CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Broadband and high efficiency terahertz metasurfaces for anomalous refraction and

vortex beam generation

Wen-Yu Li(Z= 3 F7), Ran Sun(#)4R), Jing-Yu Liu(XI)¥#55%), Tian-Hua Meng(#: H %), and Guo-Zhong Zhao(iX [E i)
Citation:Chin. Phys. B, 2022, 31 (10): 108701. DOI: 10.1088/1674-1056/ac70bd
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Scaled radar cross section measurement method for lossy targets via dynamically

matching reflection coefficients in THz band

Shuang Pang(i£3%), Yang Zeng( % #%), Qi Yang(#1H), Bin Deng(X5#£), and Hong-Qiang Wang(F % 5i#)
Chin. Phys. B, 2022, 31 (6): 068703. DOI: 10.1088/1674-1056/ac474b

Plasmon-induced transparency effect in hybrid terahertz metamaterials with active

control and multi-dark modes

Yuting Zhang(7k E1%), Songyi Liu(Xll& %), Wei Huang(¥i%i), Erxiang Dong(#/K#), Hongyang Li(Z=t[H),
Xintong Shi(47 ik Hfi), Meng Liu(X1|5%), Wentao Zhang (7K %), Shan Yin(£R3), and Zhongyue Luo(® H1 %)
Chin. Phys. B, 2022, 31 (6): 068702.  DOI: 10.1088/1674-1056/ac4f56

Terahertz generation and detection of LT-GaAs thin film photoconductive antennas

excited by lasers of different wavelengths

Xin Liu(X]fik), Qing-Hao Meng(#i/K:=), Jing Ding(] ##), Zhi-Chen Bai(F & /&), Jia-Hui Wang(EH:2), Cong
Zhang(5K k), Bo Su(733%), and Cun-Lin Zhang(5KA7#K)
Chin. Phys. B, 2022, 31 (2): 028701. DOI: 10.1088/1674-1056/ac0cd5

Optical strong coupling in hybrid metal-graphene metamaterial for terahertz sensing

Ling Xu(#£:¥%), Yun Shen(ik ), Liangliang Gu(li54%), Yin Li(Z%51), Xiaohua Deng(XSHE1E), Zhifu Wei(%l 2 1),
Jianwei Xu(#:#4%), and Juncheng Cao(& 12 1)
Chin. Phys. B, 2021, 30 (11): 118702. DOI: 10.1088/1674-1056/abfb58

Terahertz polarization conversion and sensing with double-layer chiral metasurface

Zi-Yang Zhang(5K T-#%), Fei Fan(JG K), Teng-Fei Li(Z=#% K), Yun-Yun Ji(3€ 70 1), Sheng-Jiang Chang( 5 VL)
Chin. Phys. B, 2020, 29 (7): 078707.  DOI: 10.1088/1674-1056/ab9294


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac70bd
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac70bd
https://doi.org/10.1088/1674-1056/ac70bd
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac474b
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac474b
https://doi.org/10.1088/1674-1056/ac474b
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac4f56
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac4f56
https://doi.org/10.1088/1674-1056/ac4f56
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0cd5
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0cd5
https://doi.org/10.1088/1674-1056/ac0cd5
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abfb58
https://doi.org/10.1088/1674-1056/abfb58
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab9294
https://doi.org/10.1088/1674-1056/ab9294

Chin. Phys. B 31, 108701 (2022)

Broadband and high efficiency terahertz metasurfaces for anomalous

refraction and vortex beam generation

Wen-Yu Li(Z=35)12, Ran Sun(#MR)!, Jing-Yu Liu(X13 59)!,
Tian-Hua Meng(# H1#£)?, and Guo-Zhong ZhaoGEX [E )17

1 Department of Physics, Capital Normal University, Beijing Key Laboratory for THz Spectroscopy and Imaging,
Key Laboratory of THz Optoelectronics, Ministry of Education, Beijing 100048, China

2Institute of Solid State Physics, Shanxi Datong University, Datong 037009, China
(Received 18 March 2022; revised manuscript received 21 April 2022; accepted manuscript online 18 May 2022)

The applications of metasurfaces are currently a highly active research field due to their extraordinary ability to ma-
nipulate electromagnetic waves. The ultra-thin characteristics of metasurfaces allow the miniaturization and integration of
metasurface devices. However, these devices work typically under a low efficiency and narrow bandwidth condition. In
this work, we design eight multilayered unit cells with similar amplitudes and a phase interval of /4, which convert the
polarization states of the terahertz (THz) waves between two orthogonal directions. The average cross-polarized transmis-
sion amplitudes of these cells are all around 0.9 in an ultra-broad frequency range from 0.5 THz to 1.4 THz. Furthermore,
unit cells are used to construct both an ultra-thin anomalous refraction metalens and a vortex phase plate. Our simulation
results show that the anomalous refraction for the transmitted linear polarization component is comparable to the theoretical
prediction, and the maximum error is determined to be below 4.8%. The vortex phase plate can also generate an ideal tera-
hertz vortex beam with a mode purity of 90% and more. The distributions of longitudinal electric field, intensity, and phase
illustrate that the generated vortex beam has excellent propagation characteristics and a weak divergence. Simulations of
the two types of metasurface devices, based on the eight unit cells, exhibit very high efficiencies in a wide bandwidth. Our
research will assist in the improvement in the practical applications of metasurfaces. It also provides a reference for the

design of high efficiency and broadband devices that are applied to other frequency ranges.

Keywords: terahertz, metasurface, anomalous refraction, vortex beam generation

PACS: 87.50.U-, 81.05.Xj, 42.25.Gy, 74.25.Uv

1. Introduction

In the last decade, the metasurfaces used to control
and manipulate the propagation of electromagnetic waves
have received extensive attention.!!®! Researchers have de-
signed various patterns on the ultra-thin metal or dielec-
tric, which are called unit cells or meta-atoms, to achieve
the artificial adjustment of phase, amplitude and polariza-
tion of incident light.[”-'®1 As a result, via various differ-
ent spatial arrangements for the unit cells, a diverse set of
functional devices can be engineered to achieve an abnormal

19,20

refraction,[!718]" diffraction-limited focusing,!'>?! photonic

[21.22] yortex beams,[23-231 ¢rc. Generally, v-

spin Hall effects,
and c-shaped unit cells with equal amplitudes and a phase over
27 are typically used to construct various metasurfaces. 26271
However, the conversion efficiency of the resonance meta-
surfaces is very low. The theoretical limit of the cross-
polarization conversion efficiency of a single-layer metasur-
face is only 25%.1%%! Since this kind of low efficiency is not
feasible for the practical device implementation, the improve-
ment of efficiency is one of the problems that researchers are
committed to solve.

Metasurfaces composed of double-layer unit cells are of-
ten proposed, in which the Pancharatnam-Berry phase ele-
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ments are used to convert the incident circularly polarized
wave into the corresponding cross-polarized component. >°! In
this case, the transmission efficiency is greatly enhanced due
to the excitation of both the electric and magnetic response
within the upper and lower layers of the unit cells. However,
such a design has a major weakness in that only a single work-
ing frequency can be employed. In addition, the incident light
is required to be circularly polarized. Considering these lim-
itations, another proposed design involves multi-layer struc-
tures, in which a Fabry—Perot-like cavity with a high efficiency
is utilized.3%=7! For example, Zhang et al.’>! used resonant
Fabry—Perot-like unit cells to produce a high operation ef-
ficiency of 70% and a conversion efficiency of 89%, and a
broadband multifunctional metasurface in a microwave range
with a relative bandwidth of 66.7%. In the terahertz (THz) re-
gion, as reported above, the devices with high efficiency and
broadband metasurface are rare. A typical example was pro-
vided in 2013, Grady e al.l®"! reported that a transmission re-
lating to linear polarization converter, based on Fabry—Perot
resonance, can achieve a polarization conversion efficiency
greater than 50% in a frequency range between 0.52 THz and
1.82 THz. In addition, the proposed unit cells have a cross-

polarization transmittance of only 45% and the efficiency of
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beam steering, arising from the unit cells, reaches a maximum
value of 61% at 1.4 THz. Obviously, there remains much room
for improvement in the efficiencies of these types of THz func-
tional devices. Simultaneously, it is clear that a system based
on high-efficiency broadband metasurfaces, which can also
perform various functions, is highly valuable and an important
field of research. Particularly, when it can be implemented in
the THz frequency range, the device is suitable for linearly
polarized incident THz waves.

In this paper, according to the Fabry—Perot resonance, we
design a multilayered unit cell that acts as a broadband and
high-efficiency linear polarization converter in the THz region.
We recognize that a seemingly similar structure to a symmetric
split ring and a cut wire, has been reported in Ref. [32]. In the
previous work, a vortex phase plate was designed to operate
in the microwave region; the near- and far-field characteristics
of the generated vortex beam are then discussed. In contrast,
we propose the unit cells as the functional elements that gener-
ate both a higher efficiency and a wider bandwidth in the THz
band. According to the eight unit cells, we design an anoma-
lous refraction metalens and a vortex phase plate with high
efficiency of metasurfaces, which are flexible to control the
generated wavefront over a broadband. Furthermore, by using
these unit cells to construct a 0.9-THz ultra-broadband with
a relative bandwidth of 95%, the metasurface devices with a
high efficiency and a superior performance are designed. It
proves that these metasurfaces can be used as an anomalous
refraction metalens and a vortex phase plate. The simulation
results show that this kind of anomalous refraction metalens
can act as a beam splitter and as a linear polarization selector
which is achieved by solely changing the direction of the in-
cident wave. The simulated maximum error, compared with
the theoretical results, is below 4.8%. The vortex phase plate
is shown to be a good candidate for free-space communication
due to its broadband, a weak divergence, and a high efficiency.

2. Design of unit cell and analysis

Following the discussion above, the proposed multi-layer
structure is arranged according to a model of multiple plas-
mon resonances. The unit cell within the middle layer, shown
in Fig. 1(a), is designed with the outer radius » and width w
of the symmetric split ring, and a and 8 denote the rotation
and open angles of the ring, respectively. The period p of
the unit cell is set to be 110 um. A multi-layer structure,
which consists of three layers of metallic pattern, separated
by two polyimide (PI) dielectric layers, is designed to oper-
ate in the THz region as shown in Fig. 1(b) where the mid-
dle layer as a functional element is shown in Fig. 1(a). All
the metallic layers within the patterned metasurface are Au
layers each with a thickness of 0.2 um and a conductivity of
4.561 x 107 S/m. For each of the PI dielectric layers, its per-
mittivity is € = & + &1 = 3.5+ 0.011 and thickness is 35 um.

The upper layer and the lower layer are both composed of two
one-dimensional metallic gratings, which are mutually orthog-
onal. The grating constant g is 22 pm and the width of the
metal bar is 8 um. The total profile thickness is about 70 pm,
which equals 0.24 at a frequency of 0.9 THz.

The numerical simulations are performed by using the
software of CST Microwave Studio. Figure 1(c) shows the
transmission/reflection amplitudes of the unit cell of middle
layer, in which the cross-polarized transmission amplitude f,,
is less than 0.5 in a frequency range of 0.2 THz-1.6 THz.
In order to increase the cross-polarization transmission with-
out blocking the incidences of co-polarization, the orthogonal
gratings are added to the upper layer and the lower layer of
the unit cell of middle layer as shown in Fig. 1(b). The sim-
ulated amplitudes for the multi-layer structure are shown in
Fig. 1(d), showing that ¢#,, is greater than 0.87 in a frequency
range between 0.36 THz and 1.51 THz. It is clear that the
multi-layer structure is an excellent candidate for a broadband
and high-efficiency of linear polarization converter that oper-
ates in the THz region. As marked by the arrows in Fig. 1(d),
the wide working bandwidth and high conversion efficiency
result from the superposition and interference of multiple po-
larization conversion peaks at around 0.37, 0.46, 0.74, 1.15,
and 1.48 THz in the Fabry—Perot-like cavity. Besides, there
is an sharp co-polarized reflection peak at 1.53 THz, and the
corresponding cross-polarized transmission has a deep drop,
which obviously limits the further broadening of the band-
width. So, the bandwidth of this three-layer structure is lim-
ited by co-polarized reflections. We can design a better po-
larization conversion unit cell to eliminate co-polarized reflec-
tion in a wider frequency band to increase the working band-
width. The influence of the dielectric losses of the PI layers
on the cross-polarization transmission can also be discussed.
The simulation results in Fig. 1(e) show that in a frequency
band of 0.5 THz-1.4 THz, although the transmission ampli-
tudes decrease slightly with the imaginary part of the permit-
tivity of the PI increasing, the overall transmission amplitude
remains above 0.8. In addition, the several minimum values
of the transmission amplitude #,, in Fig. 1(d) correspond to
the maximum peaks of the co-polarization reflection r,y, indi-
cating that the co-polarization reflection is the main influence
on the cross-polarization transmittance of the designed multi-
layer converter. In short, in the design of this three-layer struc-
ture, the top grating and the bottom grating act as polarization
selectors, and the middle layer functions as a polarization con-
verter. The significant transmission of the cross-polarization
is attributed to the resonance of the Fabry—Perot-like cavity,
which induces the repeated reflection and transmission inside
the structure. The device performance is limited by dielectric
loss and co-polarized reflection, and it could be further im-
proved by optimizing the structural design and using low-loss
dielectric materials.
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Fig. 1. (a) The two-dimensional (2D) top-view of unit cell within the middle layer of multi-layer structure. (b) Schematic diagram of multi-layer structure.
Curves of co- and cross-polarized transmission/reflection fields against the frequency of the x-polarized incident wave for (c) single layer unit cell within
middle layer, (d) multi-layer unit cell. (e) Graph showing the amplitudes of co- and cross-polarized transmission/reflection fields of multi-layer unit cell for

different imaginary parts of the permittivity of PI layers.
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Fig. 2. (a) Top view of eight unit cells within the middle layer, which have an incremental linear phase interval of /4 between themselves.
Variations of (b) amplitudes and (c) phases (in degrees) of cross-polarized transmission fields with frequency for the x-polarized incident waves
in the eight multi-layer unit cells. (d) Phase shifts and amplitudes of cross-polarized transmittance with XLP incident wave at 0.9 THz, with
red line denoting transmitted amplitude, and blue line referring to phase shift.

To achieve THz metasurfaces that operate in a broadband
range with high efficiency, the designed unit cells need to pos-
sess the phase responses with the same slopes at different fre-
quencies within a broad band range. Thus, the following con-
dition needs to be satisfied:

IP(xy) _ 9d9(xy) _ 99 (x.y)

fi fi L

where f; and f, are the lower frequency and the upper fre-
quency of the working band, respectively, f; denotes an ar-

(D

bitrary frequency within the band, and @(x,y) is the phase
of the transmission wave under normal incidence.!'*! In this
work, we design eight unit cells with similar amplitudes and a
phase interval of 7t /4 as depicted in Fig. 2(a).The unit cells 5-8
are rotated anticlockwise by 90° relative to the unit cells 1-4,
respectively. The optimized structural parameters, the cross-
polarized transmission amplitudes and efficiencies of the pro-
posed unit cells with the eight characteristic phase values at a
frequency of 0.9 THz are listed in Table 1. Using these eight
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unit cells, many high-efficiency broadband THz functional de-
vices can be constructed, as described in the following. Fig-
ure 2(b) shows the relationship between the cross-polarized
transmission amplitudes of the eight unit cells and the fre-
quency. As shown in Fig. 2(b), the cross-polarized transmis-
sion amplitudes show a set of slight fluctuations within about
10% for the eight unit cells, which are as high as 0.9 on aver-
age within the frequency range 0.5 THz-1.4 THz. Figure 2(c)
indicates that the phase spectra of the cross-polarized trans-
mission are close to their corresponding straight lines: these
straight lines are almost parallel to each other , which sup-
ports the broadband performances. This working bandwidth
ensures that the designed eight units produce only small ampli-
tude fluctuations and keep the similar phase slopes. Thus, it is
possible to design the metasurface devices with both a high ef-
ficiency and a wide bandwidth. The amplitudes and phases of
the cross-polarized transmission fields that arise from the eight
unit cells, under x-linearly polarized (XLP) incident waves at
a frequency of 0.9 THz, are shown in Fig. 2(d). It clearly in-
dicates that the cross-polarized transmission fields have simi-
lar amplitudes about 0.9 and phases that cover the whole 27
range. The eight unit cells have an incremental phase change
of m/4 between themselves. Moreover, the maximum trans-
mission efficiencies of the eight unit cells can reach as high as
86%, as indicated by the calculated result in Table 1. There-
fore, they can be used as the functional elements for the con-
struction of high-efficiency and broadband metasurface de-
vices.

Table 1. Geometrical parameters, amplitudes, phases, and transmission ef-
ficiencies of eight different unit cells of multi-layer structure operating at
0.9 THz.

Unit A B r(um)  w(um) Ay ¢y Efficiency (%)
1 135°  165° 50 15 0.89 0 79
2 135°  135° 48 15 092 =n/4 85
3 135°  105° 48 15 089 m/2 79
4 135°  85° 50 20 093 3rm/4 86
5 45° 165° 50 15 0.89 T 79
6 45° 135° 48 15 092 5rm/4 85
7 45° 105° 48 15 0.89 3m/2 79
8 45° 85° 50 20 093 7Tm/4 86

3. Anomalous refraction metalens

From the generalized Snell’s law (GSL) of refraction, the
refraction angle 6; of the transmitted cross-polarized compo-
nent can be express as!?’!

_Mdo

= — 2
21 dx’ @)

sin (6;) ny — sin (6;) n;

where d¢ /dx is the gradient of the phase distribution at the in-
terface, n; and n; represent the refractive indexes of incidence
medium and transmissive medium, respectively, 6; and 6; are
the incidence angle and the transmission angle, respectively.
According to GSL, if we correctly design such a gradient of
phase, the metasurface can refract light beams in any propaga-

tion direction. '8

The proposed super-cell of the anomalous refraction met-
alens is composed of eight unit cells, which are repeated with
a period of 880 pum in the x direction and 110 um in the y
direction. In our design, the metalens has a phase increment
change of /4 between neighboring cells within a super-cell
along the x axis, while the unit cells are the same in the y di-
rection. Periodic boundary conditions are applied to the x and
y directions. At a frequency of 0.9 THz, the XLP wave is il-
luminated in a normal direction on the front of metalens. The
resulting field distribution of the cross-polarized component,
i.e., the y component, is shown in Fig. 3(a). It is determined
that the transmitted beam deflects at an angle of 23.0°, while
the theoretical value from GSL is 22.2° with an error of 3.6%.
If the direction of the incident wave is changed, for example,
the XLP waves illuminates the lower grating in a normal direc-
tion, it cannot pass through the device. However, the y-linear
polarized (YLP) waves can pass through the lower gratings.
They are converted into XLP waves and transmitted out of the
upper gratings. In this case, figure 3(b) shows that the refrac-
tion direction of the transmitted XLP waves bends towards the
negative direction of the x axis, while the deflection angle is
the same as the scenario in the former case. Moreover, the po-
larization state of the incident wave and outgoing wave are in-
terchanged. This indicates that the anomalous refraction met-
alens is dependent on the polarization state and the direction of
the incident wave as well. As a result, we can use the metalens
to select different linear polarizations solely by changing the
direction of the incident wave. Moreover, the phase shift of
the metasurface is changed from /4 to —7 /4 in the direction
of the x axis, meaning that the orders of the unit cells within
a super-cell in the x axis are inverted. The unit cells in the
y direction remain unchanged. Figure 3(c) demonstrates that
the outgoing beam deflects in the opposite direction compared
with the scenario in Fig. 3(a), but the refraction angle is the
same as in Fig. 3(a).

Figure 4(a) shows the theoretically calculated and numer-
ically simulated refraction angle as a function of frequency
for the XLP incident wave. The anomalous refraction for the
transmitted YLP component is simulated in a wide frequency
band ranging from 0.5 THz to 1.4 THz. The simulated results
well accord with the theoretical one with the maximum error
below 4.8%.

Figures 4(b)—4(d) show the transmitted electric field dis-
tributions for the normal XLP incidence waves at 0.5 THz,
1.0 THz, and 1.4 THz, respectively. The transmitted beams
deflect respectively at angles of 45.0°, 20.0°, and 13.5°. These
angles are in good agreement with the theoretical values of
43.0°, 19.9°, and 14.1° determined from Eq. (2). The simula-
tions show that the metalens has excellent broadband charac-
teristics, which are strictly dependent on the polarization state
of the incident wave. It can be widely used as a beam splitter
and as a linear polarization selector. The results indicate that
a nearly perfect anomalous refraction of the beam can be real-
ized by using the proposed metasurface.
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Fig. 3. Transmitted electric field distribution for (a) metalens containing a phase increment change of /4 along x axis, with XLP incident
wave at a frequency of 0.9 THz, for (b) direction of the incident waves changed, with YLP wave being in normal direction incident on the lower

gratings, and for (c) phase shift (—7/4) in x-axis direction.
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Fig. 4. (a) Theoretically calculated and numerically simulated anomalous
refraction angle versus frequency of the cross-polarized component. Trans-
mitted electric field distributions, in which the XLP incident wave is at a
frequency of (b) 0.5 THz, (¢)1.0 THz, and (d) 1.4 THz.

4. Vortex phase plate

Another example of using the proposed eight unit cells
is to design a vortex phase plate that can generate a vortex
beam from the metasurface. The vortex beam is character-
ized by the spatial phase distribution, exp(i/¢@), where [ is
the topological charge and ¢ is the azimuthal phase.[3%3%]
Vortex beams, which are also called orbital angular momen-
tum (OAM) beams, have been employed in telecommunica-
tion systems due to their ability to increase data capacity and
spatial efficiency.[**#!] Figure 5(a) shows the profile of the
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middle metallic layer of the metasurface. The dimension of
metasurface is 1320 pmx 1320 wm, which consists of an ar-
ray of 12 x 12 unit cells that are divided into eight segments.
Each segment is occupied by identical unit cells that possess
the characteristics defined in Table 1. The incremental change
of phase between two adjacent segments is 7 /4 for a topolog-
ical charge [ = 1. In the simulation, an XLP Gaussian beam
is used to irradiate the metasurface. The intensity profile and
phase distribution of the transmitted THz wave for 0.9 THz at
z = —1500 um are shown in Figs. 5(b) and 5(c). A dark spot
in the center of the intensity profile can be seen and the phase
covers a 27 rotation counter-clockwise around the center. The
mode purity (MP) of the generated vortex beam is important
for this kind of device. It is defined as the ratio of power in the
dominant mode to the overall power distributed across all of
modes. This ratio is expressed as

Mm=f%, 3)

LA

where A; denotes the magnitude of the i-th mode.!'?) Tt is
clearly seen in Fig. 5(d) that the calculated MP for / =1 at
a frequency of 0.9 THz is 93.9%. This illustrates the high

quality of the produced vortex beam.

(d)

0.6

Mode spectrum

0.2

0 |
-5 -3 -1 1 3 5
TM number

Fig. 5. (a) Cross-sectional profile of middle metallic layer of metasurface for generating a vortex wave beam with topological charge / = 1. (b)
Simulated intensity profile and (c) simulated phase distribution of metasurface at distance z = —1500 um. (d) Simulated mode spectrum, in
which the largest block relates to the generation of / = 1 vortex beam at 0.9 THz.
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The evolution of a normally incident XLP wave at a fre-
quency of 0.9 THz through the metasurface of / = 1 is simu-
lated. Figures 6(a) and 6(b) show the longitudinal amplitude
and the field intensity of transmitted cross-polarized compo-
nent. It is clearly seen that there are obvious interruptions
and discontinuities along the normal direction, which is due
to the existence of phase singularity in the center of the vortex
beam. Moreover, the dark spot is stable, and a negligible di-
vergence is observed in the propagation process. Figure 6(a)
indicates that the opposite electric fields are observed on ei-
It is due to the unit cells with the
same cross-polarized transmission amplitude and a phase dif-

ther side of the normal.

ference of 7 between both sides of metasurface centered at
the origin. Therefore, when an XLP wave irradiates the meta-
surface, the transmitted cross-polarized y component has the

—-1.5

O—0 6 0.6

070.6

opposing electric fields at the same position z on the negative
and positive x axis, respectively. This kind of change can also
be observed for the phase distribution in Fig. 6(c). It is seen
that the phase is clearly divided into the left half and the right
half in the propagation process. Undoubtedly, this is caused
by the sudden change of 7 in the phase on either side of the
normal. In addition, the isophase lines are not horizontally
parallel to the metasurface, while they are bent or distributed
obliquely. This effect further confirms the presence of phase
bending and the formation of vortex phase characteristics in
the cross section. Moreover, it can be seen that the phase has
obvious abrupt changes and the phase singularity always oc-
curs centrally along the wave propagation. This explains why
the dark spot in the center of the vortex beam is observed in

the entire propagation process in Fig. 6(b).

z (mm)

Fig. 6. (a) Longitudinal amplitude, (b) field intensity, and (c) phase distribution at 0.9 THz for a transmitted YLP-THz vortex beam with / = 1.

Figure 7 shows the calculated field intensities, phase dis-
tributions and mode spectra of the metasurface with / = 1 un-
der the normally incident XLP-THz waves from 0.5 THz to
1.4 THz. We can clearly observe here that all the intensity
distributions at different frequencies show a typical doughnut-
shaped intensity with a singularity in the center, i.e., the char-
acteristics of a vortex beam. The spiral-like phase profiles cov-
ering a 27 range are present in the phase distributions. The cal-
culated mode purity of the vortex beam with / = 1 is greater
than 90% in the entire working bandwidth. The results fur-
ther verify that the designed vortex phase plate, based on the
eight unit cells, can generate nearly perfect vortex beams in
a wide working range. In this work, an example to generate
vortex beam with the topological charge [ = 1 is demonstrated
as a kind of the feasibility. In fact, the higher order of vortex
beams with topological charges / > 1 can also be generated by
using a similar design.

Finally, the efficiencies of the designed metasurfaces can
be calculated from the simulation results. The operation effi-

ciency, 1o, is determined from the following relationship: (3!
JE%ds
- « 100%, 4
Mo [E2ds o “)

where Ei, is the simulated y-polarized traverse electric field
when the metasurface is inserted, and Ej, is the x-polarized
field when the metasurface is removed. The polarization con-

version efficiency, 1., is defined as the ratio of the power
carried by the cross-polarized transmission wave to the total

power of the transmitted wave, (35421 ; ¢
e = —22% % 100%. (5)
Dyx + Dxx

Here, pyx (pxy) is the power of the YLP (XLP) component for
the transmitted field under the XLP incident wave. In the sim-
ulations, an electric field monitor of 1200 umx 1200 pm is
used for the refraction metalens, which is positioned 800 um
away from the metalens. Similarly, the efficiency of vor-
tex phase plate is calculated by employing a monitor with
1600 pmx 1600 wm in size, which is positioned parallel to the
plate at a distance of 1000 pum. For different frequencies, the
calculated efficiencies of refraction metalens and vortex phase
plate are presented in Fig. 8. The results demonstrate that the
calculated operation efficiencies and conversion efficiencies of
the vortex phase plate are greater than 82% and 92%, respec-
tively, in the entire frequency region 0.5 THz—1.4 THz. More-
over, the conversion efficiency as high as 95% is possible. For
the designed refraction metalens, a high conversion efficiency
of 88% can be obtained within the broad frequency range from
0.6 THz to 1.4 THz. At low frequencies, it can be seen that the
operation efficiencies drop significantly. The lowest efficiency
is about 55%, which is obviously lower than the counterpart
of unit cell.
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Fig. 7. Simulated field intensity profiles at frequencies: (a) 0.5 THz, (d) 0.7 THz, (g) 1.0 THz, (j) 1.2 THz, and (m) 1.4 THz; simulated phase
distributions at frequencies: (b) 0.5 THz, (e) 0.7 THz, (h) 1.0 THz, (k) 1.2 THz, and (n) 1.4 THz; simulated mode spectra at frequencies: (c)

0.5 THz, (f) 0.7 THz, (i) 1.0 THz, (1) 1.2 THz, and (o) 1.4 THz.
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Fig. 8. Curves of simulated operation efficiency and polarization conver-

sion efficiency against frequency for both the refraction metalens and vortex

phase plate.

The reasons may be as follows. Firstly, at these frequen-
cies, the electromagnetic coupling between adjacent unit cells
with different structural parameters is strengthened. Secondly,
since each unit cell radiates and combines together at the dif-
ferent phases, they may not be phase-matched, so there will
be a part of coherent cancelation. Finally, the large-angle de-
flection of the refracted beam and the wider beam width occur
at low frequencies, which results in a much smaller energy
for the transmitted cross-polarization component than for the
incident x-polarized waves. However, the operation efficien-
cies are all higher than 75% for the frequency ranging from
0.8 THz to 1.4 THz with a relative bandwidth of 55%. For
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comparison, in Table 2 listed also are the bandwidths and ef-
ficiencies of other related devices based on Fabry—Perot res-

onance. It is clear that our metasurface device has a higher

efficiency and a wider bandwidth. The conversion efficiency
is the largest. Therefore, this kind of device has significant

advantages in practical applications.

Table 2. Comparisons of determined parameters among metasurface devices based on Fabry—Perot-like cavity structure.

Publication Bandwidth Unit cell transmittance Operation efficiency Conversion efficiency Application
. 0.8 THz—-1.4 THz (55%) > 75% > 88% anomalous refraction
This work > 81% .
0.5 THz—1.4 THz (96%) > 82% > 92% OAM beam generation
Ref. [26] single frequency, 0.75 THz 81% - - metalens/phase hologram
Ref. [30] 0.52 THz-1.82 THz (111%) 50% - - anomalous refraction
Ref. [32] 8 GHz-13 GHz (47.6%) > 64% > 83% - OAM beam
Ref. [35] 40 GHz-80 GHz (66.7%) > 81% 70% 89% multiple vortex beams
Ref. [36] 8 GHz-13 GHz (96.9%) 0-92% - - complex amplitude hologram
Ref. [37] 10.2 GHz-11.8 GHz (14.5%) > 64% - - polarized beam splitter
5. Conclusions References

In this work, two kind of broadband THz functional de-
vices with three layers of metallic metasurface, a anomalous
refraction metalens and a vortex phase plate, are designed and
presented. The eight unit cells with high cross-polarized trans-
mission efficiency in a broad frequency range from 0.5 THz to
1.4 THz are designed and optimized. Based on the configura-
tion of the unit cells, the performance of designed anomalous
refraction metalens shows the good consistence with the the-
oretical prediction, with a maximum error below 4.8%. The
metalens shows both excellent efficiency and broadband char-
acteristics. It can be used as a beam splitter and a selector
of different linear polarization states. Furthermore, the de-
signed vortex phase plate with a topological charge of 1 can
efficiently generate nearly ideal vortex beams that exhibit high
purity in the entire frequency band. The distribution of lon-
gitudinal electric field, and the intensity and the phase of the
transmitted cross-polarized component are determined. The
results indicate that a phase difference of 7 arises on either
side of the metasurface centered at the origin, which is the
reason why a dark spot appears in the center of transmitted
THz wave. The size change of dark spot is negligible in the
forward direction. This work is try to provide a reference for
the design and construction of highly efficient and broadband
devices of metasurface.
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