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Abstract

We have designed a multilayer metamaterial structure which exploits the epsilon-
near-zero (ENZ) mode for perfect absorption. The design procedure is based on
the effective medium theory (EMT) model. The proposed multilayer structure con-
sists of layers of Ag, InSb, SiO2. The thickness of the layers is adjusted so that the
ENZ mode is at the communication wavelength of 1550 nm. Two alternations of
the layered structure are placed on a metal (Ag) substrate to prevent light transmis-
sion. Placing the nano-ring cavity arrays at the top of the multilayer structure leads
to excitation of the surface plasmon polaritons (SPPs) and the cavity mode. Con-
sequently, a resonance peak with nearly perfect absorption of 99.92% for normal
incidence is obtained. Since the dimensions of the nano-ring affect the resonance
wavelength, it is tuned to be exactly at the wavelength of the ENZ mode, result-
ing in perfect absorption. Simulation results based on the finite difference frequency
domain method indicate that the absorption is insensitive to polarization and the
absorption efficiency remains above 90% up to a 60° incident angle. The proposed
absorber can be used for various optical communication applications such as filters,
detectors and sensors. Finally, the structure’s sensitivity to the environmental refrac-
tive index variations has been used here for refractive index sensing. A sensitivity of
200 nm/Refractive Index Unit (RIU) is obtained in this case.
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1 Introduction

Generally, the metamaterial science aims to obtain materials with electrical and
magnetic properties that are commonly not found or rarely found in nature [1,
2]. Since the parameters of electric permittivity and magnetic permeability are
effective factors in the interaction of matter and light, by adjusting and modifying
these parameters, new optical devices with unique features can be achieved [3].
One of the attractive applications of optical metamaterials is the perfect absorber
[4]. Achieving perfect absorption typically requires materials with high optical
losses, and high thicknesses. The use of metamaterial structure overcomes the
mentioned limitations [5].

In recent years, a huge amount of research has been allocated to epsilon-near-zero
materials (ENZ), which indicates attractive properties such as strong light-matter
interaction and nanoscale field confinement [6, 7]. The real part of electric permit-
tivity for ENZ materials is close to zero at certain frequencies. This phenomenon is
naturally found in noble metals, polar dielectrics, doped semiconductors, and trans-
parent conducting oxides [8, 9]. One of the easiest ways to obtain ENZ mode at the
desired frequency is by alternating layers of a metal and a dielectric material. Since
metals have a negative electric permittivity (below the plasma frequency), by plac-
ing a dielectric with a positive electric permittivity between metal layers and also
by proper referring to the effective medium model, the ENZ mode can be achieved
at the desired frequency [10]. The effective medium model is a homogenization
method based on field averaging which is used to obtain the optical properties of the
structure [11]. In the following, we will examine some epsilon near zero structures.

The most common and simplest method to obtain ENZ metamaterials is
alternating dielectric-metal multilayer structures as used in [8, 12] for the vis-
ible wavelength range. In [13], metal (Ag) and semiconductor (Ge) alternating
layers and in [14], dielectric (Si02) and semiconductor (InSb) alternating layers
have been used to design ENZ metamaterials in the near-infrared spectrum. In
[15], unlike conventional two-layer structures, a three-layer metal (Ag), dielec-
tric (Al,05) and semiconductor (Ge) structure is used, allowing more control in
adjusting the ENZ wavelength over a wider range. In [16, 17], thin ITO layers are
used to provide electrically tunable absorbers. Strong absorption modulation is
achieved when the electrical permittivity is modified through an external electri-
cal bias from a negative value to a positive value (ENZ mode). In [18], relying
on the feature of increasing the interaction between light and ENZ material and
also using coupling between ENZ mode and plasmon mode, strong broadband
absorption in the infrared spectrum (>95%) has been observed. It is mentioned
that the structure’s potential applications are for solar energy harvesting, sensing
and imaging. A dual-band refractive index biosensor with the ability to electri-
cally adjust the ENZ wavelength by applying different voltages to the ITO is pro-
vided in [19]. The ENZ mode and the grating together excite the resonance, and
an almost perfect absorption of 99.7% occurs at 1144 and 1404 nm.

The studying of ENZ materials and their properties is still an interesting and
up-to-date topic. In this paper, we have designed a perfect absorber based on the
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field confinement property of ENZ material with a thickness much less than the
working wavelength. First, according to the EMT model, we adjust the thickness
of the multilayer metamaterial layers so that the ENZ mode occurs at the desired
wavelength of 1550 nm. By using it in the proposed absorber design and excit-
ing the SPP and cavity mode at the same wavelength, the absorption efficiency
of 99.92% is obtained. The absorption is insensitive to polarization and slightly
sensitive to the angle of incidence, i.e., the absorption rate remains above 90%
up to a 60-degree angle. This Absorber shows a sensitivity of 200 nm/refractive
index unit (RIU) when changing the background’s refractive index. It should be
noted that all the simulations were performed using the hexahedral mesh analy-
sis method and based on the finite difference frequency domain method of CST
Microwave Studio software. The boundary condition settings in the x and y direc-
tions are periodic for the unit cell, and for the z direction the "open add space"
boundary condition has been used. the electromagnetic waves are perpendicular
to the z surface of the structure.

2 Structure Design Method

Figure 1a represents a schematic of an alternating multilayer metamaterial consisting of
metal (Ag), semiconductor (InSb) and dielectric (SiO,) materials with permittivities of
€, £, and &5, respectively. The Drude model describes the permittivity of Ag and InSb
(1)2

frequency are e, =5, op = 14 X 1015rad/s, and y = 2.01 X 1014rad/s and for InSb
they are equal to e, = 15.68, wp = 2.8 X 10"2rad/s, and y = 0.3 x 10'%rad/s[20, 21].
The permittivity of SiO, can be assumed as €; = 3.8. The thickness of the layers are
equal to h; =10 nm, h, =16 nm and h;=20 nm, respectively. Since the thickness of the
layers is very small compared to the wavelength, the EMT model can be used to calcu-
late the effective permittivity of the multilayer structure [22]:

ase=¢g  — . For Ag, the permittivity, the plasma frequency, and the collision

g, 00
e =6 0 €, 0 (D
0 0 ¢

where, £, and ¢ are the components perpendicular and parallel to the plane x-y,
respectively.

N,

sl=zj§ej,j=1,2,3 )
J

I w1

— = f_1j=1’2’3 3

ol ;]fj ®
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Fig.1 a Schematic of a multilayer metamaterial consisting of InSb—Ag-SiO,, b perfect absorber 3D

view, and ¢ top view

Fig.2 Real parts of the effective
permittivity tensor of the multi-
layer metamaterial
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where, f; and ¢; are the filling fractions and the permittivity of the j-layer [10]. As
shown in Fig. 2, the thickness of the layers is adjusted so that the values of £, and ¢
at a wavelength of 1550 nm are equal to zero. Consequently, it can be concluded that
€, 18 also equal to zero (Table 1).

Table 1 shows the parameters chosen in this structure. To further investigate the
role of the thickness of each layer in determining the desired wavelength, by keep-
ing the thickness of the two layers constant at the mentioned values, we only need to
change the thickness of one layer and compare the results. In Figure 3a, by chang-
ing the thickness of hl from 6 to 14 nm with 2 nm steps, we see that increasing the
thickness of the gold layer reduces the wavelength of the ENZ mode. In Figure 3b,
¢, by changing the thickness of h2 from 8 to 24 nm with 4 nm steps and changing
the thickness of h3 from 5 to 25 nm with 5 nm steps, it can be seen that increas-
ing the thickness of the InSb layer and SiO, increases the ENZ mode’s wavelength.
By examining the results, it can be seen that negative permittivity reduces the ENZ
wavelength and positive permittivity increases the ENZ wavelength. It should be
noted that changes in the thickness of gold can be much more effective and of higher
sensitivity.

Next, by inserting the nano-ring cavity arrays on top of the multilayer metamate-
rial according to Figure 1b, c, the SPP and cavity mode [23] are excited (as used
in [24]). ENZ excitation depends on the Brewster angle of the TM polarization or
coupling with other modes [25, 26]. The dimensions of the nano-ring are designed
so that the resonance occurs at the ENZ wavelength, which results in the coupling
of the SPP and cavity modes with the ENZ mode. As indicated in Figure 4, the thin
layers of metamaterials that support the ENZ mode strongly confine light and elec-
tric fields inside the sub-wavelength layers, resulting in perfect absorption (99.92%)
[9, 27].

Figure 5 shows that by increasing the radius of the nano-ring (The width of
the gap was constant, which means that the inner radius and the outer radius
changed equally), the resonance frequency is shifted to higher wavelengths. The
origin of this change can be explained by the LC equivalent circuit. The dielec-
tric that covers the inside of the nano-ring cavity is considered a gap capacitor,
which, according to the equation C = gy¢,0,4/w, where g is the permittivity of
vacuum, ¢, is the relative permittivity of the nano-ring cavity or the same air
here, O is the effective area, and w is wide of the nano-ring. Since the radius of
the nano-ring is directly related to the effective area. An increase in the radius

Table 1 Structural parameters

Row Parameter Value (nm)
of the proposed absorber

1 hl (Ag) 10

2 h2 (InSb) 16

3 h3 (Si02) 20

4 rout 30

5 rin 26

6 XXy 33x33
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Fig.4 Transmittance (T), reflectance (R), and absorption (A) for the proposed absorber based on ENZ
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Fig.5 Normalized absorption versus radius of nano-ring and its effect on resonance wavelength

causes an increase in the value of the gap capacitor, which also increases the
resonance wavelength [28]. The study of layer thickness changes and nano-rings
is needed to be able to design the structure at other wavelengths.

Regarding the proposed absorber construction, it should be mentioned that
this process consists of two steps, i.e., the deposition of thin layers on the sub-
strate by using Ion-beam Sputter Deposition (IBSD) methods, and the inser-
tion of the nano-ring cavity arrays by the focused ion beam-scanning electron
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Fig.6 Schematic of the manufacturing process

microscope (FIB-SEM) [29-31]. A schematic of the manufacturing process is
given in Figure 6.

3 Results and Discussions

As shown in Figure 7, absorption is obtained at two polarizations (TM and TE),
at different incident angles. The results clearly show that the absorption is insen-
sitive to polarization and sensitive to the incident angle. Fortunately, the absorp-
tion rate remains above 90% up to a 60-degree angle, but at a 90-degree angle,
the absorption is almost zero. The incident angle of EM wave affects impedance
matching, and designing structures with symmetry only increases the angular
range of insensitivity of the structure [32-34].

As was said before, the thickness of the layers determines the ENZ wavelength,
as the angle of incidence increases, the effective thickness for the incident wave-
length increases, and the ENZ wavelength shifts. This displacement causes weak
coupling or even no coupling of the ENZ mode with other modes and decreases
absorption intensity.

The electric field distributions are shown in Figure 8a, b at the 1550 nm reso-
nance wavelength for TM and TE polarizations, respectively. According to the
figure, it can be seen that the maximum E-field appears at the boundary between
metal-dielectric and metal-semiconductor, which shows that the resonance
absorption peak is mainly due to the excitation of the SPPs. In addition, part of
the E-field is trapped in the nano-ring cavity.

Due to the Absorber’s sensitivity to the environment’s refractive index, one of
its potential applications is as a refractive index sensor. As shown in Fig. 9, by
changing the refractive index of the medium with steps of 0.05, the wavelength
changes by about 10 nm. According to the definition of sensitivity

[35],§ = Al [%] the sensitivity of this sensor is 200 nm/RIU. The figure of
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Fig. 7 Absorption spectra for different incident angles: a TM polarization and b TE polarization

N
merit (FOM) relation is also equal to FOM = I B Since the full width

at half maximum (FWHM) bandwidth is equal to 27, the FOM value is 7.4. By
increasing the refractive index and moving away from the ENZ wavelength, the
absorption rate has decreased. In addition to various applications of absorbers at
a telecommunication wavelength of 1550 nm, this structure can also be used in
refractive index sensing applications such as detecting liquids, gases, etc.
Given that the proposed structure is a perfect absorber, a comparison between
its parameters and other works performed in this field is provided in Table 2.
The comparison shows that this method provides a nearly perfect absorption,
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Fig. 9 The relationship of the medium refractive index with the absorption spectrum

while it is polarization insensitive and also the absorption peak is dedicated to
the widely used telecommunication wavelength of 1550 nm.

4 Conclusion

A perfect absorber based on the ENZ metamaterial structure was presented. Placing
the nano-ring cavity arrays at the top of the multilayer structure led to excitation of
the SPPs and the cavity mode. Consequently, a resonance peak with nearly perfect
absorption of 99.92% for 1550 nm at normal incidence was obtained. The proposed
structure can detect changes in the refractive index of the environment and can be
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used as a refractive index sensor. The sensitivity is 200 nm/RIU and FOM is 7.4.
More importantly, it should be mentioned that since the absorber works at a wave-
length of 1550 nm, it can be used in other applications such as switching, filters,
detectors, etc.
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