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Abstract: Electromagnetic metasurface technology is one of the most promising technologies for
electromagnetic energy regulation. It is formed by an artificial periodic structure of discrete
subwavelengths at the interface, allowing wavefront control and polarization control at the
subwavelength scale, exhibiting a variety of special electromagnetic response capabilities, including
abnormal beam bending, polarization transformation, electromagnetic wave absorption, etc. We
propose a wide-angle, polarization-insensitive infrared perfect metasurface absorber made of an
opaque gold ground layer, a dielectric spacer layer, and a hole-shaped gold patch on the spacer layer.
The absorption spectrum of the metasurface absorber is simulated by the finite element method, and the
results show that the absorber produces an absorption peak with a maximum absorption rate of
99.91% and a half-height and full width of 0.52um in the visible light band.
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1. Introduction

Metamaterial is a special man-made material that can perform many functions not found in natural
materials [1,2]. From the perspective of technology, the three-dimensional structure construction of
metamaterials will bring great difficulties in manufacturing and implementation. Moreover,
metamaterials have the disadvantages of high loss and strong dispersion [3,4], to a large extent, its
practical application is limited. To overcome these shortcomings of metamaterials, metasurface
structures were proposed. [5] Metasurfaces are two-dimensional metamaterials with sub-wavelength
thicknesses consisting of periodic microstructures of metal or dielectric materials, and have been
proposed for various applications due to their ultra-thin thickness, extremely low losses, and ease of
process manufacturing. In addition, metasurfaces demonstrate the ability to manipulate electromagnetic
(EM) waves in microwaves and optical frequencies. For example, optical holography [6], planar
lenses[7], perfect absorbers [8], invisible materials [9], polarization converters [10], etc. Among them,
the study of electromagnetic wave absorption has always been a research hotspot in the field of
electromagnetism, which is crucial in both engineering applications and national defence and military
affairs.

Landy et al. [11] first proposed a perfect electromagnetic metasurface absorber in 2008. They
designed a three-layer structure, the top layer is a metal open resonant ring structure, providing an
electrical resonance response, and the magnetic resonance response is obtained by the magnetic field in
the intermediate dielectric layer by excitation of the central metal bar of the top open resonant ring with
the reverse parallel current in the underlying metal wire. By manipulating the geometric parameters of
the structure, an absorption rate of up to 99% was obtained at 11.65 GHz. Moreover, the perfect
electromagnetic metasurface absorber is less than 1/30th the thickness of a wavelength, a pioneering
work that soon inspired a series of follow-up studies that operate in frequency bands ranging from
microwave to visible light. Among many electromagnetic wave absorption, electromagnetic
metasurface absorbers can be widely used in electromagnetic stealth, electromagnetic shielding,
thermal imaging, thermal emitters, sensors and other fields because of their thin thickness, small size,
simple structure and high absorption rate.

The mid-infrared absorber strategy also includes composite grating superabsorbers [12], photonic
crystal superabsorbers [13], and broadband nanoresonator absorbers [14]. Liu et al. [15] designed a
single-band infrared absorber using cross-patterned metamaterials. Ye et al. [16] further investigated
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the omnidirectional and polarization insensitive characteristics of the crossover structure. Due to the
limitations of single-band IR absorbers in applications such as spectroscopy and imaging [17], dual- or
multi-band IR absorbers and emitters are more desirable. Liu et al. [18] further investigated the dual-
band absorber by transversely assembling one subunit into the original cross-patterned unit cell. Chen
et al. [19] studied the dual-band perfect absorber by breaking the symmetry of the crossover structure,
but the asymmetric structure is always polarization sensitive to the incident wave. Further dual-band
perfect absorbers were designed, using elliptical nanodisks in the near-infrared band [20] and electric
field-coupled resonators in the far-infrared band [21].

In this paper, a perfect electromagnetic metasurface absorber that is insensitive to polarization and
angle of incidence is proposed, including a hole-shaped gold patch and gold ground plane and a SiC
dielectric spacer layer. Perfect absorption of up to 99.91% was obtained at an angle of incidence 6 =
45°, In addition, the reasons for the perfect absorption are theoretically analyzed.

2. Structural design

Figure 1 shows a schematic diagram of the structural blocks of the proposed perfect
electromagnetic metasurface absorber. The structure consists of gold as the top layer, SiC as the
intermediate medium layer and gold substrate. Among them, the dielectric function of gold is selected
as the Drude model, ie

£, (@) =1-w | o(o+io,) O

Among them, plasma frequency w, =12x10"rad / s and collision

frequency @, = 10.5x10" rad / s [22]. The SiC layer was selected as the dielectric spacer layer,

with a dielectric constant of 10.8 and a loss tangent of 0.003. The thickness of the SiC layer and the
gold layer are td = 0.27 um and tm = 0.1 um, respectively. The lattice period of the structure in the X
and Y directions is A = 2.6um. The middle hole-shaped structure has a width of L and a hole radius of r.
The transport and reflection coefficients of the proposed structure are calculated by the finite element
method solver. As shown in Figure 1(c), if there is a transverse magnetic (TM) wave incident into the
structure on the x-z incident plane (where azimuth ¢=0°, that is, the projection of the incident ray in the
x-y plane and the x-direction is 0°), then there will be an electric field in the x-z plane and a magnetic
field in the y direction. In the model construction of the finite element method solver, periodic
boundary conditions need to be used in the x and y directions to form a periodic surface structure of the
metasurface.

\ N
| —tn

Figure 1 (a) Top view and (b) side view of a unit cell of hole shaped metasurface absorber, (c) TE
configuration impinging on the structure in * ~ Z incident plane (where the azimuthal angle ¢ = 0°)

with an incident angle of 0 10 z _direction.
3. Theoretical analysis and discussion

The key to achieving a perfectly absorbing metasurface is to match the impedance of the
metasurface to the air. Impedance matching allows the incident wave to enter the metasurface without
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reflection and dissipate the energy of the incident electromagnetic wave through ohmic losses in the
metasurface. The metasurface behaves as a complex equivalent electromagnetic parameter that satisfies
the following impedance matching relationship:

2

Among them, Zeﬁ- and Z, are equivalent wave impedances of metasurfaces and wave impedances
in free space, respectively, and £/, and &, are magnetic permeability and vacuum permittivity,

respectively. According to Equation (2), impedance matching requires Ep = Moy -

According to coupling mode theory, the metasurface of such a three-layer structure in Figure (1)
can be equivalent as a single-channel resonator coupled to an external light wave, and its reflection
coefficient is[23]:

2/t,
—i(w-w))+1/7,+1/7,

r=-1+

3

where 0 is the resonance angle frequency of the metasurface, ® is the incident light angle

frequency,and ta and tr are the resonance state lifetimes caused by ohmic loss and radiation loss,
a,T ,T

0%a and £2r — _0"r
2

system, respectively, and they depend on the geometric parameters of the metasurface element. From

Equation (3), when @ = @,, the reflectance coefficient is determined entirely by O, and Q.. By

respectively. O, = describe the absorption and radiation quality factors of the

adjusting the parameters of the top metal structure and the thickness of the intermediate dielectric layer,
Q, =0, canbe made. In this case, ¥ =0.

Since the metal substrate eliminates the transmission channel,absorption is determined by
A=1-[8,
simulated absorption spectra for hole-shaped structures with different angles of incidence over the
entire operating range (5 zm — 8 fm ) are shown in Figures 2(a) and 2(b).

2 - . .
, Where |S11| indicates the reflectance coefficient. For TE and TM configurations,

1 T T 1

b
©
T

o9r

08

©
o0
T

o
3
T

o
=
T
o
o

©
o
T
i
o

<
~

Absorptivity
o
~

Absorptivity

©
w
T
o
w

<
o
T
<
)

0.1F 01r

5 55 6 6.5 7 7.5 8 5 55 6 6.5 7 7.5 8
Wavelength (um) Wavelength(um)

Figure 2 Absorption spectra of hole shaped metasurface absorber with an incidence angle of 45 for

TE configuration and TM configuration, where the azimuthal angle 4 and the length ! and

radius V' are respectively set as 0.8 zim and 0.2 pam .

The hole-shaped metasurface at the @ = 0’ incidence surface has high absorption (greater than

90%) and wide angle of incidence absorption stability at TE incidence and TM incidence and is
insensitive to polarization. However, the absorption stability in TE mode is not as good as in TM mode
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because the magnetic field strength in the x-y plane decreases with the increase of the angle of
incidence @, so the poles that contribute to strong absorption cannot be effectively excited. In addition,
the oscillation direction of the magnetic poles in the structure is related to the azimuth @, which has an
effect on the absorption stability.

Figures 3 and 4 show the distribution of the Z component of the electric field on the hole-shaped
patch and the bottom metal layer at TE and TM incidence at resonant wavelengths A = 6.53 pm,
respectively. As can be seen from Figure 3(a), the electric field is mainly distributed in the tail region
of the hole-shaped patch, while the top electric field is weak. In addition, at the same resonant
wavelength, the electric field distribution across the bottom metal layer is shown in Figure 3(b), which
is the opposite sign compared to the electric field distribution on the hole-shaped patch, indicating that
an induced current loop is formed between the SiC dielectric spacer layers. This characteristic of the
electric field distribution indicates that the poles are excited in each periodic hole-shaped structural
gold patch, resulting in magnetic resonance, based on the analysis of the effective medium theory, the
absorption is attributed to proximal electric and magnetic dipole resonances[24].
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Figure 3 The z component of electric field distribution at resonant wavelength 1. = 6.53 um on (a) hole-
shaped patches and (b) bottom metal layer in TE configuration under the incident angle of 6 = 45° and
o =0°
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Figure 4 The Z component of electric field distribution at resonant wavelength A = 6.53 um on (a)
hole-shaped patches and (b) bottom metal layer in TM configuration under the incident angle of 6 =
45°and ¢ = 0°.

For the stability of absorption when the incidence angle 6 changes from 0° to 80°, Figure 5(a)
shows the TE polarization incidence and Figure 5(b) shows the TM polarization incidence condition,
where azimuth ¢=0°. Under TE polarization incidence conditions, high absorption of up to 99% is
achieved when 0 varies from 0° to 60°, where the highest absorption is obtained at 6=45°. With the
angle of incidence greater than 60°, the intensity of the two absorption peaks decreases rapidly. This is
because magnetic polarizers require a magnetic field component in the X-Y plane to excit. For TE
incidence, the magnetic field in the x-y plane is Hx-y = Hcos0, where H is the strength of the incident
magnetic field. Due to the rapid decrease in intensity at 6>60°, the magnetic resonance becomes
weaker. In the TM configuration where 0 varies from 0° to 80°, the strength of the absorption peak is
still above 99%, due to the stable component of the incident magnetic field in the direction of the
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oscillation of the poles. At the same time, the two absorption peaks undergo a slight blue shift with the
change of 6, which is mainly due to the separation oscillation effect in each cell [25].
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Figure 5 Absorption spectra as a function of incidentangle 6 at ¢ = 0° (a) for TE configuration and (b)
for TM configuration, and the intensity of absorption is given by the colormap.

4. Conclusion

Metamaterial absorbing devices have become a research hotspot in the field of micro-nano optics in
recent years, usually classified according to the absorption bandwidth, which can be divided into two
categories: narrowband absorbers and broadband absorbers. Narrowband absorbers are commonly used
for optical sensing, and broadband absorbers are widely used in solar cells, photoelectric detection,
imaging and other fields. At present, for micro-nano structures, many narrowband and broadband
absorbing devices with different surface types and absorption mechanisms have been designed, and the
research band has also expanded from the initial microwave and terahertz bands to infrared, visible and
ultraviolet bands. Micro-nano absorbing devices usually only require sub-wavelength physical
thickness, but can achieve good enhanced absorption performance, which is conducive to on-chip
integration and packaging of optical components, so it has great advantages in applications. We have
numerically demonstrated the absorption characteristics of electromagnetic metasurface perfect
absorbers in the infrared region. The absorber includes a hole-shaped gold patch and gold ground plane
and a SiC dielectric spacer layer. A perfect absorption peak is obtained at an angle of incidence 6 = 45°.
Absorption spectra with bearing are also studied.According to the distribution of the z-component of
the electric field distribution within the absorber, we get that the perfect absorption is caused by the
excitation of magnetic polarizers at the resonant wavelength. In addition, electromagnetic metasurface
perfect absorbers also exhibit good absorption stability in the wide azimuth and incidence range of TE
and TM incidence. This wide-angle, polarization-insensitive perfect infrared absorber offers potential
applications for heat detectors and infrared imaging.
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