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Abstract

®

CrossMark

The application of metasurface in invisibility technology is mainly based on its phase control
function, which provides a new choice for the design of ultra-thin carpet cloaking devices with
arbitrary shape. At present, most of the carpet cloaking devices mainly focus on metal structure
metasurfaces. The Ohmic loss of metallic materials seriously affects the efficiency of cloaking
devices. To reduce Ohmic loss and improve reflection efficiency, a dielectric resonance
cylindrical harmonic oscillator is proposed to construct the metasurface layer. Based on the
analysis of the principle of carpet reflection cloaking, a dielectric metasurface layer is optimized
to cover a triangular scatterer, making it invisible. The near field and far field scattering
characteristics of dielectric metasurface carpet cloaking device are numerically simulated to

confirm its cloaking effect.
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1. Introduction

Metamaterial is a kind of artificial material with sub
wavelength structure, which has extraordinary physical prop-
erties that natural materials do not have. It can realize abnor-
mal propagation of light, such as zero refractive index and
negative refractive index, super imaging, and so on [1-8].
Recently, metasurface has been proposed as a develop-
ment version of metamaterials [9-14]. Metasurface can be
applied in holography, absorber, metalens, bound-state in
continuum, etc [15-19]. Specially, metasurface can be also
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used in invisible cloaking [11]. The original cloaking devices
were designed based on the theory of transform optics [20].
Based on the distribution of complex effective permittiv-
ity and permeability designed by transform optics, electro-
magnetic waves can bypass obstacles and achieve invisible
effect. However, the cloaking device requires complex aniso-
tropic metamaterial design and is not easy to implement in
experiments.

Subsequently, in order to simplify the design and
preparation of cloaking devices, some simple methods have
been proposed, such as quasi-conformal mapping [21],

© 2021 Astro Ltd  Printed in the UK
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Figure 1. Schematic diagram of generalized Snell’s reflection law.

homogeneous coordinate transformation [22], scattering can-
cellation [23], near-zero refractive index metamaterials [24],
and microstrip patch antennas [25], and so on. These devices
can produce cloaking effects while having small thicknesses,
but usually perform poorly under high-sensitivity detection.
Recently, several multiple wavelengths and relatively broad-
band carpet cloaking have been recently reported [26-30].
Compared with metamaterial cloaking devices, the thick-
ness and complexity of cloaking devices can be significantly
reduced by using metasurfaces, which provides a new possib-
ility for the design of light and preparable cloaking devices.
Metasurface cloaking devices can be realized by covering a
carefully designed ultra-thin metasurface on the surface of an
object. The wavefront of reflected or transmitted waves can be
properly modulated, resulting in reflection and transmission
effects that did not originally exist. However, at present, most
of the carpet cloaking devices mainly focus on the metasur-
faces with metal structure. The ohmic loss of metal material
seriously affects the efficiency of designed devices. In order
to reduce ohmic loss and improve the efficiency of cloaking
devices, we propose the use of a full dielectric harmonic oscil-
lator metasurface to construct a carpet cloaking in terahertz
region.

2. Carpet cloaking principle

The basic principle of the realization of a metasurface car-
pet cloaking is based on the generalized Snell’s law. Gen-
erally, if a reflection surface with a specific phase gradi-
ent function is obtained, the electromagnetic characteristics
such as the phase and propagation direction of the reflected
wave can be modulated. For example, the phase of the reflec-
ted wave of a convex object is modulated into a phase of
reflected wave similar to the case of plane reflection, so as
to achieve the cloaking effect of hiding the object below it.
Metasurface is one of the important ways to provide a phase
gradient function and perform phase modulation of reflected
waves.

The schematic diagram of the generalized Snell’s law is
shown in figure 1. Its basic principle introduces the concept
of phase gradient. The two beams of light AB and AC emitted
from point A are reflected on the reflective boundary surface
of the medium with refractive indexes of n; and n; on both
sides, respectively, and two reflected beams of BD and CD are
generated. According to Fermat’s principle, the phase of light

2]

Figure 3. The light is incident on the inclined slope on the right.

reaching the point D through the two paths of ABD and ACD
is the same, so it is easy to have

kon;sinf;dx + ¢ 4+ d¢ = kon; sinf,.dx + ¢ (1)
where k is the wave number of the incident light and it is

27
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where )\ is the wavelength of incident light in vacuum, and

one can further obtain as

Ao dﬁ
27n; dx

sind, — sinf; =

3

Equation (3) shows the generalized Snell reflection law, where

% is the phase gradient of the reflection surface. When % is

zero, equation (3) can be simplified as
0r = 0; “

Equation (4) is the conventional Snell’s reflection law.

When a beam of light is incident on an inclined slope with
a carefully designed phase gradient metasurface on the left of
a triangular steep slope, the reflection of the light is anomal-
ous as shown in figure 2. When the light is incident from point
A to point C on the inclined slope, the reflected light should
be emitted in the direction of CB symmetrical to the normal
of the slope without designed phase gradient. When a gradient
phase metasurface is introduced, the pre-designed phase shift
on the inclined slope can change the partial reflection phase,
making the light reflected abnormally. The reflected light is
modulated to the direction of CB’, which is symmetrical to
the incident light and exits the normal direction of the hori-
zontal plane. At the far-field position, the reflected wave sig-
nal detected by a detector is similar to the reflected wave signal
of the horizontal plane, that is, the inclined slope and its con-
tents are hidden by the metasurface, and the true object shape
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Figure 4. Overall structure of the carpet cloaking device.
Inclination angle 8 = 20°, center frequency f = 0.75 THz, incident
angle o = 45°.

,T

Figure 5. Schematic diagram of the metasurface unit structure.

cannot be detected. The local phase distribution provided by
the metasurface cloaking satisfies the following relationship as

6 = — 2hkgcosa (&)
where kg is the wave vector in free space, / is the height of any
point on the surface of the cloaking device from the horizontal
ground, and « is the incident angle of incident light.

As shown in figure 3, when a ray of light is incident on the
inclined slope covered with a phase gradient metasurface on
the right side, the light will also reflect abnormally. The local
phase distribution also satisfies equation (5). Thus, when the
incident light is incident on the inclined surface, a phase gradi-
ent metasurface can provide specific local phase compensa-
tion, the reflected wave generated by it can be modulated into
a plane wave reflection or an arbitrary designed wave surface
reflection shape. The detector cannot detect the true shape of
the object, so as to hide the object below the slope.

3. Efficient carpet cloaking with dielectric
metasurface structure

Figure 4 shows the designed overall structure of a carpet cloak-
ing device. The overall shape of the designed terahertz wave
metasurface device is a symmetrical triangular slope surface
structure. The slope angle § = 20°. The six elements struc-
ture acts as a superperiodic structure on the inclined plane.
Three superperiodic units are arranged on the left and right
sides of the triangular slope at x-direction. At y-direction,
nine cycles are arranged. In theory, we could arrange more
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Figure 7. Periodic arrangement of unit structure.

periodic structures so that larger objects could be hidden under
triangular slope. In the process of design and calculation, in
order to reduce the leakage of the incident electromagnetic
wave, we add a layer of metal plates on the bottom and sides
of the triangular slope.

The key to the design of a metasurface carpet cloaking
device is to obtain a metasurface unit structure that can meet
the phase conditions proposed above. The incident angle of
the incident electromagnetic wave to the overall structure of
the device is a = 45°, and the polarization of the incident
wave is parallel to the cylindrical surface. The working fre-
quency is designed at f = 0.75 THz. It can be known from
¢ = \f that a wave with a frequency of 0.75 THz corresponds
to a wavelength of Ay = 4 x 10™* m in vacuum. When the
overall structure is designed to take six phase gradient units as
one cycle, then d¢ = 27 /6 = m /3. The basic period dimension
of the metasurface unit structure is as P = dx = m =
138 ym.

The schematic diagram of the metasurface unit structure
is shown in figure 5. The metasurface structure unit can be
decomposed into three layers: the bottom layer is a thin alu-
minum substrate with a thickness of 5 ym. The purpose of
using metal as the substrate is to increase the reflectivity.
The aluminum substrate is covered with a layer of polyim-
ide film (Polymide (loss free)) with a thickness of 30 um
(P = 138 pm). Polyimide film has the advantages of excel-
lent high and low temperature resistance, electrical insulation
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Table 1. Phase and amplitude responses of optimized unit structures with different structural parameters.

Left sidewise (6] = oo — 6 = 25°)

Left sidewise (8] = a+ 0 = 65°)

Unit cell D h Amplitude Phase D h Amplitude Phase
1 93.4 10 0.99 —120 120 10 0.99 0
2 50 48.5 0.97 —180 108.3 30 0.99 —60
3 79.5 50 0.94 —240 110 46.3 0.99 —120
4 100 50 0.93 —300 120.8 50 0.99 —180
5 135 43.7 0.95 —360 130 52.1 0.98 —240
6 135 65.9 0.98 —420 130 56.1 0.97 —300

Figure 8. Electric field distributions at 0.75 THz. (a) Ground plane,
(b) bare bump, (c) bump covered with metasurface layer.

and dielectric resistance. The top layer is a silicon cylinder,
whose diameter D and height % are variables. By changing D
and A at the same time to achieve different phase transitions
of the cell structure, and then build a phase gradient metas-
urface to achieve invisible function. That is, by adjusting the
shape of the top cylinder in the unit structure, the phase of the
reflected wave can be changed while ensuring that its amp-
litude is sufficiently high. In order to calculate the phase shift
from a single metasurface element structure, we assume that
its response can be approximately an infinite periodic array.

In our design, the cylinder is made of materials with high
dielectric constant, which can concentrate the electric field and
the coupling between the elements is weak, so each element
can be regarded as independent unit. In addition, due to the
small phase gradient, there is little difference in the size of the
adjacent cylinders. Therefore, the total electromagnetic field
of the whole cloaking device can be regarded as the superpos-
ition of the field of each unit structure.

Next, we will optimize six cell structures, and their phase
response coverage reaches 2. The phase difference between
the adjacent cell structures is 7/3. The terahertz wave with
the center frequency of 0.75 Thz is incident at an angle of
a = 45° with respect to the horizontal plane. According to
the geometric relationship in figure 2, the actual incident angle
of light should be 6, = a — 6 = 25° for the left slope, and
0;"= o + 0 = 65° for the right slope. Therefore, it is neces-
sary to find out the parameters D and h that can meet the
phase compensation conditions when the actual incident angle
is 25° and 65°, respectively, and then they are tiled on the
left and right slopes according to a certain phase gradient.
At this time, when the terahertz wave is incident at 45°, the
designed metasurface cloaking device can reflect the incid-
ent wave to the 45° direction, which realizes the effect of
quasi plane reflection, that is, the slope surface is hidden. The
phase and amplitude of reflection wave are shown in figure 6
at the different incident angle. The finite integral method is
used to optimize the height and diameter of the cylinder struc-
ture. Based on figure 6, the optimized dimensions of the six
cell structures are shown in table 1. The six optimized cell
structures are arranged to construct the metasurface. The top
view of the arrangement of metasurface unit cells is shown in
figure 7.

In order to prove the cloaking effect of the designed metas-
urface carpet cloaking device, the electromagnetic field distri-
bution is simulated numerically by the finite integral method.
In order to compare the stealth effect clearly, we simulate the
near-field distribution of metal flat plates and triangular struc-
tures without cloaks. The incident frequency is at 0.75 THz
with the incident angle of 45°. Figure 8(a) corresponds to the
near-field electric field intensity distribution of plane reflec-
ted wave. Figure 8(b) corresponds to the near-field electric
field intensity distribution of reflection wave of bare trian-
gular slop. Figure 8(c) corresponds to the near-field electric
field intensity distribution of reflected wave of cloaking device
with metasurface. Combined with the three cases in figure 8§,
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Figure 9. Far-field intensity distributions at 0.75 THz. (a) Ground
plane, (b) bare bump, (c) bump covered with metasurface layer.

it can be observed that the wavefront of the reflected wave
generated by terahertz wave irradiating the bare device has
obvious distortion. After the designed metasurface is covered
on it, the reflected wave front is well recovered as a plane wave
reflecting off a metal plate.

Figure 9 shows the far-field scattering intensity distribution
in three cases. Compared with the three cases in figure 9, it
can be clearly observed that the far-field scattering intens-
ity distribution of the bare device is obviously different
from that of cloaking device covered a metasurface layer.
In figure 9(c), the overall scattering intensity distribution is
similar to the plane reflection in figure 9(a). The reflected
wave energy can be mainly concentrated in the 45° plane
reflection direction and the far-field direction can be detec-
ted. The detector cannot recognize its specific shape inform-
ation, and it achieves good stealth effect. However, for the
bare device without metasurface, under the same conditions,
the near-field electric field intensity distribution of the reflec-
ted wave conforms to the Snell reflection law. Two oblique
surfaces act on the incident electromagnetic wave respect-
ively and produce two beams of reflected waves in different
directions.

4. Conclusions

In order to improve the reflection efficiency and reduce the
ohmic loss, we propose a dielectric cylindrical structure to
construct the metasurface. Based on the analysis of the prin-
ciple of reflective carpet cloaking, a dielectric metasurface
cloaking device was proposed. The terahertz wave multilayer
metasurface cloaking device designed in this paper has good
invisible effect when the electromagnetic wave is incident at
the frequency of 0.75 THz and the incident angle of 45°. The
near and far field characteristics are numerically simulated to
demonstrate the cloaking effect.
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