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This paper presents the design of a C-shaped all-dielectric metasurface. The C-shaped dielectric
structure and its substrate materials are Si and SiO,, respectively. This unit structure enables in-
dependent control of the amplitude and phase of cross-polarized transmitted terahertz electromag-
netic waves. By using parameter scanning method, four different unit structures were optimized
at 0.1 and 1 THz, achieving unit phase distributions with a 45° interval within the range of 0° to
180°. Additionally, a 180° phase jump occurs when the unit structure rotates by 90°, achieving full
phase control over the 360° range. By adjusting the orientation of the unit structure, arbitrary am-
plitude control can also be achieved. The highest transmission coefficients for the unit structures
at 0.1 and 1 THz are 0.62 and 0.56, respectively. To verify the control capability of the designed
unit structure on transmitted electromagnetic waves, metasurface gratings were designed based on
these unit structures, enabling arbitrary control of diffraction angles and orders. At both frequen-
cies, two different metasurface gratings were designed with diffraction orders of (m =+1) and
(m =+1, +3). Near-field and far-field simulations of the super-grating structures were conducted
using the finite integral method. The designed metasurface grating demonstrates effective control
of cross-polarized transmitted waves, and its deflection angles conform to diffraction laws.
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1. Introduction

The study of metamaterials initially emerged in the field of electromagnetics. In 1967,
Soviet physicist V.G. Veselago proposed a negative refractive index material with both
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negative permittivity and permeability, where the magnetic field, electric field, and
wave vector formed a left-handed system. Pendry pointed out that electromagnetic
waves in such materials would exhibit properties opposite to those of right-handed
materials, such as negative Cherenkov effects, negative refraction, and anomalous
Doppler effects [ 1-3]. However, due to the lack of naturally occurring negative refrac-
tive index materials, research on this concept remained theoretical for many years.

In 1996, British scientist J.B. Pendry proposed that negative permittivity and per-
meability could be achieved using metallic resonant rings and periodic metal strips,
marking a turning point in the study of negative refractive index materials [1]. In 2001,
D. Smith and his team at the University of California, San Diego, successfully fabri-
cated a metamaterial with negative permeability and permittivity, experimentally ver-
ifying negative refraction and negative refractive index. In 2006, Professor J.B. Pendry
theoretically confirmed the feasibility of negative refractive index materials and predict-
ed their potential applications in perfect lenses, electromagnetic cloaking, and micro-
wave beam focusing [3].

In 2006, Smith and his research team designed and fabricated an “invisibility
cloak,” which was successfully demonstrated experimentally. Around the same time,
Professor John Pendry from Imperial College London independently proposed the con-
cept of transformation optics and the design method for perfect cloaking devices [4].
Subsequently, Smith’s team at Duke University completed experimental validation of
the invisibility cloak.

In 2011, Capasso’s research team introduced two-dimensional metamaterials,
known as metasurfaces [5]. The introduction of metasurfaces addressed the limitations
of three-dimensional metamaterials, opening a new chapter in metasurface research.
In recent years, metasurfaces have attracted increasing attention due to their simple
design, planar geometries, and excellent control over electromagnetic waves.

Researchers proposed a broadband metasurface using a metallic C-shaped structure
as the unit structure [6-10], capable of simultaneously controlling electromagnetic
wave amplitude and phase. The research group introduced the novel concept of coding
metamaterials, enabling digital signal processing on metasurfaces to manipulate
electromagnetic waves, thereby pioneering the field of information metamaterials.
Researchers designed a metasurface based on high-resistance silicon to control the
transmission phase and amplitude of terahertz waves and further developed an exotic
grating for testing, capable of arbitrarily controlling diffraction orders [11-20].

Since its inception, metasurface research has demonstrated unique electromagnetic
properties and facilitated the development of ultra-thin optical devices, such as meta
-lenses, cloaking devices, and holographic plates [21-35]. Although metasurface re-
search and applications are still in their early stages worldwide, their future potential
is immense [36-50].

This paper primarily focuses on designing two groups of all-dielectric unit struc-
tures using dielectric materials. The C-shaped structures use Si as the primary material
and SiO, as the substrate. These unit structures achieve full phase control of cross



Design and analysis of multi-angle diffraction efficiency distribution... 227

-polarized transmitted terahertz electromagnetic waves at 0.1 and 1 THz frequencies.
Each frequency requires four unit structures to achieve 27 phase control of the trans-
mitted cross-polarized waves. By rotating the unit structures, different amplitude con-
trols can be obtained. To verify the control capability of the designed unit structures,
the four unit structures were arranged in specific patterns to create metasurface gratings
capable of controlling different diffraction orders. Based on transmission theory, the
phase and amplitude distribution of the desired diffraction order gratings were deter-
mined, and the geometric parameters and orientation of the C-shaped unit structures
were optimized accordingly. The designed metasurface gratings were simulated using
the finite integral method to obtain near-field and far-field distributions. The simula-
tion results confirmed their capability to control cross-polarized transmitted terahertz
waves.

2. Unit structure design

The designed unit structure has two functional types: phase control is determined by
the geometric shape of each unit structure, while amplitude control is achieved through
the rotation angle of the unit structure. The C-shaped structure uses high-resistance
silicon as the dielectric material with the substrate made of dielectric material.
Figure 1 shows the designed unit structure with a base period of ¢ and a height of 4.
The height of the C-shaped structure is 4, the inner radius is r,, the outer radius is r,
the opening size is a, and the angle between the central axis of the opening angle and
the x-axis is f, which is the rotation angle of the structural unit, as shown in Fig. 2.
The electromagnetic wave is incident on the unit structure on the C-type structure side.
The C-type structure is composed of a high-resistance silicon material with a dielectric
constant of 11.9. The base material is silicon dioxide with a refractive index of 1.46.
When a linearly polarized plane wave is incident on a C-type unit structure, both sym-
metric £, mode and asymmetric £, mode are excited simultaneously, and the scattering
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h Fig. 1. Schematic diagram of the unit structure.
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Fig. 2. Front view of the unit structure.

fields of the two modes form orthogonally polarized transmitted waves. By designing
the geometric shape and opening size of the unit structure, the polarization of the trans-
mitted light is orthogonal to that of the incident light with a phase difference of 180°.
The designed unit structure achieves maximum conversion efficiency of linear polar-
ization at f = 45° and f =—45°. At this point, the incident y-polarized wave is effi-
ciently converted into x-polarized transmitted wave. When the y-polarized wave E|, is
incident on the designed C-type unit structure, the law of the y-polarized transmitted
wave formed is [5]

| 4 .
E), = —2—Eysm(2ﬂ)zn:1A,,exp(zgon) (1)

In the equation, £ ; is the incoming y-polarized wave, and 4,, and ¢,, are the scattering
amplitude and phase of the n-th resonant mode with § = 45°. We will design two types
of unit structures at frequencies of 0.1 and 1 THz, respectively. Due to the phase
transition of 7 in the unit structure at § = 0°, four different structural parameters with
a phase difference of 45° and polarization conversion are selected at each frequency
to achieve full phase control of cross-polarized transmitted electromagnetic waves. By
rotating their unit structures, different transmission coefficients can be obtained.

By using the finite integration method, the designed microstructure element was
simulated and optimized continuously. We used the parameter scanning method to op-
timize the geometric parameters of the element structure. For the element structure
at 0.1 THz, = 1800 um was obtained through optimization of parameters, # = 900 pum,
and hg = 1000 pm. For the unit structure at 1 THz, the optimized result is # = 180 pm,
h =90 um, and s, = 200 um. Other specific parameters are shown in Tables 1 and 2.
In the numerical simulation of cell structures, we used periodic boundary conditions.
In the process of calculating the whole structure, we used open boundary conditions.

Figures 3 and 4 show the calculation results of the cross-polarization transmission
coefficient and phase change when the opening angle o changes. It can be seen that
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Table 1. Specific parameter table of unit structure at 0.1 THz.

Unit cell
Parameters
I 570 465 532 578
Ty 760 691 760 800
a 97 183 62 80
Amplitude (0, 0.770) (0, 0.628) (0, 0.758) (0, 0.761)
Phase 25° (-155°) 70° (-110°) 115° (-65°) 160° (-20°)

Table 2. Specific parameter table of unit structure at 1 THz.

Unit cell
Parameters
" 46.2 42.5 437 41.6
Py 67 62.7 66.8 63.2
o 90 85 70 65
Amplitude (0, 0.586) (0, 0.569) (0, 0.580) (0, 0.577)
Phase 25° (-155°) 70° (-110°) 115° (-65°) 160° (-20°)
1.0 .
—a=65°

Amplitude transmission

0.090 0.095 0.100 0.105 0.110
Frequency [THZz]

Fig. 3. The transmission coefficient variation curve of changing the opening angle o.
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Fig. 4. The phase curve of the opening angle a.

when f = 45° remains constant, changing the opening angle a of the C-type structure
can alter the phase of the cross-polarized transmitted wave, while the amplitude can
remain approximately constant within a certain bandwidth. The appropriate phase of
the unit structure can be optimized by adjusting the value of the opening angle o of
the C-type structure unit.

Figures 5 and 6 respectively show the cross-polarization transmission coefficient and
phase change by rotating the orientation angle f of the C-type structure. Changing the
rotation angle S of the C-type structure not only causes a phase transition of « at 0°,
but also maintains the phase of the cross-polarized transmitted light approximately
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Fig. 5. The transmission coefficient curve by changing the rotation angle f.
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Fig. 6. The phase change curve of the rotation angle 5.

unchanged at the corresponding frequency. That is, the changing the orientation angle
of the C-type structure has little effect on the phase change of its cross-polarized trans-
mitted terahertz waves, while its transmission coefficient decreases continuously with
the decrease of the absolute value of f when the orientation angle changes between
(0°, 45°) or (0°, —45°).

3. Design of metasurface gratings

In order to achieve simultaneous control of the amplitude and phase of cross-polarized
transmitted light using the above method, this paper designs a metasurface grating
composed of an optimized all dielectric C-type unit structure arrangement, which can
achieve arbitrary control of the diffraction order and number of cross-polarized trans-
mitted light at corresponding frequencies. When the incident light passes through the
interface, the transmission distribution coefficient of the cross-polarized transmitted
light can be expressed as [9]

—i2mmnx ) 2)

t(x) = A(x)exp[i(p(x)] = ZAmeXp(————T——

Among them, A(x) and ¢ (x) respectively represent the amplitude distribution and phase
distribution transmitted through the grating, d is the grating period, x represents the
position, and m is the diffraction order. In order to generate multiple diffraction orders,
it is necessary to simultaneously control the amplitude and phase of the grating.

We designed two types of gratings at both 0.1 and 1 THz, each consisting of four
different geometric unit structures with uniform phase distribution at (0, 7). As the sign
of the C-type structure orientation angle S changes, a phase transition of & can be in-
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Fig. 7. Transmission coefficient and phase distribution of cross-polarized transmitted waves at 0.1 THz
(m=+1).
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Fig. 8. Transmission coefficient and phase distribution of cross-polarized transmitted waves at 1 THz
(m=+1).

troduced, achieving control over the phase at (0, 2w). We can arrange the four types
of unit structures in equidistant and discrete patterns to obtain gratings with (m = +1)
diffraction orders, as shown in Figs. 7 and 8. The solid line in the figure represents the
theoretical result obtained from the grating transmission formula (2), and the circle and
squares represent the simulation results of the amplitude and phase corresponding to
the designed unit structure.

Asshownin Figs. 7 and 8, the metasurface grating that produces a single diffraction
order (m = +1) consists of 8 unit structures to achieve uniform amplitude distribution and
continuous phase distribution at (0, 27). It can be observed that when only +1-order
diffraction exists, the amplitude distribution of the transmitted cross-polarized wave
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Fig. 9. Transmission coefficient and phase distribution of cross-polarized transmitted waves at 0.1 THz
(m=+1,+3).
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Fig. 10. Transmission coefficient and phase distribution of cross-polarized transmitted waves at 1 THz
(m=+1,+3).

is uniform, with amplitudes of 0.62 and 0.56 at 0.1 and 1 THz, respectively. The phase
distribution varies linearly and is uniformly distributed within (0, 27). Designed grat-
ings with (m = +1, +3) diffraction orders are shown in Figs. 9 and 10.

From Figs. 9 and 10, it can be observed that the metasurface grating produces
multiple diffraction orders. In order to achieve the desired phase and amplitude distri-
bution, the orientation angle f of the unit structures continuously varies within the
range of (0, 2m). When it is a (+1, +3)-order diffraction, due to mutual superposition,
the distribution of phase and amplitude of the cross-polarized transmitted wave is no
longer uniform. The simulation results of the designed unit structure show good agree-
ment between the amplitude and phase distributions and the theoretically calculated
distributions.
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Fig. 11. The near-field mode simulation results of (m = +1)-order diffraction at (a) 0.1 THzand (b) 1 THz.
The near-field mode simulation results of (m = +1,+3)-order diffraction at (c) 0.1 THz and (d) 1 THz.

The time-domain solver was used to simulate the designed metasurface grating,
and the simulation results in near-field mode are shown in Fig. 11. As shown in Fig. 11,
in the near-field, it can be observed that the transmitted wavefront has a certain devi-
ation compared to the incident wavefront, proving that the designed metasurface grat-
ing has a certain regulatory effect on the transmitted cross-polarized terahertz waves.
However, in the near-field mode simulation results, the deflection angle of the wave-
front is not clear, and its deflection angle can be solved by the grating equation, that is:

dsin® = mJ 3)

Therefore, the deflection angle # can be expressed as
0 = arcsian'1 4)

It can be calculated that for the frequency of 0.1 THz, the diffraction angle of the
(+1)-order grating is 12°, and the diffraction angles of the (+1, +3)-order gratings are
6° and 18°, respectively.

The far-field mode can be clearly observed with the deflection angle of the wave-
front. Some side lobes appear in the far-field scattering characteristics, which may be
caused by the insufficient size of the overall structure we calculated. If we increase
the overall size of the device, these sidelobes may decrease. The simulation results of
the far-field mode of the transmitted cross-polarized (i.e. x-polarized) waves are shown
in Fig. 12 with the y-polarized incidence. As shown in Fig. 12, compared with the sim-
ulation results of near-field mode, it can be clearly seen that the deflection angle of
(m = +1)-order diffraction transmitted cross-polarized waves is 12°, and the deflection
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Fig. 12. The far-field mode simulation results of (m = +1)-order diffraction at (a) 0.1 THz and (b) 1 THz.
The far-field mode simulation results of (m = +1, +3)-order diffraction at (c) 0.1 THz and (d) 1 THz.

angles of (m = +1,+3)-order diffraction transmitted cross-polarized waves are 6° and 18°,
respectively. In the far-field patterns of (m = +1, +3)-order diffraction, the transmis-
sion coefficients of (m = +1)-order diffraction at 0.1 and 1 THz are higher than those
of (m = +3)-order diffraction, which conforms to the energy distribution law of grating
diffraction. Therefore, the metasurface grating designed in this article can achieve
modulation of transmitted terahertz electromagnetic waves at 0.1 and 1 THz.

Even though the presented work is fully based on numerical simulations of meta-
surface grating, it is feasible to prepare such all dielectric metasurfaces. Since the de-
signed all-dielectric metasurface is in the terahertz band, the fabrication of such large
depth metasurface microstructure may not be possible using conventional lithographic
processes [51]. Firstly, a layer of silica should be deposited on a thick high resistivity
silicon wafer by using chemical vapor deposition. The wafer should be then directly
bonded with a fused silica substrate. The conventional mask photolithography can be
applied to form a pattern of square array on the layer of silica with photoresist. The layer
of silica should be removed by C,Fg gas, and the remaining pattern should be kept as
a protection mask for subsequent etching. Next, the Bosch process by using deep re-
active ion etching technique should be used to etch the silicon wafer, and the Bosch
process should be repeated until the silicon is completely removed.

4. Conclusion

This article proposes an all dielectric C-type unit structure. This structure can be used
to simultaneously control the amplitude and phase of transmitted cross-polarized
terahertz electromagnetic waves. By adjusting the geometric parameters of the C-type
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structure and the relative spectral position of the geometric resonance, two types of
unit structures were designed at 0.1 and 1 THz, respectively. Each type of unit struc-
ture contains four types of unit structures with equivalent polarization conversion abil-
ity and different geometric parameters. Its characteristic is that the transmission phase
difference between adjacent unit structures is 45°, and combined with changing the
orientation angle, a sudden change of 180° phase difference can be obtained to achieve
full phase control of transmitted cross-polarized waves. By rotating the orientation an-
gle of the designed unit structure, different cross-polarized transmission amplitudes
can be obtained. The highest transmission coefficients of the designed unit structure
at 0.1 and 1 THz are 0.62 and 0.56, respectively. Therefore, by designing two types of
unit structures and rotating their orientation angles, complete control of transmitted
waves can be achieved. This artificially designed all dielectric metamaterial is simple
in design, easy to process, and has less loss compared to metal materials. All dielectric
metasurface designed provides an efficient and convenient method for controlling tera-
hertz wavefront.
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