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Terahertz wavefront manipulation is one of the key terahertz technologies. While few of the
research works on terahertz wavefront manipulation has broadband and dual-polarized
responses. Here a broadband dual-polarized Huygens’metasurface is proposed to realize
high efficient terahertz wave anomalous refraction. By constructing simultaneous electric
and magnetic responses in a bi-layer metasurface to produce Huygens’ resonance,
broadband and large phase changes for dual-polarized terahertz wave are achieved. A
phase change over 300° with transmission magnitude beyond 0.75 is realized between
0.4 THz and 1 THz. An array made of the metasurface with phase gradient is designed to
achieve a 14.0° anomalous refraction for two orthogonal linear polarized waves at
0.93 THz. The structure consists of only two metal layers, providing a simple and high-
efficiency design scheme for achieving efficient dual-polarized terahertz wavefront
manipulation.
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INTRODUCTION

Terahertz wave is a kind of electromagnetic wave which refers to the electromagnetic radiation wave
whose frequency is between 0.1 THz and 10 THz. It has the characteristics of strong penetration, low
ionizing radiation, good orientation and so on, making it play a huge role in medical, non-destructive
detection, high-speed mobile communication and other fields (He et al., 2020). Metasurface is an
artificial composite made of periodic or aperiodic arrangement of subwavelength structural units.
Phase, polarization and amplitude of terahertz wave can be modulated effectively by employing its
strong internal electromagnetic response (Gao et al., 2007; Yang et al., 2010; Liu et al., 2019; Xia et al.,
2019; Karimi Habil and Roshan Entezar, 2020; Li et al., 2020; Wang et al., 2020; Wu et al., 2020; Zhu
et al., 2020; Li et al., 2021). By designing the phase gradient between adjacent units based on the
generalized Snell’s law, it can manipulate the wavefront of terahertz wave flexibly (Zhang et al., 2013;
Shi et al., 2014; Qian et al., 2019). Owing to the advantages of low profile, mature production process
and low cost, metasurfaces are widely used in terahertz modulation technology (Chen et al., 2018; Shi
et al., 2018; Kappa et al., 2019; Hu et al., 2021).

Large phase modulation is required to achieve the efficient wavefront and polarization modulation of
transmitted terahertz waves (Ryan et al., 2010; Li et al., 2013; Liu et al., 2016; Ren et al., 2019; Zang et al.,
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2020; Xu et al., 2022). In 2021, W. Yu’s team designed a reflective
terahertz wave polarization converter using a metal-medium-metal
structure, achieving a 75% linear polarization conversion at 0.5 THz.
The polarization conversion efficiency between 0.35 and 0.65 THz
exceeded 50% (Wang and Li, 2021), showing a broadband response.
A bi-layer metallic metasurface capable of independently controlling
the polarization and phase distribution of the terahertz beamwas also
proposed by H. Zhou et al. The metasurface consists of two layers of
metal arrays separated by a quartz substrate, with one layer determine
polarization and the other changes phase (Zhou et al., 2021). In 2019,
R. Zhao’s team utilized a double-layer Huygens’ metasurface,
achieving a phase shift over 360° for single-polarization (Zhao
et al., 2019). J. Long’s team proposed a metasurface embedded in
a phase transition material vanadium dioxide to achieve terahertz
phase shifts. By changing the applied temperature, the vanadium
dioxide conductivity can be altered, leading to a transmission phase
change of the terahertz waves. Its maximum phase shift reached
355.37° at frequency 0.736 THz and exceeds 350° between 0.731 and
0.752 THz (Long and Li, 2021).

The above research work proposes many feasible schemes in
terms of bandwidth and transmission magnitude. However, most
of them are only work for single-polarization while few of them

can function for dual-polarization. This paper propose a double-
polarized and broadband terahertz phase modulator. The phase
modulator achieves a large phase variation by constructing a
Huygens’ resonance in a metasurface while maintaining
impedance matching in a broadband. Since the designed
structure has symmetric characteristics, two orthogonal linear
polarized waves can achieve equal phase change modulation. On
the basis of this unit structure, this paper also designed a one
dimensional array with phase gradient. It can achieve efficient
anomalous refraction of dual-polarized waves. This work
provides a feasible scheme for the efficient wavefront
modulation for dual-polarization in terahertz band, which can
promote the application of metasurfaces in terahertz technology.

UNIT DESIGN AND SIMULATION

A bi-layer symmetric Huygens’ metasurface is designed in this
paper as shown in Figure 1. From the Huygens’ basic principle, a
wire excited by a parallel polarized incident wave can form an
induced current on the metasurface. And a couple of wires can
form an equivalent induced magnetic current. The metasurface

FIGURE 1 | Schematic diagram of the front (A) and back (B) layers of the unit.

FIGURE 2 | Magnitude and phase of S21 under TM (A) and TE (B) mode.

Frontiers in Materials | www.frontiersin.org April 2022 | Volume 9 | Article 8996892

Ran et al. Broadband Dual-Polarized Terahertz Anomalous Refraction

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


consists of two metal layers, separated by a dielectric substrate
called Benzocyclobutene (BCB) which has a permittivity of ε =
2.67 and a loss tangent of 0.012 (Zhao et al., 2019). The front
metal layer consists of four metal wires (the thickness of the metal
wires is 0.02 μm), located at the four sides of the surface. The back
metal layer is a strip ring with four gaps at each side. On the other
hand, the strip ring consists of four L-shaped wires. The two arms
of the L-shaped metal rings are equal and distributed at the four
corners. Yellow parts in Figure 1 indicated gold. The remaining

parameters are set as follows: the cell period of the Huygens’
metasurface is p = 166.7 μm. The thickness of the substrate is h =
50.8 μm, the length of the ring is s = 160 μm and the gap length is g
= 33.4 μm. On the front layer, the wire length is l = 113.3 μm. The
width of all wires is w = 6.7 μm.

The above unit is modeled and simulated in the commercial
full-wave simulation software CST. Boundary conditions in the x
and y directions are all set as unit cell to simulate the periodic
metasurface, while boundary condition in the z-direction is set as
open. Simulation results were obtained by using the Floquet mode
excitation. The transmission properties of the simulated model
under TE/TM modes are shown in Figure 2. It can be seen that
the unit structure implementation achieves a phase change over
300° in the 0.4-1 THz range and the transmission remains above
0.75, showing broadband and large phase change.

For Huygens’ metasurfaces, surface electric conductance Yes

and surface magnetic impedance Zms are taken to characterize
electromagnetic response and describe the discontinuities of the
tangential electric field and magnetic field components
respectively. Normally, Yes and Zms are in tensor forms,
depending on the polarization of the incident wave. An
arbitrary electromagnetic wave can be represented as a
superposition of two orthogonal components. For a unit with
a symmetric structure, it has the same response to the two
orthogonal polarized waves.

The directions of the electric fields are always consistent with
the x-axis, as shown in Figure 3. Suppose the wave is incident on
the left side of the metasurface, and the incident field excites
Huygens’ source on the metasurface:
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at the two sides of metasurface shown in Figure 3 respectively,

FIGURE 3 | Physical configuration of a Huygens’ metasurface.

FIGURE 4 | real part (A) and imaginary part (B) of Y and Z of the metasurface.
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and n
.

is the normal unit vector of the surface. The tangential
total electric field on both sides can be expressed as:

E1 � Einc + Eref,
H1 � Hinc −Href,
E2 � Etrans,
H2 � Htrans.

(2)

By combining Eqs. 1, 2, the following formulas are obtained:

1
2
(Etrans + Einc + Eref) � −Zse.[Htrans − (Hinc −Href)],

1
2
(Htrans +Hinc −Href) � −Ysm.[Etrans − (Einc + Eref)].

(3)

By introducing the wave impedance of free space η � 



μ/ε

√
, Eq

3 can be rewritten as follows:

Ye
se

2
� Einc − Etrans − Eref

Einc + Etrans + Eref
,

Ze
sm

2
� Einc − Etrans + Eref

Einc + Etrans − Eref
.

(4)

Through Eq 4, the normalized surface electric admittance and
the normalized surface magnetic impedance Y and Z have the

following relation with the transmission coefficient T and
reflection coefficient R:

Y � Yesη � 2(1 − T − R)
(1 + T + R) (5)

Z � Zmsη � 2(1 − T + R)
(1 + T − R) (6)

According to Ref (Xue et al., 2019), when the normalized
surface conductance and surface magnet impedance are equal
and are a pure imaginary number, the Huygens’ resonance can be
excited to achieve impedance matching, yielding a transmission
amplitude close to 1. The Y and Z parameters of the proposed
metasurfaces are extracted with the simulated transmission and
reflection coefficients, shown in Figure 4. When the normalized
surface electric conductance and surface magnetic impedance are
equal and pure imaginary, it can be seen that there is a Huygens’
resonance at 0.819 THz.

To further illustrate how the designed structure achieves the
Huygens’ resonance, the current and electric field distribution for
the two polarization at 0.819 THz have been analyzed. The
current distributions are shown in Figure 5. For TM mode, a
strong induced current appears along the front and back metal
wires, oscillating along the x-axis, as shown in Figure 5A. On the

FIGURE 5 |Current distribution of the metasurface at 0.819 THz. Current distribution excited by TMmode on the front (A) and back (B) layers. Current distribution
excited by TE mode on the front (C) and back (D) layers.
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contrary, current on the left and right metal wires are very small.
On the backside of the metasurface, which is the back metal
layer composed of four L-shaped metal wires, the induced
current distribution is shown in Figure 5B. The induced

current is formed on both the front and back sides. Compare
Figures 5A, B, one can find that the currents on the front and
back layers along the upper side metal wires are in opposite
directions, forming an equivalent transverse magnetic dipole.
For TE mode, strong induction current is aroused along the left
and right metal wires on the front layer, as shown in Figure 5C.
The induction current along the top and bottom metal wires is
very weak. On the backside of the metasurface, the induced
current distribution is shown in Figure 5D. The induced
currents on the front and back layers are in the opposite
direction along the y-axis, forming an equivalent transverse
magnetic dipole.

Similar conclusions can be obtained by analyzing the electric
field distribution on the metasurface, as shown in Figure 6. It can
be seen that for TM mode, the electric field on the front layer is
mainly localized at the upper and lower metal wires, as shown in
Figure 6A. The electric field on the back layer of the metasurface
is mainly localized around the ends of the L-shaped wires, as
shown in Figure 6B. The electric field distribution on the front
layer for TE mode is similar to the one for TM mode but rotated
by 90° due to the symmetric property of the metasurface. The
electric field on the front layer is mainly distributed at the left and
right metal wires, as shown in Figure 6C. The electric field on the

FIGURE 6 | Distribution of electric field at 0.819 THz. Electric field distribution excited by TM mode on the front (A) and back (B) layer. Electric field distribution
excited by TE mode on the front (C) and back (D) layer.

FIGURE 7 | The amplitude and phase of the transmission coefficient of
the Huygens’ metastructure at 0.93 TH vary with increasing l.
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back layer is mainly distributed at the ends of the four L-shaped
metal wires just like the one in the TM mode case, as shown in
Figure 6D.

HUYGENS’ METASURFACE ARRAY

Applying the unit of the Huygens’ metasurface, a one-
dimensional array with phase gradient in space is
constructed. The transmission phase of each unit varies along
with the array, making the array capable of achieving high
efficient anomalous refraction for dual-polarized terahertz
waves. The electromagnetic response of the Huygens’
metasurface depends on its geometric parameters, thus the
required phase distribution can be obtained by adjusting the

corresponding geometric parameters. When metal size l is swept
while keeping l + g = 146.7 μm. Results are shown in Figure 7. By
analyzing the magnitude and phase of the transmission
coefficient, proper geometric parameters can be chosen for
the phase distribution. One can find that the transmission
coefficient varies with the change of l. The metasurface has a
high transmittance which fluctuates in the range of 0.82–0.93
when varying l. Due to the Huygens’ resonance, the phase also
increases rapidly with increasing l.A phase gradient of 45°

between adjacent cells was selected for demonstration. While
at the 0.819 THz frequency, the phase of S21 is very sensitive to l.
Small l changes will cause large phase change, which asks for a
high accuracy for l to conduct accurate refraction and is not
feasible in experiments. Therefore, we chose to construct the
array at 0.93 THz.

TABLE 1 | List of the related information of each unit of the array at 0.93 THz.

Element Number 1 2 3 4 5 6 7

l (μm) 16.7 94 99.85 104.5 108 115.2 133.3
|S21| 0.891 0.911 0.885 0.822 0.891 0.932 0.921
∠S21 (deg) -93.2 -145 −197.4 −255.3 −301 −356.7 −399.7

FIGURE 8 | Schematic diagram of the front surface (above) and back surface (below) of the array.

FIGURE 9 | Phases (A) and magnitude (B) of the transmission coefficients of the 7 cell structures.
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The abnormal refractive angle is usually calculated with the
following expression:

θ0 � arcsin(λ
D

θ

2π
) (7)

where λ refers to the wavelength of the electromagnetic field, D
refers to the length of the super array unit, θ refers to the total
phase change along with the array. Since the change amount of
the transmission phase at 0.93 THz is larger than 360° with
varying l, other refraction angles can be obtained by changing
θ. Here the parameters in this work are: λ = 323 μm, D = 7 *p =
1166.9 μm. For delection angle 13.7°, according to Eq 7, an array
made of seven metasurface units is modeled with their l was
chosen as (μm):16.7, 94, 99.85, 104.5, 108, 115.2 and 133.3
respectively. The transmission performance is shown in
Table 1. It shows that the transmission coefficients of the
seven units at 0.93 THz are all greater than 0.82, ensuring
high transmittance for the abnormal refraction.

An array made of the seven selected units is modeled in CST as
shown in Figure 8. The l-parameter of the seven units increases
successively from left to right according to Table 1.

The transmission coefficient modulus and phases of the 7 cell
structures were obtained by simulating the 7 cells, one can find
that, the magnitude of S21 of all seven units is larger than 0.7

between 0.83 THz and 0.97THz, with phase difference varying
from 249 to 320°. Hence, it can be concluded from Figure 9 that
the structure can achieve a large phase offset at a wide
bandwidth.

To further illustrate the abnormal refraction capability of the
Huygens’ metasurface array, simulations are performed with 16
Floquet modes. In order to obtain ab intuitive illustration of
Huygens’ metasurface, air layers of several wavelengths in
thickness are added on both sides of the metasurface. As
shown in Figure 10, the terahertz wave at 0.93 THz is incident
normally to the Huygens’metasurface, while the outgoing wave is
deflected at an angle of 14.0°, with an error of 2.2% compared with
the proposed angle, showing a high consistent with the theory.
From Figure 10, one can find that the wavefront for the TE and
TM modes are slightly different, mainly due to the fact that the
phase gradient is only in x-axis while it is periodic along the
y-axis.

CONCLUSION

In this paper, a broadband and dual-polarized terahertz phase
modulator based on a bi-layer Huygens’ metasurface is
designed. By introducing a transverse magnetic dipole into
metasurface, a Huygens’ resonance is formed, enabling large

FIGURE 10 | Magnetic field distribution for TM (A) and TE (B) modes when a plane waves at 0.93 THz is incident normally to the metasurface; Electric field
distribution for TM (C) and TE (D) modes when a plane waves at 0.93 THz is incident normally to the metasurface.
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phase changes while maintaining impedance matching. The
incident wave phase of 0.93 THz is modulated over 300°,
while the magnitude of the transmission coefficient can be
maintained above 0.82. An array made of this bi-layer
Huygens’ metasurface with phase gradient distribution is
designed to realize abnormal refraction at 0.93 THz. Due to
the symmetric characteristics of the designed structure, both
waves in TE and TMmodes can excite Huygens’ resonance in its
structure, thus the Huygens’ metasurface has broadband and
dual-polarized response, which provides a reliable design
scheme for dual-polarized terahertz wave manipulation.
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