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Abstract: We propose a design of a broadband absorber based on a multi-layer metamaterial
nanostructure composed of a periodic array of silver-silica-silver (Ag-SiO2-Ag) cubes and a silver
(Ag) bottom film. The proposed structure can achieve nearly perfect absorption with an average
absorbance of 97% spanning a broad range from visible to near-infrared (i.e.,from 600 nm to 1300
nm), showing a 90% absorption bandwidth over 412 nm, and the peak absorption is up to 99.8%. The
excitation of superior surface plasmon resonance combined with the resonance induced by the metal-
insulator-metal Fabry-Perot (FP) cavity leads to this broadband perfect absorption. The polarization
and angle insensitivity is demonstrated by analyzing the absorption performance with oblique
incidences for both TE- and TM-polarized waves. In addition, we discuss the impact of various metal
materials and geometry structure on absorption performance in detail. The proposed broadband
metamaterial absorber shows a promising prospect in applications such as solar cell, infrared
detection, and imaging. Moreover, the use of a thin titanium cap and an aluminum film instead of
noble metals has the potential to reduce production cost in applications.

1. Introduction

Metamaterial devices have attracted substantial attention due to their marvelous electromagnetic
performance in many applications such as antenna systems [1], [2], electromagnetic cloaking [3,],
imaging [4], ultra-sensitive sensing [5] and refractive index engineering [6]. The subwavelength
structure of the metamaterials[7] can be tailored flexibly by designing the artificial “meta-atoms”.[8]
This characteristic enables the metamaterials[9] a designable permittivity[10] and permeability[11].
Meanwhile, the performance of the energy [12] depletion in metamaterials can be utilized in a positive
way to design metamaterial[13] absorbers by introducing the power loss[14].

During the last decade, trends to achieve light absorption in metamaterials[15] and plasmonic[16]
nanostructures have increased tremendously due to the huge interest in the development[17] of solar
energy harvesting[18]. Generally, regarding the absorption bandwidth, absorbers can be categorized
into two types [19], namely narrow band absorber and broadband absorber [20]. The former one can
easily find applications in linear or nonlinear sensors covering both visible and infrared regions [21].
On the contrary, in the applications such as photodetectors [22], thermal emitters [23], photovoltaics
(PV) [24] and ultra-short pulse generation [25], broadband absorbers[26] are always required. Up to
date, plenty of metamaterial structures have been reported to demonstrate broadband perfect
absorbers [27]. For instance, using hole array [28], cylinder array [29], complementary crosses and
cylinders [30] and multilayer structures .

In this paper, we design an broadband absorber based on a multi-layer metamaterial nanostructure
composed of a periodic array of silver-silica-silver (Ag-SiO2-Ag) cubes and a silver(Ag) bottom film.
The proposed structure can achieve a nearly perfect absorption spanning a broad range from 600 nm
to 1300 nm, indicating a wavelength band over 412 nm (>90%) from visible to near-infrared. In this
band, the absorber exhibits an average absorbance of 97% and the peak absorbance of 99.8%. The
broadband perfect absorption benefits from the excitation of surface plasmon resonance in addition
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with the resonance induced by the metal-insulator-metal Fabry—Pérot (FP) cavity. The impact of the
thicknesses of the top metal layer and the silica layer on the absorption performance is investigated
in detail. Additionally, we thoroughly analyze the absorption properties of the metamaterials using
various top and bottom metals, and the results demonstrate the effectiveness of the proposed structure.
This structure is a polarization insensitivity absorber. The proposed metamaterial absorber not only
has a simple geometry and ordinary metal based material composition, but also shows a high
performance in both bandwidth and absorptivity. Moreover, this nanostructure is straightly
compatible with high throughput manufacture technology using soft nano-imprinting lithography,
making the low-cost mass-production of the material highly feasible. It is expected that such absorber
structure will hold great potential in solar cell and photodetector applications.

2. Model and method
2.1. Model

The model structure of the wideband absorber is shown in the figure, in which (a) is a 3D structure
diagram, and (b) is a side view of the structure. The electromagnetic absorber is composed of
alternately stacked metal Ag and dielectricSioz, The unit cell period is P = Px = Py = 500 nm, The
upper part is composed of cross structures with arm length equals arm width , Where the side length
| = L =W =170 nm, Thickness of metal layer t1 = t> = 40 nm, The dielectric thickness in the middle
is d1 =40 nm. The middle part of the unit is Sio> medium, Its thickness is d2 = 70 nm, The bottom
layer is a continuous Ag metal film, Its thickness ts = 120 nm. The numerical simulation is carried
out using FDTD Solutions software. In terms of parameter setting, the periodic boundary conditions
are set in both the x and y directions, and the perfect matching layer (PML) boundary conditions are
set in the z direction. The grid accuracy is set to Ax=Ay=Az=2 nm, In addition, the plane
electromagnetic wave with the electric field E parallel to the x direction is incident along the -z
direction, and the wavelength of the electromagnetic wave is taken to be 500-1300 nm.
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Fig 1. Metamaterial absorber model based on MDM structure

In the case of normal incidence of TM polarized electromagnetic waves, the broadband absorption
spectrum shown in Fig 2. is obtained. The resonance wavelength corresponding to the P1 absorption
peak in the figure is 554.9 nm, and the absorption rate reaches 97.5%. The absorption rates of the two
obvious absorption peaks P2 and P3 in the broadband spectrum are 99.8% and 99.4%, respectively,
and their corresponding wavelengths are 747.3 nm and 940.7 nm, respectively. It can be seen from
the figure that for the above design parameters, the absorber exhibits good broadband absorption
performance. From the absorption spectrum line, even in the concave part between the two absorption
peaks, the corresponding minimum absorption rate is also 96% Above, the bandwidth of the
absorption line absorption rate higher than 80% reaches about 300 nm, which greatly expands the
application range of the absorber, which can be applied to solar cells, detectors , thermal emission
Device and many other fields.
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Fig 2. Broadband absorption peak
2.2. Method

Electromagnetic fields generated by the interaction between incident electromagnetic waves and
such non-magnetic surface plasmon resonance metamaterials, can be described in detail by the
Maxwell equations [13,14].

VxH =g, 0E/ot D
V x E=— p,0H /ot 2)

In the Maxwell equations, H and E represents the magnetic field strength and electric field
strength respectively, €. is representative of the dielectric permittivity of the dielectric material, &,

and g, represents the vacuum permittivity and vacuum permeability respectively. In the numerical

simulation the optical properties of Ag nd SiO, were measured using the parameters of Olmon and
Palik in the experiment.

Definition A is the absorptance of this absorber, this absorber for the surface plasmon resonance
absorption loss of the incident electromagnetic wave can be defined by the equation.

A=1-T-R )

3. Numerical analysis and discussion

Next, the absorption mechanism of the electromagnetic absorber is discussed. First, for the narrow-
band absorption peak P1, since the side length of the upper square 1 = 170 nm, which is about 1/3 of
the unit period, the spacing between the MDM array structures is very large, and the mutual influence
is relatively weak, so this Absorption is caused by the interaction between the MDM structure and
the underlying metal film. For the convenience of description, the upper metal of the MDM structure
is defined as M1, and the lower metal is M2, as shown in Fig 1(c). When the incident wavelength is
554.9 nm, the distribution of the electric and magnetic fields corresponding to the absorption peak P1
is shown in Fig 3. It can be seen from the figure that there are strong enhanced electric fields on the
left and right sides of the lower surface of the metal M2, and there is also a strong electric field
distribution in the dielectric layer below the enhanced electric field, and the magnetic field is mainly
distributed in the dielectric layer under the metal M2 . Therefore, when electromagnetic waves are
incident, a large amount of charge is accumulated on both sides of the bottom edge of M2 and surface
plasmon resonance (SPR) is generated. Since the dielectric layer is only 70 nm, the metal M2 also
has a coupling effect with the underlying metal to jointly complete the incident electromagnetic
Absorption.
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Fig 3. (A) Electric field and (b) magnetic field distribution at an incident wavelength of 554.9 nm

When the incident wavelength is 747.3 nm, the electromagnetic field distribution of the absorption
peak P2 in the y = 0 plane is shown in Fig 4 (a) and (b). It can be seen from Fig4 (a) that the electric
field is mainly distributed on both sides of the bottom edge of the metal M1 and the upper surface of
the metal M2 at this time, and there are strong near the left and right regions of the dielectric layer
between the metal M1 and M2 The electric field is distributed, while the magnetic field is mainly
distributed within the dielectric layer of the MDM structure. From the point of view of the distribution
characteristics of the electromagnetic field, the absorption of electromagnetic waves at this time is
mainly affected by the MDM structure, and has little relationship with the dielectric layer and the
underlying metal film under the MDM structure. When electromagnetic waves are incident, the
oppositely polarized charges on the lower surface of the metal M1 and the upper surface of the M2
move to the left and right sides, gather near the edges of the two metal surfaces, and produce the local
surface plasmon resonance (LSPR) phenomenon, thus A local enhancement of the electric field is
caused near the sides of the metal surface. Due to the coupling effect of the enhanced electric field
on the upper and lower metal surfaces, the electric field in the left and right regions of the dielectric
layer is significantly enhanced. In addition, there is a certain intensity of electric field distribution on
both sides of the lower surface of the metal M2, but it has little effect on the overall electromagnetic
wave absorption. In addition, as can be seen from Fig 4(b), the magnetic field is mainly confined in
the dielectric layer between M1 and M2. Therefore, for the absorption peak P2, the MDM structure
plays a very important role in the electromagnetic absorption of metamaterials, forming a perfect
absorption of nearly 100% of electromagnetic waves.
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Fig 4. When the incident wavelength is 747.3 nm, the (a) electric field and (b) magnetic field
distribution at the absorption peak P2, and when the incident wavelength is 940.7 nm, the (c)
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electric field and (d) magnetic field distribution at the absorption peak P3, all of which are located
aty =0in plane

3.1. Parameters

The structural size of the metamaterial is very important for the absorption of electromagnetic
waves. With the modulation of the structural parameters, the equivalent impedance of the
metamaterial may no longer match the impedance of the free space. Therefore, in the design process,
the selection of the structural size is also Very critical. The effect of metal side length | on the
broadband absorption of electromagnetic waves in the upper MDM structure is discussed below. As
shown in Fig 5, while other parameters remain unchanged, when | = 140 nm, the absorption line is
approximately single-band absorption. With the increase of the side length I, the bandwidth of the
broadband absorption line gradually increases. But at the same time it is accompanied by a decrease
in the absorption rate. Considering factors such as bandwidth and absorption rate, the side length | =
170 nm is an ideal choice. From the change trend of absorption spectrum, it can be discussed
according to the LC equivalent circuit model theory . The change in side length | mainly affects the
capacitances Cx and Cy, where Cx is the capacitance between two adjacent structural units, and Cy
is the capacitance between two adjacent metal layers.

Coowt
P—ml

Where P is the unit period and m is a parameter related to the current distribution on the MDM
end face parallel to the y-axis. And at this time, the resonance wavelength is proportional to the square
root of the capacitance, so there are:
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Therefore, with the increase of the side length 1, the resonance wavelengths A1, A2 also increase,
but the resonance wavelength increases at different speeds, so that the absorption spectrum is

broadened, and the concave parts between the absorption peaks are also deepened .
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Fiig 5. Absorption rate varies with side length |

In addition to the metal side length | in the upper MDM structure affecting the absorption, the
thickness of the dielectric layer in the structure can also affect the absorption of electromagnetic
waves. When the dielectric thickness d1 in the MDM structure is changed alone, the change law of
the absorption spectrum is shown in Fig 6 t can be seen that in addition to the green absorption curve,
as the thickness d1 increases, the absorption peak P2 gradually decreases, and the corresponding
resonance wavelength also tends to decrease. This is because the increase in the thickness d1 causes
the capacitance between the upper and lower metal of the MDM structure to decrease, but the
capacitance between the cells remains basically unchanged. Therefore, from the figure, the resonance
wavelength corresponding to the absorption peak P3 is almost unchanged. Combined with the
absorption peak P2 electromagnetic field and energy flow distribution, it can be seen that changing
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the structure of MDM has a greater impact on the absorption of P2. When the thickness d2 of the
dielectric layer changes, the structural absorption rate changes as shown in Fig 7. With the increase
of d2, the capacitance between the metal M2 and the underlying metal film decreases, and the
resonance wavelength corresponding to the absorption peak P3 gradually decreases, and the
broadband absorption spectrum as a whole shows a decrease in the line bandwidth. It can be seen
from the figure that when the thickness d2 of the dielectric layer is about 70 nm, the structure can
obtain relatively ideal absorption, while also taking into account the requirements of the spectral line
bandwidth.
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Fig 6. Absorption rate changes with d1
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Fig 7. Absorption rate changes with d2
3.2. dieletric material

The choice of dielectric material will also have a great influence on the structural absorption. Fig
8 describes the change of the structural absorption rate with the dielectric refractive index n. It can be
seen from the figure that with the increase of n, the broadband absorption line of the structure
generally shows a red shift, and the bandwidth also continuously widens. When the refractive index
n = 1.4, the center wavelength position of the absorption line is about 700 nm, but when n = 2.2, the
center wavelength position of the absorption line is around 1 pum, and the spectral bandwidth
increases, accompanied by structural absorption The rate of reduction. Due to the capacitance and the
resonance wavelength, there is, that is, the resonance wavelength is proportional to the refractive
index of the dielectric, so as n increases, the absorption line shifts to a longer wavelength, showing a
red-shift trend. As can be seen from Fig8., the refractive index of SiO: in this structure is 1.76, which
is relatively close to the red absorption line (n = 1.8). Considering the requirements of absorption rate
and bandwidth, the selection of the dielectric material is in line with the ideal Happening.
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Fig 8. Absorptivity changes with medium refractive index n

4. Conclusion

In summary, In order to reduce the difficulty of processing the metamaterial structure, the paper
have been proposed a designed a new two-dimensional metamaterial electromagnetic absorber based
on the metal-dielectric-metal (MDM) structure. The device realized in the visible and near infrared
bands of about 600~1300 nm Broadband absorption, the spectral line bandwidth with absorption rate
higher than 80% reaches 412 nm. Further, the electromagnetic absorption mechanism of this
metamaterial was analyzed. Combining the electromagnetic field distribution and energy flow density
distribution, the physical mechanism of the structure's approximately perfect absorption of
electromagnetic waves in a certain band was explained. Subsequently, the influence of structural
parameters such as the length of the upper metal side, the thickness of the dielectric layer and the
refractive index were discussed in detail. Based on this electromagnetic absorber, it has the
advantages of simple structure and flat absorption spectrum, and it can play an important role in the
fields of solar cells, detectors, thermal emitters and the like.
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