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Abstract

In this paper, a narrowband optical absorber with an absorption peak of 99.9% at the telecommunication wavelength of
1310 nm is presented. It consists of nanowires composed of five periods of Ag-Ge-Si disks on a Si substrate. The design of
the stacks is based on epsilon-near-zero (ENZ) metamaterials, which causes this structure to have a relatively small thickness
(i.e., thickness < 54, where 4 is the working wavelength). By adjusting the thickness of the stacks using the effective medium
theory (EMT) model, we have achieve the desired ENZ wavelength. The perfect absorption feature has been obtained by
the synergy of resonances of surface plasmon polaritons (SPP) and ENZ modes. The proposed structure has been simulated
using the finite difference frequency domain method. The simulation results indicate that the absorption rate remains almost
90% up to an angle of 75° and is insensitive to polarization. Furthermore, by changing the arrangement of the neighboring
stacks, we see an increase in the sensitivity of the absorption peak to the refractive index variations of the environment. In
general, narrowband absorbers have good potentials for applications such as filtering, sensing, and detecting, which under-

lines the significance of this work.
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1 Introduction

Due to the diverse and extensive application of electro-
magnetic (EM) wave absorbers, including filters, thermal
emitters, and biosensors, special attention is paid to the
study and investigation of these structures [1-6]. These
absorbers are also widely used as highly sensitive refrac-
tive index sensors [7—12]. The two leading challenges in the
design of absorbers are the use of materials with high opti-
cal losses and high thickness. With the advent of plasmonic
materials and metamaterials made, it has become possible
to design absorbers with sub-wavelength thicknesses [13].
In recent years, a huge amount of research has been con-
ducted on epsilon-near-zero (ENZ) metamaterials, which
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shows the unique characteristics of these materials [14].
Albeit it should be noted that ENZ materials are not natu-
rally found in nature and to engineer the ENZ wavelength
for the desired range, metamaterial structures can be used
[15, 16]. Metamaterial science is the science of engineer-
ing materials to achieve unique and unorthodox electrical
and magnetic properties. By modifying and adjusting the
electric permittivity and magnetic permeability, which are
significant factors in the interaction between light and mat-
ter, new optical devices with unique characteristics can
be created [17-19]. There are generally two methods for
achieving this goal: isotropic epsilon-near-zero (IENZ) and
anisotropic epsilon-near-zero (AENZ) approaches. In the
IENZ approach, the plasma frequency (w,) can be altered
using chemical methods and impurities in metal-dielectric
compounds, resulting in the formation of isotropic ENZ
structures. In the AENZ method, either a layered structure
(uniaxial) or an array of metal nanorods in a dielectric envi-
ronment (two-dimensional) can be employed [20, 21]. One
of the simplest methods to achieve the ENZ mode at the
desired wavelength is to use alternating layered metamaterial
structures consisting of metal, dielectric, and semiconductor
stacks [16, 22-25]. Due to the sub-wavelength thickness of
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the stacks, equivalent optical properties of the structure can
be achieved by using the effective medium model, which is
a homogenization method based on field averaging [26]. By
investigating and relying on the characteristics of ENZ mate-
rials such as strong light-matter interactions, nanoscale field
confinement, and enhancement [27], we can move towards
improving and overcoming the challenges of achieving com-
plete absorption.

In [28], an ultra-small-sized and ultra-broadband absorber
based on an array of nanowires composed of metal-dielectric
stacks is presented. Excitation of the gap surface plasmon
polariton (G-SPP) mode in a Fabry—Perot (FP)-like resona-
tor has caused broadband absorption in the wavelength range
of 0.2 to 7 pm with an average absorption of 91%. In [29],
a metal-dielectric multilayer nanoantenna has been inves-
tigated based on the hybrid modes from SPPs. One of the
important advantages of multilayer structures is the possibil-
ity of easy experimental fabrication. A broadband absorber
based on a core—shell nanowire model is presented in [30].
In this structure, silicon is coated as a core with a thin shell
of gold, which can be manufactured in the real world using
nanosphere lithography (NSL) and atomic layer deposi-
tion (ALD) techniques without any complex control pro-
cess. The structure supports the multiple absorption peaks
caused by the excitation of longitudinal and transverse sur-
face plasmon modes under the irradiation of oblique incident
waves with transverse electric (TE) and transverse magnetic
(TM) polarization in the wavelength range of 400 to 1600
nm. The absorber presented in [31] consists of an array of
gold nanowires in an aluminum host environment. For the
absorber presented in [32], an almost complete absorption
peak at the frequency of 195.9 THz occurs due to the cavity
resonance mode.

In [4], an ultra-broadband omnidirectional absorber con-
sisting of a stack of different semiconductors on a metal
mirror is shown. The structure has an average absorption
of 98% in a wide range of wavelengths from 400 to 2000
nm. The feature of ultra-broadband absorption is obtained
in the structure of 5 tandem layers (MgF,-TiO,-Si-Ge-Cr)
of three absorbing materials with resonances that overlap
strongly [33]. In [34], the dielectric properties of various
metal nanorods such as tungsten, gold, platinum, and tita-
nium in the dielectric medium have been investigated using
Maxwell Garnett’s effective medium theory. The results
indicate that the desired dielectric properties are affected
by the appropriate selection of the type of metal and the
dimensions of the metal rods.

In this article, we have tried to achieve a perfect absorber
with a small thickness by using the field-confinement prop-
erty of epsilon-near-zero metamaterials. In this regard, rely-
ing on the effective medium theory (EMT) model, nanow-
ires consisting of metal-semiconductor-dielectric stacks
with five periods have been placed on a metal substrate.
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The thickness of the stacks is adjusted so that the effec-
tive permittivity of the structure at the telecommunication
wavelength of 1310 nm is equal to zero. Then, by tuning the
radius of the ENZ multilayer nanowires, the surface plas-
mon polariton (SPP) mode causes perfect absorption at the
mentioned wavelength. The absorption peak is insensitive
to polarization and remains more than 90% up to a 75° angle
of incidence. This structure can also act as a refractive index
sensor, which initially shows a modest sensitivity of 160 nm/
refractive index unit (RIU), but by changing the arrange-
ment of the stacks of adjacent nanowires (so that the field
distribution is expanded in a larger space), a better sensitiv-
ity of 200 nm/RIU is obtained. It should be noted that all
the simulations were performed using the hexahedral mesh
analysis method, based on the finite difference frequency
domain method of the CST Microwave Studio software. The
boundary conditions are selected as periodic in the x and
y directions of the unit cell and “open add-space” for the
vertical (z) direction of the simulation region. The incident
electromagnetic waves are perpendicular to the z surface of
the structure.

2 Structure’s Design Method

Sub-wavelength alternating multilayer structures are rec-
ognized as one of the simplest methods to achieve ENZ
behavior. For this purpose, the metal-dielectric structure
is commonly used [35, 36], but the metal-semiconductor-
dielectric structures allow more control to adjust the ENZ
wavelength in a wider range [37]. As shown in Fig. 1a,
stacks of Ag metal, germanium, and silicon dielectric have
been used to achieve epsilon-near-zero metamaterials at the
telecommunication wavelength of 1310 nm. The mentioned
wavelength is very important in optical communications due
to its low attenuation, low dispersion, compatibility with
existing infrastructure, avoidance of the water peak region,
historical usage, standardization, and the availability of opti-
cal components optimized for this wavelength [38].

The Drude modzel describes the permittivity of silver as

sAg(a)) =€, — wz(f#,whem,eoo = S,a)p =134x% 1015rad/s,

andy = 0.7 X 10"rad/s. Here, w, is the plasma frequency of
the bulk media and ¢  denotes the medium dielectric constant
for the infinite frequency. The dielectric constants of Ge and
Si are eg, = 16.2 and eg; = 11.9. [39, 40]. Due to the small
thickness of the stacks in comparison with the desired working
wavelength (which is as follows: h,, =8 nm, hig.=19 nm, and
hg;=25 nm), the effective medium theory (EMT) can be used
to set the ENZ wavelength. The effective permittivity of the
proposed structure is obtained according to the following
formula.
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Fig. 1 a The 3D schematic of
the proposed perfect absorber
based on Ag-Ge-Si stacks. b
Perfect absorber’s unit cell 3D
view. ¢ Perfect absorber 2D
view (unit cell)
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where the parameters €, and ¢ represent the perpendicular
and parallel components to the x—y plane, respectively. They
are defined as:
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Jj-layer. With the tuning of the thickness of the stacks, the

value of ¢ at the wavelength of 1310 nm is equal to zero. As
aresult, £, also becomes zero at this wavelength (according
to Fig. 2 and Eq. (1)) [41].

The proposed unit cell (according to Fig. 1b, c) consists
of an ENZ nanowire with five alternations of Ag-Ge-Si
stacks on an Ag metal and Si substrate with dimensions of
160 nm by 160 nm. By examining similar cases, it is esti-
mated that if the total number of layers is considered to be at
least 8 layers, it can be ensured that the structure is homoge-
neous [42]. In other words, a nanowire with an epsilon near
zero is considered in an environment with an epsilon of 1.
Based on the EMT model in the nanowire structure, €| and
£, can be calculated as [42]:

J is the filling fractions and ¢; is the permeability of the
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€ =fepny + (1 =fley, 5)

Considering the volume filling ratio f = %;, it can be
claimed that the value of € is approximately zero and the
value of g is around 1 [43, 44]. The result is the possibility
of electromagnetic absorption. ENZ absorption excitation
relies on Brewster angle with TM polarization or coupling
with other modes [45]. Therefore, by tuning the radius of
the nanowire, we provide the possibility of stimulating SPP
mode at the adjusted ENZ wavelength, so that the coupling
of the ENZ and SPP modes causes the confinement of the
optical and electric fields in the sub-wavelength stacks and
the strong absorption peak. As shown in Fig. 3, an almost
perfect absorption of 99.9% occurred at a wavelength of
1310 nm.

The proposed absorber can be fabricated using the Raith
e-LiNE method, which is an electron beam (E-beam) lithog-
raphy system at a nanoscale level [46]. Next, by examining
the changes in parameters such as the radius of the nanow-
ire and the thickness of the layers, the effects of possible
fabrication error in the manufacturing can be examined. To
investigate the effect of the nanowire radius variation on
the absorption peak wavelength, this parameter is swept
while the other parameters are considered constant. For the
design of the absorber, the radius of the nanowire is con-
sidered to be 37 nm, and by changing the radius from 31
to 40 nm with steps of 1 nm, we can see an increase in the
wavelength of the absorption peak, as shown in Fig. 4. It
is observed that by changing the excitation wavelength of

the SPP mode from the ENZ wavelength, the percentage of
absorption decreases greatly.

As shown in Fig. 5, there are two distinct approaches
which involve altering the thickness of the layers in Si
(Fig. 5a), Ag (Fig. 5b), and Ge (Fig. 5¢). In Si and Ge, as
the thickness increases, the wavelengths also increase, and
vice versa. Conversely, in Ag (Fig. 5b), wavelengths shift
towards shorter values as the thickness increases and vice
versa. This phenomenon also applies to the adjustment of
ENZ wavelengths.

3 Results and Discussions

Figure 6 shows the absorption spectra for TM and TE
polarizations under different incident angles. The results
indicate that the proposed absorber is insensitive to polari-
zation and sensitive to the incident angle. Nevertheless,
the absorption percentage remains above 90% until the
angle of 60°. It becomes almost zero at the angle of 90°.
Achieving a polarization-insensitive design is due to the
symmetry of the proposed structure [47]. Considering
that the incident EM wave occurs at arbitrary directions
in practical applications, insensitivity to polarization and
low absorption variations over a relatively wide incident
angle can be considered advantages [48]. To clarify the
absorption mechanism of the proposed absorber structure,
the distributions of the electric field (E), magnetic field
(H), and current density (J) for TE and TM polarizations
are shown in Fig. 7a, b, respectively. Areas with maximum
field distribution are marked in red and regions with mini-
mum field distribution are marked in blue. The electric
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field distribution is mainly confined to the metal-dielectric ~ the gap between two adjacent nanowires, which is of great
and metal-semiconductor interface. Excitation of surface =~ importance.

plasmon polaritons (SPP) at the metal interface causes Figure 8 shows the ratio of field distribution in differ-
strong absorption. The electric field is also confined in  ent layers of the proposed structure. In our simulation,

1320 1500 1330
1450 |
_ 1310}
£ Z 1400} g 13207
g g g
< 1300} = 1350 =
on on o0
= = = 1310
£ 1290 1300} k>
= 2 1250 §
ol 1300}
1200}
1270 1150 1290
23 24 25 26 27 6 7 8 9 17 18 19 20 21

(a) h1 (nm) (b) h2 (nm) (C) h3 (nm)

Fig.5 The effect of thickness variation on peak absorption wavelength for a Si around h1=25 nm, b Ag around h2=8 nm, and ¢ Ge around
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Fig.6 Absorption spectra for different incident angles: a TE polarization and b TM polarization

the region from z=—200 nm to z=0 nm is considered the
substrate, and that from z=0 nm to z=100 nm is the bottom
layer of Ag. It is clear that the field distribution in these
parts is zero. Meanwhile, the region from z=100 nm to
z=260 nm is related to ENZ nanowire, where the field in
its upper layers has the maximum value. The region from
z=360 nm to z=600 nm is associated to the free space
around the structure.

We have investigated the sensitivity of the proposed
absorber to the refractive index of the medium for sensing

@ Springer

applications. By changing the refractive index of the
medium as shown in Fig. 9a, the absorption peak is shifted
to higher wavelengths. The sensitivity of the refractive
index sensors is defined as

§= A A(Peak) [ nm
- An

RIU (6)

where A4 stands for peaks wavelength shift and An is the
refractive index variation. Hence, the sensitivity of this
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Fig.7 Distributions of E-field,
H-field, and current density
under a TE and b TM polariza-
tions
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sensor is 160 nm/RIU~![49]. To improve the sensory per-
formance of this absorber, we reverse the arrangement of the
stacks in the adjacent nanowires to increase the distribution
of the electric field at the gap between two adjacent nanow-
ires. As a result of this change, we can see an increase in the
sensitivity of the sensor to the refractive index variations of
the environment. According to Fig. 9b, the value of sensitiv-
ity is obtained as S =200.

To better understand the issue, the two-dimensional dis-
tribution of the electric field between the gap of the adja-
cent nanowires in the y—z plane of the initial and improved
design is shown in Fig. 10a and b, respectively [50]. The sur-
face plasmons at the metal-dielectric boundaries can cause
field confinement. Additionally, coupling occurs between
adjacent nanowires, leading the electric field distribution

Absorption
)
2N

L 1 1 L 1

1250 1300 1350 1400 1450

Wavelength (nm)

1150

(b)

1200

Fig.9 A view of the absorption peak shift diagram in relation to the changes in the refractive index of the environment in a the initial design and

b the improved design
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Fig. 10 The distribution of the
electric field in the gap between
two adjacent nanowires in the
y—z plane in a the initial design
and b the improved design
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Fig. 11 Schematic of the sensor mechanism

to focus in the gap between nanowires, which enhances
the interaction with the surrounding environment. In other
words, it is crucial to confine the electric field distribution
within the gap between the adjacent nanowires. By altering

Table 1 Comparison table of absorber parameters

(b)

the arrangement of the layers of the adjacent nanowires and
by adjusting the position of the Ag metal layer, the field
distribution in the gap can be increased, as illustrated in
Fig. 10. Consequently, the sensitivity of the proposed sensor
and its interaction with the environment are enhanced using
the mentioned technique [51].

The proposed sensor operates as follows: the structure is
placed inside a chamber, and the sample gas is injected into
the structure (see Fig. 11). The electromagnetic waves are
directed toward the structure, and by measuring the spec-
trum of the transmitted and reflected waves, the intensity
and wavelength of absorption can be determined. By com-
paring these values with predetermined reference values,
the refractive index of the sample gas is ascertained [52].
A comparison between some important parameters of the
proposed perfect absorber and other works reported in the
literature for this wavelength range is provided in Table 1.

Ref Year Absorption wavelengths (nm) Absorption peaks (%) Polarization sensitivity Incident angle sensitivity
[30] 2013 1530 Perfect Insensitive Nearly omnidirectional
[53] 2021 1300 99.998 _ _

[54] 2023 874,983, 1125 98.4,97.2,98.3, _ _

[55] 2015 1536 95 _ _

[56] 2020 663 99.99 _ Insensitive

[57] 2019 488, 633,941, 1864 About 99.37 _ _

[58] 2019 4071 99.2 Sensitive Sensitive

[59] 2022 1490 99.99 Insensitive Insensitive

[60] 2016 706 Perfect Sensitive _

This work - 1310 99.9% Insensitive Wide incident angle insensitivity

@ Springer
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4 Conclusions

In conclusion, we have introduced an absorber based on a
novel epsilon-near-zero (ENZ) structure designed for the
1310 nm wavelength. The key advantage of this structure,
along with the utilization of ENZ properties, is the achieve-
ment of perfect absorption with a thickness comparable to
the operational wavelength (54). This perfect absorption
feature results from the synergy between surface plasmon
polariton (SPP) resonances and ENZ modes. The absorp-
tion ratio of the structure remains consistently high at
approximately 90%, even up to an angle of 75°, and it is
also insensitive to polarization. To enhance the sensitivity
of the absorption peak to changes in the refractive index
of the surrounding environment and improve its sensing
capabilities, we have inverted the placement arrangement
of the adjacent nanowire stacks. This modification widens
the distribution of the electric field within the gap between
the nanowires, resulting in an increased sensor sensitivity
(S) from 160 to 200. Moreover, this innovative absorber has
versatile applications beyond sensing, including its potential
use as filters, emitters, and detectors.
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