Chin. Phys. B 32, 024201 (2023)

High efficiency of broadband transmissive metasurface terahertz

polarization converter

Qiangguo Zhou(J& 3 [F)4, Yang Li(Z=¥)!4, Yongzhen Li(ZE7K k)14,
Niangjuan Yao(#k#R48)!*, and Zhiming Huang(#% & HH)12347

1 State Key Laboratory of Infrared Physics, Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China
2Hemgzhou Institute for Advanced Study, University of Chinese Academy of Sciences, Hangzhou 310024, China
3Inst1'tute of Optoelectronics, Fudan University, Shanghai 200438, China
4 University of Chinese Academy of Sciences, Beijing 100049, China

5Key Laboratory of Space Active Opto-Electronics Technology, Shanghai Institute of Technical Physics,
Chinese Academy of Sciences, Shanghai 200083, China

(Received 8 March 2022; revised manuscript received 19 April 2022; accepted manuscript online 7 May 2022)

Terahertz wave is between microwave and infrared bands in the electromagnetic spectrum with the frequency range
from 0.1 THz to 10 THz. Controlling and processing of the polarization state in terahertz wave are the focus due to its
great influence on the characteristics. In this paper, a transmissive metasurface terahertz polarization converter is designed
in 3D structure with an upper surface of ruler-like rectangular , an intermediate dielectric layer and a lower surface of metal
grid wires. Numerical simulations of the converter show that the polarization conversion ratio (PCR) is above 99.9% at
0.288 THz-1.6 THz, the polarization rotation angle (PRA) is close to 90° at 0.06 THz—1.4 THz, and the ellipticity angle
(EA) is close to 0° at 0.531 THz—1.49 THz. The origin of the efficient polarization conversion is explained by analyzing
the electric field intensity, magnetic field intensity, surface current, electric field energy density, and magnetic field energy
density distributions of the converter at 1.19 THz and 0.87 THz, which are consistent with the energy transmittance and
transmittance coefficient. In addition, the effects of different thickness and material of intermediate layer, thickness of
upper surface material, polarized wave incidence angle, and metasurface materials on the performance of the polarization
converter are discussed, and how they affect the conversion performance of the polarization converter are also explained.
Our results provide a strong theoretical basis and technical support to develop high performance transmission-type terahertz

polarization converters, and play an important role to promote the development of terahertz science and technology.
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1. Introduction

Polarization is an important property of electromagnetic
waves, which characterizes the orientation of the electric field
intensity vector at a given point in space as a function of time.
Polarization is widely used in antennas, '3/ radars,!*>! and ra-
dio communications,[®! and has become a hot topic research.
Traditional polarizers mainly use anisotropic crystals, opti-
cally active materials and liquid crystals to control the elec-
tromagnetic waves. However, the above methods have dis-
advantages such as large volume, high loss, narrow response
frequency band, and unfavorable integration, which hinder
the practical application of electromagnetic wave polarization
converters. With the development of science and technology,
it has been able to meet the needs of high integration and
high energy utilization.!”! In recent years, the emergence of
metasurfaces has provided a new way to control the polariza-
tion state of electromagnetic waves. In particular, polariza-
tion converters based on metasurfaces have the advantages of
small size, thin thickness, high conversion efficiency, and flex-
ible structural design. When an electromagnetic wave passes
through a metasurface, the electric field component induces
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the polarization response and the magnetic polarization re-
sponse, while the magnetic field component induces not only
the magnetic polarization response but also the polarization
response, i.e., a cross-coupling effect occurs. When no exter-
nal constant electric field or constant magnetic field is added,
the electromagnetic wave passing through the metasurface will
show magnetic polarization rotation and circular dichroism
phenomenon. By changing the structure of the metasurface
unit, the polarizer can realize different functions, such as lin-
ear polarization deflection, circular polarization conversion
and elliptical polarization conversion.®° With the continuous
breakthroughs in research on metasurfaces, their special ma-
terial and structural properties, such as low loss, low weight,
and flexible structural design, have been widely used in elec-
tromagnetic engineering research to achieve electromagnetic
properties that traditional materials do not have, such as nega-
tive refractive index, negative dielectric constant, and negative
magnetic permeability.!'*-1] The metasurfaces are artificially
designed sub-wavelength structured materials with periodic or
non-periodic cell arrangements that can achieve the special
electromagnetic properties mentioned above. Based on the
above-mentioned excellent electromagnetic properties, meta-
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surfaces can effectively control the distribution of the ampli-
tude and phase of electromagnetic waves, so that the electro-
magnetic waves passing through the metasurface can undergo
abrupt changes in phase and amplitude, and realize the con-
trol of the polarization state of electromagnetic waves.[!o-18]
Therefore, the application of metasurface to polarization con-
version can effectively improve the performance of polariza-
tion converters. 19221

Since conventional polarizers do not have advantageous
performance in terms of operating band width and polariza-
tion conversion ratio (PCR), we design a transmissive tera-
hertz polarization converter based on a metasurface structure,
which not only has broadband conversion characteristics but
also has the capability of high conversion efficiency for inci-
dent electromagnetic waves. By using a double-layer metal
metasurface, the device can convert the incident X direction
polarized electromagnetic waves to Y direction with high per-
formance, and the PCR reaches a high efficiency of close to
100% at 0.288 THz—-1.6 THz. The origin is explained by the
electric field intensity, magnetic field intensity, surface cur-
rent, electric field energy density, and magnetic field energy
density distributions of the polarization converter at 1.19 THz
and 0.87 THz, respectively. In addition, we analyze the influ-
ence of different thickness of silicon dielectric layer and up-
per surface in the converter, polarized wave incidence angle,
as well as metasurface material on the polarization conversion
performance of X-polarized waves by numerical simulation,
which provides theoretical guiding for further development of
high-performance terahertz polarization converters.

2. Theory

The polarization of electromagnetic waves describes the
spatial properties of electromagnetic wave motion. When an
X direction polarized electromagnetic wave is incident on a
metasurface terahertz polarizer, the electric fields of the inci-
dent and transmitted electromagnetic waves can be expressed

respectively as!?3-23
Ei:E)i;e_JkZA() +E)€e_JkaA0> (1)
E = Eje %, + Ele 154, )

where E! and E}’ denote the components of the incident elec-
tromagnetic waves in the X and Y directions, respectively. £,
and J, are unit vectors on the X and Y axes, respectively. £/
and §/, are unit vectors on the X’ and Y’ axes, respectively. E.
and E)’ denote the components of the transmitted electromag-
netic waves in the X and Y directions, respectively. See the
polarization conversion principle in Fig. 1.

Define the cross-polarization transmission coefficient
e = B2/ |E:
cient t,, = |E%|/|EL|. Equation (2) can be rewritten as

, and the co-polarization transmission coeffi-

Ey = tyeEre 1, + ocEre 1R, 3)

E = t),ine_j (kZ_(Pyx)y"; +txxE)‘;e_j(kZ_‘p”))€ﬁ,, )

where @y, is the transmission phase from X-polarization to
Y-polarization, and @, is the transmission phase from X-
polarization to X-polarization. From Eq. (3), it can be seen
that when ¢, is O, there is only the electric field component
in the Y direction with E; = t,,Ele 1k=9)§/ which is the
Y-polarization wave.
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Fig. 1. Schematic diagram of terahertz polarization converter.

To measure the conversion capability of the polarization

converter, the PCR is defined as[26:27]
2
PCR = 2. 5
113 ©)

To well describe the performance of the designed polarization
converter, the transmittance (dB) is defined as

)

I E!
Ty = 101og10(%> = 2o1og10(3> =20loggtyr.  (6)
I E;

The yx in the subscript indicates the polarization state of
the electromagnetic wave transitions from the X direction po-
larization state to the Y direction polarization state. To ac-

curately describe the transmitted wave, the Stokes method is

introduced here, defined as!?8-2%)
So t)%x + t}%x L+ Iyx
Sul | et || le—Ix o
S2 2ty ity cOS & Injs—1_g)4
S3 21ty Sin O Ig— I

where 0 = @, — ¢, is the phase difference between f,, and .,
I7/4 1s the light intensity of the linear polarization component
of the m/4 light wave direction, I_, /4 1s the light intensity of
the linear polarization component of the —7/4 light wave di-
rection, and I and I, are the light intensities of the right and
left polarized light components of the light wave, respectively.
To describe the linear polarization characteristics of polarized
electromagnetic waves, define the polarization rotation angle
(PRA) v and the ellipticity angle (EA) x as"

A\Y)

2 = =
tan 2y s, 3
sin2y = & )

So
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And then get
1 21,1y cOS O
Y = —arctan | —5——— |, (10)
2 < 22—t}
1 2tyytyy Sin &
X = = arcsin % (11)
2 2+

When the incident electromagnetic wave cause the cur-
rent distribution between the layers of the multilayer metama-
terial structure, or the current distribution of a single meta-
material layer to form a small current loop, it is known from
the electromagnetic theory that the small current loop at this
time can be equivalent to a magnetic dipole, thereby generat-
ing magnetic resonance, and the magnetic moment generated
by the magnetic dipole produces a modulating effect on the
electromagnetic wave. When the surface current distribution
trend of the metasurface device can be equivalent to a current
stub, the current stub can be equivalent to an electric dipole,
which generates electric resonance, and the electric dipole mo-
ment generated by the electric dipole also has a modulating

[31-33] Therefore, the inci-

effect on the electromagnetic wave.
dent electromagnetic wave is incident on the metallic metasur-
face structure, and the electromagnetic resonance is generated
at different frequency points out, and the resulting magnetic
moment or electric dipole moment will have a modulating ef-
fect on the incident electromagnetic wave, which results in the

conversion of the polarized wave. [34-3¢]

3. Design and analysis
3.1. Structural design and performance analysis

The structure diagram of the broadband transmissive tera-
hertz polarization converter designed in this paper is shown in
Fig. 2(a). The device consists of a periodic cell structure with
a 3-layer design, among which, the upper and lower layers are
gold, the intermediate dielectric layer is polyimide, the upper
layer is a square-like structure, and the bottom layer is a metal
grating structure (see Fig. 2(b)).

Fig. 2. Schematic diagram of the 3D structure of a broadband metasur-
face terahertz polarization converter. (a) Partially periodic structure of
the polarization converter and x-polarization incidence waves, (b) struc-
ture of the device cell.

In the periodic cell structure, and the thickness of the up-
per metal structure is = 0.2 um and the thickness of the lower
metal grating is #; = 0.3 um. Based on the finite element al-
gorithm (FEM), the three-dimensional (3D) electromagnetic
field simulation of the device is carried out at 0 THz-1.8 THz.
In the simulation experiment, the conductivity ¢ of gold is
set to 4.56x107 S/m, and the relative permittivity of poly-
imide material is 3.5(1 4 0.051). Other structural parameters
of the polarization converter are P = 100 um, P; = 54.5 pum,
P =575 um, s =55 um, P, =3.7 um, Ps = 1.5 pum,
h=25pum, W =12.5 um, W; =7.5 um, and W, = 7 pm.
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Fig. 3. Cross-polarization (cr-p) and co-polarization (co-p) energy
transmission curves.

When the electromagnetic wave with X-ploarized electric
field direction is incident perpendicularly to the upper surface
of the polarization converter, the structure can realize high-
efficiency polarization conversion for the polarized wave at
0 THz—1.8 THz. According to Eq. (5), the cross-polarization
energy and co-polarization energy transmission curves of this
device are simulated (see Fig. 3). At 0.54 THz-1.34 THz, the
cross-polarization energy transmission is higher than —5 dB,
and at 1.19 THz, the maximum is —1.43 dB. To describe the
amplitude of cross-polarization signal transmission at different
frequency points and the reason of polarization conversion, the
surface current, electric field intensity and magnetic field in-
tensity distribution of the polarization converter at 0.87 THz
and 1.19 THz are simulated in Fig. 4, where 0.87 THz is
the frequency point corresponding to the through of cross-
polarization transmission coefficient. The surface current de-
fined here is the surface current density (Js), i.e., the product
of the surface current density element of the carrier (ps) and
the carrier drift velocity (v), Js = psv (A/m). In Figs. 4(a) and
4(b), the current distribution on the upper surface of the polar-
ization converter and the bottom surface current show opposite
states, implying that the polarization transition at 1.19 THz is
generated by the strong magnetic resonance formed between
the top and bottom structures, and the magnetic dipole mo-
ment generated by the magnetic dipole exerts a modulating
effect on the electromagnetic wave. Similarly, it can be seen
from Figs. 4(c) and 4(d) that the current density on the upper
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surface at 0.87 THz is smaller than that at 1.19 THz, and it is
not obvious that the current distribution on the upper surface
and the current distribution on the bottom surface show the op-
posite state. So, the magnetic resonance at 0.87 THz is smaller
than the magnetic resonance at 1.19 THz. From Figs. 4(e) and
4(f), it can be seen that the electric field energy is mainly gath-
ered at the endpoints, and the reason is that the endpoints of
the fold line and the endpoints of the other fold line form an
opening between them, which is equivalent to a capacitor that
generates electric field resonance, and the electric dipole pro-
duces an electric dipole moment that has a modulating effect
on the electromagnetic wave. The magnetic field energy is
mainly gathered on the arm of the square ring, which is the
arm of the square ring equated to an inductive element that
can cause magnetic resonance, and the magnetic dipole gen-
erates a magnetic dipole moment that produces a modulating
effect on the electromagnetic wave. The electrical resonance
and magnetic resonance at 1.19 THz are stronger than those at
0.87 THz, indicating that the polarization conversion capabil-
ity at 0.87 THz is much smaller than that at 1.19 THz. There-
fore, the reason why the metasurface terahertz polarization
converter can achieve high-efficiency polarization conversion
is mainly due to the regulation effect of the electric dipole mo-
ment and the magnetic dipole moment on the electromagnetic
wave.[31-331 At 1.8 THz, the cross-polarization and the co-
polarization energy transmission have a cross point, indicat-
ing that the cross-polarization energy and the co-polarization
energy transmission are equal. According to Eq. (5), the trans-
mission coefficient (¢, and #y,) and transmittance (tyzx and tfx)
curves of cross-polarization and co-polarization are simulated
(see Fig. 5). At 1.19 THz, the cross-polarization transmis-
sion coefficient reaches the maximum, which is 84.82%. At
about 1.8 THz, the cross-polarization transmission coefficient
and the co-polarization transmission coefficient are the same,
which is 0.05, indicating that the cross-polarization and co-
polarization voltage signal transmission amplitudes are equal.
The cross-polarization transmittance is above 0.6 at 1.11 THz—
1.26 THz, and reaches the maximum at 1.19 THz, which is
0.72, indicating that 72% of the incident electromagnetic wave
energy is converted to cross-polarized transmission. There-
fore, our designed polarization converter has higher energy
transfer efficiency than other types of polarization convert-
ers, as reported in Refs. [26,27]. For the transmittance of
the co-polarization, due to the normalized coordinates, it is
close to 0. It can be seen from the analysis in Fig. 5 that
the polarization converter has a high transmittance for con-
verting the incident electromagnetic wave with X polarization
into Y polarization electromagnetic wave. The transmission
of co-polarized electromagnetic waves is very low, that is, the
electromagnetic waves polarized in the X direction are rarely
polarized in the X direction after passing through the polar-
ization converter. In Fig. 6, the surface electric field energy

density and magnetic field energy density distribution of the
polarization converter at 0.87 THz and 1.19 THz are simu-
lated. At 1.19 THz, the surface electric field energy density as
well as the magnetic field energy density of the polarization
converter are much larger than those at 0.87 THz, indicating
that the cross-polarization transmittance at 1.19 THz is much
higher than the cross-polarization transmittance at 0.87 THz.
Therefore, according to the analysis results of the electric field
energy density and the magnetic field energy density on the
surface of the polarization converter, it can be known that it
is consistent with the results of the transmittance curve. The
co-polarization transmittance is basically maintained at about
1074, indicating that the co-polarization transmittance is very
low. At 0 THz-1.8 THz, the maximum co-polarization trans-
mittance is 2.8 x 103, which is much smaller than the cross-
polarization transmittance.

(a)
SR |

e *;m&
W«.ﬁgﬁ%m

Fig. 4. Surface current, electric field intensity and magnetic field intensity dis-
tribution of polarization converter at different frequency points, (a) upper sur-
face current distribution at 1.19 THz, (b) bottom surface current distribution at
1.19 THz, (c) upper surface current distribution at 0.87 THz, (d) current dis-
tribution on the bottom surface at 0.87 THz, (e) distribution of surface electric
field intensity at 1.19 THz, (f) distribution of surface magnetic field intensity
at 1.19 THz, (g) distribution of surface electric field intensity at 0.87 THz, (h)
surface magnetic field intensity distribution at 0.87 THz.
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Fig. 5. Transmission coefficient (a) and transmittance (b) curves of
cross-polarization and co-polarization.

J/m3 (b)

J/m?
Max

Fig. 6. The cross-polarization energy density distribution of the polarization
converter at different frequency points, (a) the electric field energy density
distribution at 1.19 THz, (b) the magnetic field energy density distribution
at 1.19 THz, (c) electric field energy density distribution at 0.87 THz, (d)
magnetic field energy density distribution at 0.87 THz.

Figure 7(a) depicts the change curve of the PCR of the
device with frequency. At 0.288 THz-1.6 THz, the PCR is
higher than 99.9%, that is, more than 99.9% of the energy be-
longs to cross-polarized transmission. At 0.1 THz—0.288 THz,
PCR is still higher than 90%), so it can show that this device is
a high-performance linear polarization converter with broad-
band characteristics. PCR begins to decrease when the fre-
quency is greater than 1.6 THz, and decreases to 0 when the
frequency is about 1.8 THz. In addition, in order to further de-
scribe the polarization characteristics of the transmitted wave,

we give two important performance parameters describing the
polarization characteristics of the polarized wave: the PRA
(w) and EA (). Figure 7(b) shows the PRA and EA at 0 THz-
1.8 THz. At 0 THz—0.048 THz, the PRA is less than 85°, and
at 0.06 THz-1.4 THz, the PRA is close to 90°. At 0 THz-
0.531 THz, the EA is greater than 1°, and at 0.036 THz, the
EA reaches a maximum of 42.4°. At0.531 THz-1.49 THz, the
EA is less than 1°, showing a polarization state of linear po-
larization. The above results show that the device has a good
linear polarization transmission capability. This means that the
polarization converter can perfectly convert X -polarized waves
to Y-polarized waves in a wide frequency range.

1.0f
i (a)
0.8}
2 0.6}
O L
[a
0.4}
0.2
O I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I
0 0.4 0.8 1.2 1.6
Frequency (THz)
80- ——PRA (b)
| —EA
40
!
0 0'/’7 R
=]
< b
—40
—80r

0 04 08 12 16
Frequency (THz)

Fig. 7. The PCR variation curve with frequency (a), the PRA and EA
variation curve with frequency (b).

Through the numerical simulations of the terahertz polar-
ization converter, it can be seen that a Fabry—Perot resonant
cavity-like structure is formed between the double-layer metal
metasurfaces, and the electromagnetic waves are reflected and
transmitted back and forth in the cavity, and the polariza-
tion conversion occurs continuously when the electromagnetic
waves pass through the metal short cut-offs, which makes the
polarization converter obtain a wide operating band and a high
cross-polarization conversion efficiency.

3.2. Performance comparison analysis

In order to show that the terahertz polarization converter
has a better polarization conversion capability, it is necessary
to compare with the performance of other types of terahertz
polarization converters (see Table 1).
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Table 1. Different types of terahertz polarization converters.

Structure type Structural design Operation frequency PCR Refs.
1.0p
/ J The top metal pattern and the bottom 0.8
% %’ % E/ metal film are gold (Au) material, and 0.6H Our work
e ! 0-18THz
5 /?13)1 the middle dielectric layer material is e 04
polyimide material. 0.2

0 ~04 08 12 16

Frequency (THz)
1.0
The top metal pattern and the bottom
metal film are gold (Au) material, and v ]
the intermediate dielectric layer material 0-2—1.6 THz 4 05 [37]
is polydimethylsiloxane (PDMS). i
g o Experiment
0.1 j —— Simulation \
0.2 0.6 1.0 1.4
Frequency (THz)
The to player i d of 1d L0
¢ to player 1s composed of two go
play P & 0.8 — PCR*
patches, and the bottom layer is made up 0.6 —PCRY
o 0
of a planar chiral structure which is 04—18THz ¥ 04 [38]
Centrosymmetric. The intermediate 02
i i i imi i 0
dielectric layer is polyimide material. )7 08 3 e
Frequency (THz)
1 O T T T T T
0.8F cross-polarized transmission _
The structure consists of two layers of 06 1
metal grating structures and an array of 0224 THz g 04k sxpeﬁmerm ] [39]
N N N ——— Numerical
metal stubs placed between the grating 02 L Thearatical ]
structures. ol R st w0 h W
04 08 12 16 20 24
Frequency (THz)
1.0
The structure consists of a metal (Au) 08
metasurface on the top layer a polyimide 6 0.6
material as an intermediary dielectric 0.4—1.8 THz & 0.4 [40]
layer, and a metal plane on the bottom 0.2
layer. 0
0.4 0.6 0.8 1.0 1.2
Frequency (THz)

1.0

P —
— 0.8 —
Z Yellow stands for metla (Au)
= 7 A o 6 0.6 [41]
> <  metasurfaces and blue indicates the 04-20THz g 0.4
4 0.6 0.8 1.0 1.2

¢

Frequency (THz)

The first polarization converter is designed by us, and its ~ polarization converter, its cross polarization with PCR more
polarization conversion efficiency is maintained above 99.9%  than 95% in a frequency range of 0.73-1.41 THz. However,
in 0.288-1.6 THz. For the second polarization converter, the  in a wide frequency range, the linear polarization transmission
PCR is maintained above 50% at 0.53—1.63 THz. For the third  capability is not ideal. For the fourth polarization converter, its
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PCR is above 50% at 0.52—1.82 THz. For the fifth polarization
converter, the PCR is maintained above 85% from 0.64 THz
to 1.67 THz, and at 0.69 THz, 1.1 THz and 1.57 THz, the
PCR ~ 100%. For the last polarization converter, it can be
seen from the PCR curve that its polarization conversion ef-
ficiency is lower than that of our designed polarization con-
verter. In addition, the linear polarization transmission perfor-
mance of this device is lower than that of our designed polar-

ization converter.

Therefore, the overall performance of our designed polar-
ization converter exceeds that of other types of terahertz polar-

ization converters by the performance comparison.

(a

N

1.0
0.9}
0.8}
0.7}
0.6}
0.5}
0.4}
0.3}

Transmission coefficient

0.2
0.1

Frequency (THz)

PCR

0 02 04 06 08 1.0 1.2 1.4 1.6 1.8
Frequency (THz)

4. Discussion

In this section, to provide reasonable research directions
and ideas for further improving the performance of terahertz
polarization converters, the influence of structural parameters
on the performance of terahertz polarization converters will be
studied in five aspects of intermediate dielectric layer thick-
ness, intermediate dielectric material, thickness of upper sur-
face, polarization wave incidence angle, and metasurface ma-
terial.

4.1. Influence of intermediate layer thickness

By setting the dielectric layer thickness (h) as 15 pm,
25 pum, 35 um, 45 wm, and 55 pm, the variation performance
of the terahertz polarization converter with the dielectric layer
thickness are obtained (see Fig. 8).

T W
AR
[«]
i=}

o

Q
Q
a
g 0.6:
Z 0.5¢
£ o.4f
< 0. L
& o.3f

0.2F

0.1F

% 02 04 06 08 1.0 1.2 1.4 1.6 1.8
Frequency (THz)

(d) 100

g0 [l — PRA (R =15)

— PRA (h=25)

60l — PRA (h=35)

40 [l —PrA (h=15)
. — PRA (h=55)
> 20
5 (0] N
2 20 0
< EA (h=15)

—40 — EA (h=25)

—EA (h=35)

=60l —EA (h=45)

— —EA (h=55

80 (=5 L=

_100 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I
0 0.2 04 06 08 1.0 1.2 1.4 1.6 1.8
Frequency (THz)

Fig. 8. The relationship between the terahertz polarization conversion performance and the thickness of the medium, (a) transmission coeffi-
cient, (b) transmittance, (c) PCR, (d) PRA and EA, the unit of / in the figure is pm.

It can be seen from Figs. 8(a) and 8(b) that the cross-
polarization and co-polarization transmission in the entire ter-
ahertz band change significantly with the change of the thick-
ness of the dielectric layer, indicating that the thickness of the
dielectric layer has a great influence on the cross-polarized
and co-polarized energy transmission. Table 2 lists the maxi-
mum cross-polarization transmission coefficient and transmit-
tance corresponding to different dielectric layer thicknesses.
It can be seen that when 7 = 25 um, the cross-polarization

transmission coefficient and transmittance are the largest. In

Fig. 8(c), with the thickness of the dielectric layer increase,
the frequency points for achieving high PCRs at low frequency
bands are different (see Table 3). It shows that appropriate in-
creasing the thickness of the dielectric layer is beneficial to
achieve a high PCR in the low frequency range. However, in
the high frequency range, the PCR fluctuates greatly with the
thickness of the dielectric layer: As the thickness of the di-
electric layer increases, the PCR begins to show a downward
trend. For example, when & = 25 pum, the PCR appears to

decline earlier, and the downward trend is more obvious com-
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pared to that of 2 = 15 pum. With the increase of the thickness
of the dielectric layer, the PCR begins to show an obvious ab-
sorption peak. The larger the thickness of the dielectric layer,
the earlier the absorption peak appears, but the PCR at the
peak is very low, such as h =45 um, at 1.7 THz, PCR = 0;
h =155 pum, at 1.44 THz, PCR = 0.15. The main reason for
the obvious absorption peak is that the thickness of the di-
electric layer increases, and the upper and lower layers of the
metasurface structure form a structure similar to a resonant
[42-45] When the frequency of the incident electromag-
netic wave is just close to the resonant absorption frequency

cavity.

of the resonant cavity, it will produce more obvious energy ab-
sorption for the cross-polarized transmission. In Fig. 8(d), the
PRA and the EA are also sensitive to the change in the thick-
ness of the dielectric layer. With the increase of the thickness
of the dielectric layer, the PRA and the EA mainly fluctuate
greatly in the high frequency range. Therefore, the greater the
thickness of the dielectric layer, the more obvious the fluctua-
tion and the worse the linearly polarized transmission.

By analyzing the effect of different thicknesses of the di-
electric layer on the performance of the terahertz polarization
converter, it can be seen that the above performance of the
polarization conversion of the structure reaches the best when
h =25 pm, which also proves that the design of the dielectric
substrate thickness of the structure is very reasonable.

Table 2. Maximum cross-polarization transmission coefficient and
transmittance corresponding to different dielectric layer thicknesses.

Dle'lectrlc fayer Transr'mssmn Transmittance (%) Frequency (THz)
thickness (h)  coefficient (%)
15 pm 69.3 48 1.27
25 pm 84.8 72 1.19
35 um 84.6 71.6 1.07
45 pm 81.3 66 0.956
55 um 75.6 57 0.862

Table 3. The relationship between the thickness of the dielectric layer
and PCR.

Dielectric layer thickness (k) PCR (%) Frequency (THz)
15 um ~ 95 0.2
25 pm ~95 0.136
35 pm ~95 0.106
45 pm ~ 95 0.0828
55 um ~95 0.063

4.2. Influence of intermediate dielectric material

Based on the analysis in Subsection 4.1, the effect on the
performance of the terahertz polarization converter is stud-
ied by replacing the intermediate dielectric material by sili-
con material with a constant thickness of 7 = 25 um. The
relative permittivity of the silicon material is 11.9, and the
conductivity o is 2.5 x10™* S/m. In Figs. 9(a) and 9(b),
the maximum cross-polarization transmission coefficient and
transmittance of silicon material are greater than that of poly-
imide based material. At 0.67 THz—0.84 THz, the transmit-
tance is higher than 60%, which is greater than the width of

the polyimide based material. At 0.7 THz, the transmittance
reaches the maximum value of 80.7%, which is 8.7% higher
than the maximum transmittance of polyimide. However, the
transmission coefficient and transmittance of the silicon-based
terahertz polarization converter start to be lower than that of
the polyimide based material after 0.74 THz, and the trans-
mittance is close to 0 at about 1 THz. To visually describe
the difference in the maximum transmittance and transmission
coefficient of cross-polarization at different frequency points
using silicon and polyimide based materials, the surface cur-
rent, electric field intensity, magnetic field intensity, electric
field energy density, and magnetic field energy density distri-
bution of the silicon based material at 0.7 THz are presented
in Fig. 10. From Figs. 10(a) and 10(b), it can be seen that the
current distribution on the upper surface of the silicon based
device at 0.7 THz shows an opposite direction to the current
distribution on the bottom layer, implying the strong mag-
netic resonance formed between the top and bottom structures.
The electric field strength at 0.7 THz of silicon based material
is lower than that of polyimide based material at 1.19 THz,
i.e., the electric field resonance generated is lower than that
at 1.19 THz, and the electric dipole moment generated by the
electric dipole produces a weaker modulation of the electro-
magnetic wave than that at 1.19 THz. However, the mag-
netic field intensity of the silicon based material at 0.7 THz
is much higher than the surface magnetic field intensity distri-
bution of the polyimide based material at 1.19 THz, indicating
that the magnetic dipole moment generated by the magnetic
dipole produces a much higher modulating effect on the elec-
tromagnetic wave than that at 1.19 THz, which makes up for
the lack of modulating effect of the electric dipole moment on
the electromagnetic wave (see Figs. 10(c) and 10(d)). There-
fore, it can be seen from Figs. 10(e) and 10(f) that the electric
and magnetic field energies of the silicon based material at
0.7 THz are higher than those of the polyimide based mate-
rial at 1.19 THz, indicating that the dipole moment generated
at 0.7 THz is larger and has a stronger polarization conver-
sion capability. This is in agreement with the performance
results of the terahertz polarization converter (see Figs. 9(a)
and 9(b)). In Fig. 9(c), the PCR of silicon based material
begins to decrease at around 0.95 THz, and the width of the
frequency band with high polarization conversion efficiency
(PCR > 99%) is significantly smaller than that of polyimide
based material. Moreover, when the frequency of the incident
electromagnetic wave is greater than 0.95 THz, the PCR curve
appears to fluctuate greatly, starting to be lower than that of
the polyimide based material, indicating that the silicon based
material has poor polarization conversion ability in the high
frequency range. In Fig. 9(d), the PRA and EA of the sili-
con based material begin to fluctuate when it is close to about
1 THz, and the linear polarization transmission capability de-
teriorates at high frequency.
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Fig. 9. The relationship between the performance of the terahertz polarization converter of the silicon dielectric layer and the frequency,
(a) transmission coefficient, (b) transmittance, (¢) PCR, (d) PRA and EA.
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Fig. 10. Current distribution on the upper surface (a), current distribution on the bottom layer (b), electric field intensity (c), magnetic field intensity (d),
electric field energy density (e), magnetic field energy density (f) of the terahertz polarization converter with dielectric layer of silicon material at 0.7 THz.

The above analysis of the terahertz polarization converter
performance of silicon based material shows that although
PCR, PRA and EA are lower than those of polyimide based
material in terms of bandwidth, the transmission capability of
cross-polarizzation electromagnetic waves has an obvious ad-
vantage at the corresponding frequency point. So, the terahertz

polarization converter of silicon based material can be mainly

used in terahertz imaging and other aspects, which greatly ex-
pands the application range of the terahertz polarization con-
verter of this structure. Therefore, the terahertz polarization
converter designed in this paper can not only expand the ap-
plication direction of the terahertz polarization converter by
changing the dielectric layer material, but also prove the ratio-

nality of this structure design.
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4.3. Influence of upper surface material thickness

By changing the thickness of the metal material on the
upper surface, the effect of the upper surface with different
thicknesses on the performance of the polarization converter
is studied. The upper surface material thickness t is set to be
0.8 um, 0.6 pm, 0.4 pum, and 0.2 pum, respectively. It can
be seen from Fig. 11(a) that the cross-polarization and co-
polarization transmission coefficients change very little with
the change of the thickness of the upper surface. In Fig. 11(b),
the cross-polarized and co-polarized transmittances are also
less fluctuating with the thickness of the upper surface. The
PCR of the terahertz polarization converter also does not
change significantly with the thickness of the upper surface
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(see Fig. 11(c)). For the PRA and EA, it can be seen that there
is no obvious fluctuation with the change of the thickness of
the upper surface in the whole working band (see Fig. 11(d)).
This means that the upper surface of different thickness has
less influence on the linear polarization transmission charac-
teristics of the device in the whole operating frequency band.
Therefore, it can be known from the simulation experiments
that the thickness of the upper surface of the polarization con-
verter has little effect on the transmission performance of the
polarization converter. The main reason is that since the skin
depth of terahertz waves in metals is much smaller than the
thickness of the metal, the thickness of the metasurface has
little effect on the polarization properties.
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Fig. 11. Variation of terahertz polarization conversion performance with the thickness of the upper surface material, (a) transmission coefficient,

(b) transmittance, (c) PCR, (d) PRA and EA.
4.4. Influence of the angle of incidence

The effect of different incident angles on the performance
of the terahertz polarization converter is studied by varying
the incident angle 6 of the terahertz polarized electromagnetic
wave. The incident angle O is set as the angle between the
electromagnetic wave incident on the X—Z plane and the Z
axis. The incident angles are set to 0°, 20°, 40°, 60° and 80°,
and the graphs of the performance of the terahertz polarization
converter with the change of the incident angle are shown in
Fig. 12.

In Figs. 12(a) and 12(b), with the incident angle of the po-
larized wave increasing, the maximum cross-polarization en-
ergy transmittance is different (see Table 4). When the in-
cident angle increases from 0° to 40°, the maximum cross-
polarization transmittance shows an increasing trend, and
when the incident angle continues to increase, the maximum
cross-polarization transmittance shows a decrease. As the in-
cident angle of the electromagnetic wave increases, the po-
larization direction of the incident electromagnetic wave also
changes accordingly, and it is no longer the electromagnetic
wave in the X-polarization direction, and it cannot match the
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currently designed terahertz polarization converter. The cross-
polarization transmittance in a wider frequency band is lower
than the cross-polarization transmittance at 0° incidence. Fig-
ure 12(c) shows the PCR at different incident angles. It can be
seen that with the increase of the incident angle, the higher the
frequency that reaches the high PCR (= 99%), the polarization
conversion capability of the polarization converter in the low
frequency band is worse, in Table 5. Although when the in-
cident angle deviates from 0°, the PCR produces greater fluc-
tuations in the high frequency range, but the polarization con-
verter can maintain a higher PCR in a wider frequency band.
Under different incident angles, the PCR is higher than 99% of
the bandwidth (see Table 6). It shows that the polarization con-
verter we designed can meet the practical requirements, and
the application prospect is very huge. For the PRA and EA,
linear polarization transmission performance deteriorates with
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increasing incidence angle. In the corresponding frequency
band, the PRA deviates from 90° and the EA deviates from 0°
(see Fig. 12(d)). The reason why the polarization wave inci-
dence angle has a large impact on the performance of the tera-
hertz polarization converter is mainly due to the deviation from
the X-polarization direction as the electromagnetic wave inci-
dence angle increases, which does not match the structure of
the polarization converter, resulting in poor polarization of the
polarized transmitted electromagnetic wave. Therefore, with
the incident angle of the polarized wave increases, the perfor-
mance of the PCR in the low frequency band will be worse.
Through the above analysis, the polarization converter we de-
signed has a reasonable structure, excellent performance, and
can maintain a high polarization conversion capability in a
wide range of incident angles, which greatly expands the scope
of practical applications.
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Fig. 12. The relationship between the terahertz polarization conversion performance and the incident angle, (a) transmission coefficient,
(b) transmittance, (c) PCR, (d) PRA and EA.

Table 4. Maximum cross-polarization transmittance under different incident angles.

Metasurface Dielectric layer Incidence .
] ] Transmittance (%) Frequency (THz)
material material angle (0)
Au Polyimide 0° ~72 1.19
Au Polyimide 20° ~72.7 1.21
Au Polyimide 40° ~73.5 1.24
Au Polyimide 60° ~58.8 1.22
Au Polyimide 80° ~42 0.84
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Table 5. The relationship between different incident angles and PCR.

Incidence angle (6) PCR (%) Frequency (THz)
0° ~99 0.288
20° ~99 0.29
40° ~99 0.292
60° ~99 0.335
80° ~99 0.652

Table 6. The frequency bandwidth of PCR above 99% under different
incident angles.

Incidence angle (6) PCR (%) Frequency (THz)
0° >99 0.288-1.6
20° >99 0.29-1.543
40° >99 0.292-1.501
60° > 99 0.335-1.316
80° >99 0.652-1.26

4.5. Influence of metasurface material

In this section, changing the metasurface material, we
study its influence on the performance of the terahertz polar-
ization converter. The relevant parameters of different meta-
surface materials are shown in Table 7, and the other structural
parameters remain unchanged. Figure 13 presents the sim-
ulated performance curves of terahertz polarization convert-
ers with different metasurface materials. It can be seen that
the overall performance of the terahertz polarization convert-
ers for different metamaterials does not have large fluctuations
and the relationship curves are basically consistent, which also
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shows that our designed terahertz polarization converter struc-
ture can maintain good polarization conversion performance
Although the
polarization conversion performance of different metasurface

for different kinds of metasurface materials.

materials is basically the same, it is necessary to analyze the
polarization conversion performance of different metasurface
materials in detail and find out the specific influencing factors
to provide basic theoretical guidance for further improving the
performance of terahertz polarization converters.

Table 7. Relevant parameters of different metasurface materials.

Metasurface materials ~ Dielectric layer material ~ Conductivity (S/m)

Ag polyimide 6.3x107
Cu polyimide 5.8%107
Au polyimide 4.56x107
Al polyimide 3.56x 107
Pt polyimide 9.52x10°
Cr polyimide 8x 10°

Table 8. The highest cross-polarization transmission coefficient and trans-
mittance of the polarization converters with different metasurface materials.

Metasu%'face Transr.mssmn Transmittance (%) Frequency (THz)
materials coefficient (%)
Ag 84.72 71.78 1.2
Cu 85.11 72.45 1.192
Au 84.82 72 1.19
Al 84.1 70.7 1.2
Pt 81.83 66.96 1.197
Cr 81.65 66.67 1.179
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Fig. 13. Variation of terahertz polarization converter performance with frequency for different metasurface materials. (a) The transmission

coefficient, (b) transmittance, (c) PCR, (d) PRA and EA.
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In Figs. 13(a) and 13(b), it can be visualized from Table 8
that the highest cross-polarization energy transmittance and
transmission coefficient of terahertz polarization converters
with different metasurface materials differ, mainly due to the
different electrical conductivity (resistivity) of the metasurface
materials. In Tables 7 and 8, the greater the conductivity of the
metasurface material, the higher the cross-polarization trans-
mittance and transmittance coefficient in general, mainly due
to the higher conductivity, higher carrier mobility and higher
energy transfer capability. Figure 13(c) shows that the PCR of
the terahertz polarization converters with different metamate-
rials have the same polarization conversion performance in the
high frequency band, but there are differences in the low fre-
quency band, mainly in the frequency points where high PCRs
(> 99%) are achieved in the low frequency band (see Table 9).
The reason for this result is that the resonant cavity structure
formed by different metasurface materials has different effects
on electromagnetic waves of different frequency bands. The
description of the polarization wave characteristics is shown
in Fig. 13(d), from which it can be seen that the terahertz po-
larization converters with different metasurface materials have
basically the same performance for polarization wave conver-
sion (i.e., linearly polarized transmission), but there are dif-
ferences in the terahertz polarization characteristics in the low
frequency band, and the main difference lies in the different
frequency points for achieving high polarization characteris-
tics (see Table 10). The main reason for this result is that the
resonator-like structures formed by different metasurface ma-
terials have different effects on electromagnetic waves.

Table 9. The PCR of the terahertz polarization converter with different
metasurface materials.

Metasurface materials PCR (%) Frequency (THz)
Ag ~ 99 0.286
Cu ~99 0.281
Au ~99 0.288
Al ~99 0.299
Pt ~99 0.331
Cr ~99 0.306

Table 10. The PRA and EA of terahertz polarization converters with
different metasurface materials.

Metasurface e A ) Frequency (THz) EA (%) Frequency (TH2)
materials
Ag >89.9 0.06 <1 0533
Cu >89.9 0.053 <1 0.523
Au >89.9 0.068 <1 0.527
Al >89.9 0.073 <1 0.548
Pt >89.9 0.1 <1 0.565
Cr >89.9 0.1 <1 0.542

In this part, the effects of different structural parame-
ters on the performance of the polarization converter are com-
prehensively analyzed in five aspects: intermediate dielectric
layer thickness, intermediate dielectric layer material, upper
metasurface material thickness, polarization wave incidence

angle, and metasurface material. For Subsections 4.1-4.4 the
rationality of the designed structure is proved, which greatly
improves the feasibility of practical applications. In Subsec-
tion 4.5, it is shown that this structure can show good polariza-
tion conversion performance for different kinds of metamate-
rials, which indicates that this structure has a broad practical
application prospect and great development potential. More-
over, it can be seen from simulation experiments that metals
with large metasurface conductivity have higher carrier mo-
bility and better energy transfer capability for terahertz polar-
ization waves, so for terahertz polarization converters based on
metal metasurfaces, metallic materials with high conductivity
are usually selected.

5. Summary

In summary, an efficient broadband transmission type
metasurface terahertz polarization converter is designed by us-
ing 3D structure with an upper surface of ruler-like rectan-
gular, an intermediate dielectric layer and a lower surface of
metal grid wires. The cross polarization with PCR of the de-
vice can be maintained above 99.9% at 0.288-1.6 THz. At
0.06-1.4 THz, PRA ~ 90°, and at 0.531-1.49 THz, EA ~ 0°,
which means that the device has good linear polarization trans-
mission characteristics in a wide frequency band. The ori-
gin of the high efficiency polarization conversion has been
explained by the electric field intensity, magnetic field inten-
sity, surface current, electric field energy density and magnetic
field energy density distribution of the polarization converter
at 1.19 THz and 0.87 THz, respectively. By further analyz-
ing the thickness of the intermediate dielectric layer, the ma-
terial of the intermediate dielectric layer, the thickness of the
upper surface material, the incident angle of the polarization
wave and the metasurface material, the following conclusions
can be drawn: (1) The thickness of the dielectric layer has
a certain effect on the cross-polarization transmittance of the
polarized converter and PCR. Therefore, the thickness of the
dielectric layer should be selected for the polarized converter
to achieve the best overall performance. (2) The polarization
converters of different dielectric layer materials will affect the
cross-polarization energy transmission and the working fre-
quency band. For example, when the polarization converter
of silicon based material is at 0.7 THz, its transmittance is
above 80.7%. The energy transmission performance at this
frequency point is very good, and it can be applied to the field
of terahertz imaging. (3) The thickness of the upper surface
material is generally insensitive to the performance of the po-
larization converter. The main reason is that the skin depth of
terahertz waves in metals is much smaller than the designed
metasurface thickness. (4) At 0.652 THz-1.26 THz, the in-
cident angle of electromagnetic wave is in the range of 0°—
80°, and its PCR can be maintained above 99%. However,
with the incident angle of the polarized wave changes, it is no
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longer an electromagnetic wave polarized in the X direction in
the strict sense, and the polarization conversion performance
of the polarization converter will have a certain impact. (5)
Due to the difference of the metasurface material, the conduc-
tivity will have a greater impact on the transmittance of inci-
dent electromagnetic wave energy. Higher conductivity gen-
erally has higher transmission efficiency for incident electro-
magnetic wave energy, and the performance of the polarization
converter is better.

The numerical simulations of the polarization converter
shows that the structure of our designed terahertz polarization
converter is very reasonable and has great potential for practi-
cal applications. For different metasurface materials, the po-
larization converter has excellent performance over a wide op-
erating band at large incidence angles. For example, to achieve
a high PCR and a wide operating bandwidth, the metasurface
can be made of the metals with high conductivity, such as Ag
and Au. In addition, to further improve the performance of the
polarization converter, two-dimensional (2D) materials (such
as carbon group elements, transition metal group II sulfides)
can be combined to achieve high-performance output of polar-
ized waves. 2D materials can not only improve the electrical
conductivity of the metal metasurface, but also the Fermi level
has the characteristics of easy control, and can realize easy to
control high-performance terahertz polarization converters.

The transmission-type terahertz polarization converter
designed has a simple structure, small size, low loss, strong
polarization conversion ability, excellent polarization conver-
sion performance, good linear polarization property retention
and wide operating bandwidth, which will show great prac-
tical application value and practical application prospects in
optoelectronic devices, analytical chemistry, biology, remote
sensing, communication and detection.
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