results showed that the
metasurface unit cell has three peaks of 0.80, −0.66, and 0.64 at 1, 1.17, and 1.29 THz,
respectively. In addition, the introduction of the PB phase enabled the metasurface unit cell
to independently manipulate the reflection phase in the three frequency bands. To illustrate
that this metasurface can achieve simultaneous manipulation of amplitude and phase ac-
cording to the circular polarization direction of incident electromagnetic waves, two kinds
of metasurface-based terahertz spin-selective devices were simulated and studied, both
exhibiting good SSA effect and efficient wavefront manipulation. Furthermore, due to the
scalability of Maxwell’s equations, our scheme can be further applied to other frequen-
cies, indicating that it also has potential applications in photonics, such as spectroscopy
and sensing.
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