
Received 5 February 2024, accepted 18 March 2024, date of publication 22 March 2024, date of current version 1 April 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3380838

Broadband High-Efficiency Co-Polarized
Wavefront Manipulation Based
on Multi-Layered Metasurface
for Terahertz Wave
SU ZONG1 AND JIAJUN LIANG 2, (Senior Member, IEEE)
1College of Science and Technology, Gannan Normal University, Ganzhou, Jiangxi 341000, China
2Guangxi University Key Laboratory of Complex System Optimization and Big Data Processing, Yulin Normal University, Yulin, Guangxi 537000, China

Corresponding author: Jiajun Liang (shuigpjd@163.com)

This work was supported in part by Guangxi Natural Science Foundation under Grant 2021GXNSFBA220003.

ABSTRACT Metasurfaces can achieve multifunctional wavefront control, but most co-polarized metasur-
faces can only achieve a 360◦ phase coverage at specific frequency points. In this paper, we propose a
metasurface with efficient co-polarized Terahertz (THz) wave transmission and full 360◦ phase coverage
over a wide band. The proposed metasurface consists of five metal layers and four dielectric layers, which
can be equivalent to two cascade polarization converters to form a Fabry-Perot resonator. The forward
incident y-polarized THz wave can transform into the same polarized transmission wave after transmitting
the proposed metasurface. Electromagnetic waves interfere repeatedly inside the multilayer metasurface,
resulting a high transmission efficiency; furthermore, by changing the structure parameters of the middle two
metal layers, a full 360◦ phase coverage in the broadband is achieved. Wideband THz focus metalens, orbital
angular momentum generator and holographic imaging are realized by properly arranging the metasurface
unit cells. Simulation results show that the designedmultifunctional metasurface can achieve good wavefront
control over the band 0.7-1.0 THz. This paper provides a new idea for the design of broadband co-polarized
metasurfaces, and has great potential value in communication, imaging, remote sensing and other
fields.

INDEX TERMS Metasurface, co-polarized, wideband, wavefront control.

I. INTRODUCTION
With the popularization of 5G technology, spectrum
resources are becoming scarce, and the development of
Terahertz (THz) spectrum is an effective method to expand
the communication frequency band. THz wave is located
between microwave and infrared, which combines the excel-
lent performance of electronics and photonics, and has many
special characteristics [1], [2], [3]. However, most mate-
rials that exist in nature are difficult to generate effective
response in THz frequency band, which leads to the research
bottleneck and THz device research is still in initial stage
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at present [4]. The appearance of metasurface provides more
options for designing THz devices. The commonmetasurface
is composed of subwavelength artificial unit cells with the
ability to regulate wave. It has special properties that natural
materials do not have, such as negative refractive index, neg-
ative dielectric permittivity, negative magnetic conductivity
and so on [5], [6], [7], and [8]. By arranging the artificial cell
structure in a two-dimensional plane, discontinuous phase
mutations can also be introduced to achieve arbitrary regu-
lation of the electromagnetic wavefront. Nowadays, various
THz devices based on the metasurface have been presented,
such as THz metalens [9], [10], [11], [12], orbital angular
momentum generator [13], [14], [15], THz absorber [16],
[17], [18], etc.
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At present, linear polarization wave phase control based on
metasurface mainly by using the principle of phase transmis-
sion, which can realize wide band cross-polarization phase
control and narrow band co-polarized phase control [19],
[20], [21], [22], [23], [24]. By using the Fabry-Perot resonant
principle, a metasurface with three-layer cell structure is pro-
posed, which can achieve linear polarization conversion and
360◦ phase coverage in THz band, the polarization conver-
sion efficiency can reach 60% [19]. Subsequently, a similar
three-layer metasurface cell structure is presented, which
can realize efficient linear polarization conversion and mul-
tifunctional wavefront control within the band 0.4-1.0 THz,
and the polarization conversion efficiency can maintain more
than 90% [20]. Such work provides a design method for
designing a broadband THz wavefront manipulation, but this
work is only based on cross-polarization conversion. In some
specific cases, it is not expected to produce this polarization
conversion, but requires a co-polarized transmission wave.
The existingmethod is to change the size of themetal patch or
to change the radius of the dielectric column in the full dielec-
tric metasurface [25], [26]. A full-dielectric metasurface that
can manipulate the phase of co-polarized in transmission
and reflection modes is proposed, by changing the long and
short axis of the elliptical column; but this structure can only
achieve 360◦ phase coverage at a single frequency point [25].
At present, there are few reports on broadband co-polarized
metasurface wavefront control. Therefore, it is meaningful to
design a metasurface that can achieve 360◦ coverage of the
co-polarized phase on a wide band, which can open the door
to the co-polarized broadband wavefront control.

FIGURE 1. Schematic of the multifunctional metasurface.

Based on the principle of transmission phase, this paper
proposes a multi-layer structure metasurface, which can
realize arbitrary control of co-polarized wave phase at
0.7-1.0 THz band, and has high transmission efficiency.
The proposed five-layer structure metasurface consists of a
polarization-transitionmetasurfacewhich is equivalent to two
cascade polarization converters. The incident y polarization
wave passes through the two polarization transformations and
finally becomes a transmitted co-polarized wave. By chang-
ing the structure parameters of the middle two metal layers,
arbitrary mutation phase can be realized at 0.7-1.0 THz.

By using the proposed cell structure, a wideband metalens is
also designed, which can achieve the focus effect within the
band 0.7-1.0 THz. Then, a broadband orbital angular momen-
tum generator and three high pattern purity vortex beamswith
pattern numberm = 1, 2, 3 are generated. At last, we realized
a wideband terahertz holographic imaging. The schematic
of the multifunctional metasurface as shown in Figure 1.
The proposed design provides new ideas for applica-
tions in photoelectric, communication, imaging and other
fields etc.

FIGURE 2. (a) 3D diagram of cell structure; (b) top layer of cell structure;
(c) second layer of cell structure; (d) fourth layer of cell structure.

FIGURE 3. (a) Transmission coefficient of the five-layer cell structure;
(b) transmission coefficient of structure A and (c) transmission coefficient
of structure B.

II. UNIT CELL DESIGN AND ANALYSIS
The presented metasurface structure consists of five metal
layers and four dielectric layers, as shown in Figure 2. The top
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layer is a metal bar in the x direction, its width is w, as a grat-
ing, which can fully transmit the y-polarized electromagnetic
wave, and completely reflected x-polarized electromagnetic
wave; the third layer is also a metal bar with the orthogo-
nal direction of the first layer, can completely through the
x-polarized electromagnetic wave, and completely reflect the
y-polarized electromagnetic wave; the fifth layer is a metal
bar which is exactly the same as the top layer. The second
layer of metasurface cell structure is a square opening ring,
its outer diameter and inner diameter is a and b, respectively,
the opening size is s, and the angle between the opening
direction and the x axis is β. The fourth layer of metal is a
circular opening ring, the outer diameter and inner diameter
is ro and ri respectively, the opening angle size is θ , the
angle of the opening ring center direction and the x-axis
is α. In the simulation, the metal structure adopts copper
with conductivity of σ = 5.8 × 107 S/m, and thickness
of 0.2 µm; the dielectric layer is a polyimide with thickness
of 25 µm, its dielectric constant is 3.5, and the loss tangent
is 0.0027. Through the optimization simulation, the optimal
geometric parameters are: p = 100 um, w = 40 um,
a = 80 um, b = 60 um, ro = 40 um, ri = 30 um. Broadband
full 360◦ phase coverage can be achieved by changing the
parameters s, β and θ .

FIGURE 4. Schematic of the interference model.

The proposed five-layer cell structure can be decom-
posed into two types of three-layer polarization conversion
cell structures, defined as structure A and B. Structure A
can convert the incoming y-polarization wave along the
forward direction to an x-polarization wave, while struc-
ture B can convert the incoming x-polarization wave into a
y-polarization wave. By cascade structure A and B, the inci-
dent y polarization wave can be converted into a co-polarized
transmission wave. As shown in Figure 3, the transmission
coefficients of the proposed five-layer cell structure, struc-
ture A and B are given, respectively. In the five-layer cell
structure simulation, we set the x and y-direction bound-
ary condition to the periodic boundary and the z-direction
to the open boundary. Figure 3 (a) shows the transmis-
sion coefficient of the proposed five-layer cell structure.
It can be seen that the co-polarized transmission coef-
ficient tyy is greater than 0.7 in the band 0.6-1.2 THz
and has a maximum value of 0.96 at 0.7 THz. At the
same time, the co-polarized transmission coefficient txx

and the cross-polarization transmission coefficient txy and
tyx are both suppressed below 0.2 in the working band.
Figure 3 (b) shows the transmission coefficient of struc-
ture A. It can be seen that the cross-polarization coefficient
txy is greater than 0.9 in the band 0.5-1.2 THz, showing a
high polarization conversion performance. At the same time,
the cross-polarization transmission coefficient tyx and the
co-polarized transmission coefficient tyy and yxx are both
suppressed below 0.2 in the working band. Figure 3 (c)
shows the transmission coefficient of structure B. Con-
trary to structure A, the cross-polarization coefficient tyx
is greater than 0.8 in the band 0.5-1.3 THz, and the inci-
dent x-polarization wave is almost completely converted into
a y-polarization wave. The cross-polarization transmission
coefficient txy and the co-polarized transmission coefficient
tyy and yxx are both suppressed below 0.25 in the working
frequency band. Through simulation analysis, structure A and
structure B cascascade, the overall co-polarized transmission
coefficient ttotalyy = tByx × tAxy.
To further analyze the physical mechanism of electro-

magnetic waves interference within the multilayer structure,
an interference model is established. Figure 4 shows the inter-
ference process of electromagnetic waves in the five-layer
structure metasurfaces. Where the black bidirectional arrow
represents the y-polarized electromagnetic waves, while the
red dot represents the x-polarized component. After the
electromagnetic waves are incident to the top layer, it will
be partially transmitted while the rest part is reflected.
The electromagnetic waves are transmitted and reflected
again after reaching the second layer. The electromagnetic
waves reflected by the second layer are reflected again
after reaching the first layer. Similarly, the electromag-
netic waves reaching the third, fourth and fifth layers are
also transmitted and reflected. Electromagnetic waves are
transmitted and reflected several times in the five-layer
structure, and the final total amount of transmission is the
superposition of multiple transmission components. At the
resonance frequency, the transmission efficiency can be
effectively improved. The interference process is analyzed
quantitatively.

Suppose we decompose the metasurface of the five-layer
structure into separate five layers, and the transmission and
reflection coefficient of each layer can be measured. We set
the medium on both sides of an interface as α and β, and
the electromagnetic waves transmitted on both sides can be
connected with the 4× 4 transmission matrix [19]:

E fβx

E fβy
Ebβx
Ebβy

 = Mδ


E fαx

E fαy

Ebαx
Ebαy

 . (1)

where the subscripts x and y represent the electric field
polarization state, the superscript f and b represent the for-
ward and reverse propagation direction, respectively, and the
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transmission matrixMδ can be expressed as:

Mδ

=


1 0 −←−r (δ)

xx −
←−r (δ)

xy

0 1 −←−r (δ)
yx −

←−r (δ)
yy

0 0 ←−t (δ)
xx

←−t (δ)
xy

0 0 ←−t (δ)
yx

←−t (δ)
yy


−1 

t⃗ (δ)xx t⃗ (δ)xy 0 0

t⃗ (δ)yx t⃗ (δ)yy 0 0

−r⃗ (δ)xx − r⃗
(δ)
xy 1 0

−r⃗ (δ)yx − r⃗
(δ)
yy 0 1


(2)

where δ (= 1, 2, 3, 4, 5) indicates each layer of metal,
respectively. The superscript arrow represents the transmis-
sion direction of electromagnetic waves, r and t represent
the reflection and transmission coefficient of the monolayer
metal, the first subscript indicates the polarization state of
the outgoing wave, and the second subscript indicates the
incident polarization state. Finally, the upper formula can be
simplified as follows:

E fβx = E fαx t⃗
(δ)
xx + E

f
αy t⃗

(δ)
xy + E

b
βx
←−r (δ)

xx + E
b
βy
←−r xy

(δ)

E fβy = E fαx t⃗
(δ)
yx + E

f
αy t⃗

(δ)
yy + E

b
βx
←−r yx

(δ)
+ Ebβy

←−r yy
(δ)

Ebαx = Ebβx
←−t xx

(δ)
+ Ebβy

←−t xy
(δ)
+ E fαx r⃗

(δ)
xx + E

f
αyr⃗

(δ)
xy

Ebαy = Ebβx
←−t yx

(δ)
+ Ebβy

←−t yy
(δ)
+ E fαx r⃗

(δ)
yx + E

f
αyr⃗

(δ)
yy (3)

By programming the interference model, the total trans-
mission coefficient of the five-layer structure can be found.
The flow chart of the algorithm is shown in Figure 5. Tyy is the
total transmission coefficient, is the sum of the transmission
coefficient of i, i is the iteration times of the interference
model, the interference process has countless times, namely
the value of i tends to infinity, and the Tyy component of each
transmission gradually decreases, eventually tends to 0, the
greater the value of i, the more accurate the simulation results.
We set the value of i to a large enough value (set to 100 in
this simulation), so that we can effectively control the error
with the theoretical value. Figure 6 shows the calculation
results of the proposed interference model compared with
the simulation results. Through comparative analysis, we can
see that the calculation results of the proposed interference
model are basically consistent with the trend of the simulation
results. Although there are some errors, it is consideredwithin
an acceptable range.

To prove that the proposed cell structure can achieve 360◦

full phase coverage of the working band, the transmission
coefficients and the transmission phase for different struc-
ture sizes are analyzed. By changing the opening size and
orientation of the two metal rings in the middle, we divided
the metasurface cells into eight types, numbered Unit 1 to
Unit 8. The structure parameters of the eight cells are shown
in Table 1. Figure 7 shows the co-polarized transmission
amplitude and transmission phase of the eight cell structures
at 0.5-1.3 THz. It can be seen that the transmission efficiency
of the eight units is more than 0.7 at 0.7-1.07 THz, and
its phase can meet the complete 360◦ coverage, showing

FIGURE 5. Flow chart of the interference model algorithm.

FIGURE 6. Comparison of the co-polarized transmission coefficient
between theoretical calculation and simulation (a) transmission
amplitude, (b) transmission phase.

good transmission performance. This shows that the proposed
metasurface can achieve arbitrary wavefront manipulation
within a wideband.

III. MULTIFUNCTIONAL WAVEFRONT CONTROL
APPLICATIONS
A. WIDEBAND FOCUS METALENS
Focus metalens plays an important role in the optical sys-
tem, and it is very valuable to study the high performance
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FIGURE 7. (a) Co-polarized transmission amplitude of different cell
structures; (b) transmission phase.

TABLE 1. Geometric parameters of the eight cell structures.

FIGURE 8. (a) Schematic diagram of the focus metalens, and (b) the
metalens phase distribution.

and wideband focus metalens. By introducing an appropriate
phase gradient on the metasurface, the incident plane wave
can be converted into a parabolic wave and converged to the
focus, as shown in Figure 8 (a). The phase compensation for
each position on the metasurface is [20]:

8(x, y) =
2π
λ

(√
x2 + y2 + f 2 − f

)
. (4)

where x and y are the coordinates of the metasurface cell
structure in the x and y plane, and the central point of
the metasurface is (0, 0), and f is the preset focal length.
We simulate the focusing effect of the electromagnetic waves
in the CST Microwave Studio 2018. In the simulation, the
y-polarized plane wave is used as the excitation and propagate
along the z direction. Set the open boundary conditions in
x, y, z direction to simulate the open vacuum environment.
In the simulation, our preset focal length at 1 THz is 1.5 mm.
According to the above formula, we can find the compensa-
tion phase of each cell structure on the metasurface, as shown
in Figure 8 (b).

The metalens designed in this paper consists of
21× 21 cells, where each side is guaranteed to have a
360◦ phase coverage, to ensure a good focus effect. Figure 9
shows the normalized electric field distribution of the
xoz-plane at different wavelengths. It can be seen that the

FIGURE 9. E-field distribution at (a) 0.7 THz, (b) 0.8 THz, (c) 0.9 THz,
(d)1.0 THz.

metalens can fully focus the incident y-polarization wave,
and as the frequency increases, the focal length gradually
increases, showing an obvious color difference effect. At the
same time, according to Figure 9, when the incident wave
is 0.7 THz, the focal length is 890 um; when the incident wave
is 0.8 THz, the focal length is 1061 um; when the incident
wave is 0.9 THz, the focal length is 1355 um; when the inci-
dent wave is 1.0 THz, the focal length is 1479 um. The focal
length and wavelength are obviously reverse proportional,
according to the formula (4).

The focusing efficiency of the metalens at different wave-
lengths are calculated. The focusing efficiency is defined as
the ratio of the integral of the energy field near the focal point
to the total incident energy. The focusing efficiencies of the
metalens at the different frequencies mentioned above are
0.61, 0.66, 0.69, and 0.71, respectively. Thus, the proposed
broadband metalens exhibits high efficiency over a wide
band.
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FIGURE 10. Efficiency of the proposed metalens.

B. BROADBAND ORBITAL ANGULAR MOMENTUM
GENERATOR
The orbital angular momentum is the orbital part of the angu-
lar momentum carried by the electromagnetic wave, which is
generated by the energy rotating around the optical axis. The
wavefront carrying the orbital angular momentum beam has
a vortex shape, so this kind of beam also becomes a vortex
beam. Since the eigenstates of the orbital angular momentum
carried by vortex beams are orthogonal to each other, different
modes can provide independent channel transmission data,
thus improving the communication performance. We use the
proposed metasurface to design a broadband co-polarized
orbital angular momentum.

FIGURE 11. Phase distribution of vortex beams (a) m = +1 (b) m = +2,
(c) m = +3.

The phase distribution of the vortex beam in the cross
section can be expressed as ejmφ , wherem and φ are the topo-
logical charge number and the azimuth angle, respectively.
when a compensated phase for the incident wave at specific
positions in the metasurface is provided, it can generate a vor-
tex beam carrying the orbital angular momentum. Its phase
compensation is expressed by [20]:

ϕm(x, y) = m · tan−1
( y
x

)
. (5)

where x and y are the coordinates in the metasurface plane,
respectively. Here we design the orbital angular momentum
generators when the topological charge is equal to + 1,
+ 2, and + 3, respectively. Figure 11 shows the distribu-
tion of phase compensation at m = + 1, + 2, and + 3.
We design three metasurfaces respectively based on these
phase compensation distributions, which can produce vortex

FIGURE 12. (a) y-direction electric field phase of +1 order vortex beam at
xoy-plane at different frequencies; (b) y-direction electric field intensity
of +1 order vortex beam at xoy-plane at different frequencies; (c) purity
of +1 order vortex beam generated at different frequencies.

beams carrying the orbital angular momentum of different
orders.

FIGURE 13. (a) y-direction electric field phase of +2 order vortex beam
at xoy-plane at different frequencies; (b) y-direction electric field
intensity of +2 order vortex beam at xoy-plane at different frequencies;
(c) purity of +2 order vortex beam generated at different frequencies.

Figure 12 (a) and (b) shows the phase distribution and
intensity distribution of the vortex beam generated during the
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incidence of the y-polarization wave at different frequencies.
It is clear that the phase of the outgoing wave carries a spin
arm and rotates clockwise. The electric field intensity shows
a ‘‘donut’’ shape, and the central electric field is 0, which is
the characteristic singularity of the vortex beam. According to
the Fourier transform method, we can find the pattern purity
of the vortex beam. Considering the azimuth ϕ is a periodic
function, whose Fourier conjugate is the OAM spectrum, the
relationship can be expressed as [27]:

α(ϕ) =
+∞∑
i=−∞

Am exp(imϕ)

Am =
1
2π

∫ π

−π

dϕα(ϕ) exp(−imϕ)

(6)

In which α(ϕ) represents the sampling of the phase, and
exp(imϕ) is spiral harmonics. Here, the mode purity of the
generated OAMbeam is defined as the ratio of the mainmode
power to the total power of all modes.

Figure 12(c) shows the purity of the vortex beam generated
at different frequencies when the main mode is +1. At the
incident wave frequency of 0.7 THz, 0.8 THz, 0.9 THz,
1.0 THz, the purity of the orbital angular momentum of+1 is
0.76, 0.77, 0.75 and 0.77 respectively, and at all frequencies,
the purity of the secondary modes is almost less than 0.1,
showing the high purity performance of the generated vortex
beam.

FIGURE 14. (a) y-direction electric field phase of +3 order vortex beam at
xoy-plane at different frequencies; (b) y-direction electric field intensity
of +3 order vortex beam at xoy-plane at different frequencies; (c) purity
of +3 order vortex beam generated at different frequencies.

Similarly, we simulate the phase, intensity and pattern
purity maps generating the vortex beams of the +2 and
+3 order, as shown in Figure 13 and Figure 14. As can

be seen from Figure 13, the resulting vortex beam has two
spin arms, both rotating clockwise, and the electric field
intensity also shows a ‘‘donut’’ shape, and has two singu-
larities. When the incidence frequency is 0.7 THz, 0.8 THz,
0.9 THz, 1.0 THz, the purity of the main mode is 0.8,
0.78, 0.77, 0.71, respectively, showing the orbital angular
momentum of order +2 with high purity. Figure 14 is the
phase, intensity and purity diagram at m = +3. It can be
seen that the generated vortex beam has three spin arms,
which also rotate clockwise, and the electric field strength
has three singularities in the center. At the incident frequency
of 0.7 THz, 0.8 THz, 0.9 THz, 1.0 THz, the main mode
purity is 0.68, 0.7, 0.71, 0.69, respectively. The above sim-
ulation shows that our proposed broadband orbital angular
momentum generator can produce high purity OAM in dif-
ferent modes, which also again proves that our proposed
metasurface can achieve arbitrary wavefront control over a
wide band.

C. BROADBAND THz HOLOGRAPHIC IMAGING
Traditional holographic imaging method is based on the
interference between reference light and scattering waves
from an object. Digital hologram is a new method that
generates a hologram by calculating holographic interfer-
ence patterns (phase and amplitude information), and then
encoding it into the surface structure. Since the metasurface
can accurately manipulate the wavefront of electromag-
netic waves, holographic imaging based on metasurface
is studied recently. In this paper, we use the proposed
metasurface to realize the wideband super-holography
imaging.

The design of the super-holographic imaging system is
divided into two steps: the numerical calculation of the
required phase distribution map by using the holographic
algorithm, and the phase array construction with the metasur-
face. In the holographic numerical calculation, the diffraction
between the metasurface and the electromagnetic field of the
imaging surface is a reversible problem. According to the
Rayleigh-Sophie diffraction (Rayleigh Somerfield Diffrac-
tion) formula, each unit radiates the electromagnetic field
outward, and the unit radiation field can be superimposed on
the imaging surface [28]. Assuming themetasurface radiation
electric field is:

U (x0, y0) =
1
jλ

∫ ∫
s

U (x, y) cos⟨n, r⟩
exp(jkr)

r
dS (7)

U (x0, y0) and U (x, y) is the electric distributions of the
metasurface and the imaging plane.(x0, y0) and (x, y) is the
position coordinates of the metasurface and the imaging

plane.r =
√[

(x − x0)2 + (y− y0)2 + zd2
]
represents the

distance between any two points of the imaging surface and
the metasurface, λ is the working wavelength, and zd is the
distance between the imaging surface and the metasurface.
Since the pure phase holographicmethod is used in this paper,
the amplitude is set to 1 here, and the electric field of the
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TABLE 2. Comparison of the metasurface with other works.

imaging surface can be calculated as:

U ′(x, y) =
1
jλ

∫ ∫
s0

U (x0, y0) cos⟨n, r⟩
exp (−jkrr )

r
dS0

(8)

We replace U ′(x, y) as the amplitude of the image and
serve as the input for the calculation. In order to obtain
a better imaging quality, the Gerchberg-Saxton (GS) itera-
tive algorithm is used to optimize the phase of the holo-
graphic [29]. After several iterations of optimization, the
electric field on the hologram is derived, and the amplitude
and phase information are extracted. We achieve holographic
imaging in transmission mode, based on the proposed meta-
surface cell structure, by encoding the transmission phase.
The designed metasurface holographic plate is composed of
50 × 50 unit structures, and that the letter ‘‘H’’ is taken as
the imaging target, as shown in Figure 15 (a). According
to the above theoretical description, the metasurface phase
distribution is optimized by using the GS algorithm, and the
resulting phase distribution is shown in Figure 15 (b). The
final metasurface size is 5 mm × 5 mm and the imaging
effect is simulated. The y-polarization wave is used as the
incident source and extract the electric field in the trans-
mission plane at a distance of 1 mm from the metasurface.
Figure 15 (c)-(f) shows the normalized electric field distribu-
tion at 0.7 THz, 0.8 THz, 0.9 THz and 1.0 THz, respectively.
One can be seen that a very clear ‘‘H’’ shape pattern is located
in the center of the electric field, indicating that the designed
pure phase super-surface holography has good imaging
effect.

Table 2 demonstrates the comparison of the proposedmeta-
surface with other works in terms of metal layers, 360◦ phase
coverage band, polarization, coefficient of transmission and
reflection. Compared with previous works [13], [14], [15],
[16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27], [28], [29], [30], [31], [32], [33], most of the designs
can only achieve a 360◦ phase coverage at specific fre-
quency points or narrow band. In this paper, the proposed
metasurface with efficient co-polarized Terahertz (THz)
wave transmission and full 360◦ phase coverage over a
wide band.

FIGURE 15. (a) Imaging target; (b) phase distribution of the metasurface;
(c) electric field distribution at 0.7 THz; (d) electric field distribution at
0.8 THz; (e) electric field distribution at 0.9 THz; (f) electric field
distribution at 1.0 THz.

In this paper, we have designed and validated a kind of
metasurface by simulation and modeling, and validate its
multifunctional properties. Due to our limited experimental
conditions, we can not able to further validate our results by
experiments. As a matter of face, we can use photolithogra-
phy, electron-beam metal deposition, and lift-off to fabricate
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the metallic structures, and spin coating and thermal curing
can be used to apply the polyimide layers [19]. The exper-
iment can done by the following steps: (1) a 4 µm thick
polyimide layer is spin coated on a bare GaAs wafer and
subsequently cured at 300◦C for 150 minutes, to help solidify
the liquid polyimide into the thin film. (2) To define the
metallic pattern on the polyimide layer by a standard lift-
off process, standard photolithographic methods, a deposition
of 0.2 µm thick Cu films by electron-beam evaporation,
and a lift-off process were used to fabricate the metallic
pattern. (3) A 25µm thick polyimide layer was spin coated
and thermally cured at 300◦C for 150 minutes. (4) The rest of
the polyimide layers and metallic patterns were fabricated by
repeating the aforementioned steps in sequence. (5) Finally,
the GaAs substrate can be mechanically removed by peeling
off the polyimide encapsulated structure to establish the free-
standing samples.

IV. CONCLUSION
In this paper, we propose a multilayer structure terahertz
metasurface with arbitrary copolarized wave phase control
on 0.7-1.0 THz broadband and with high trans-mission effi-
ciency. According to the principle of Fabry-Perot resonator,
the interference model is established and calculated theoret-
ically, and the co-polarized transmis-sion coefficient of the
simulation coincides with the theoretical calculation. Based
on this, we designed a metalens with a wide band, which can
realize the focus effect on 0.7-1.0 THz, and reflect the obvious
color difference effect. Then, we implement an orbital angu-
lar momentum generator with a broad band, generating vortex
beams of multiple modes exhibiting high pattern purity.
Finally, we achieved holographic imaging, which shows
good imaging effect at 0.7-1.0 THz. The proposed meta-
surface will provide new ideas for the design of broadband
multi-functional devices, which is expected to achieve engi-
neering applications in the subsequent THz communication
field.
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