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Abstract

The optical absorber with Fano response is valuable for various applications such as solar
cells or optical sensors. In this paper, we have modeled an optical plasmonic metamaterial
absorber which contains a broken cross as an elementary cell along with four rectangular
loads to improve the absorbance and achieve a Fano response within a wide bandwidth at
190-245 THz (25%). The bandwidth of the proposed structure is more than conventional
metamaterial absorbers. The prototype absorber has a remarkable enhancement in the elec-
tric field in comparison with the simple cross model and the reflection value has reduced
to —47 dB. The parametric studies show how the gap capacitance controls the bandwidth,
resonance frequency and the reflection value of the absorber, therefore we can consider this
technique as a way to enhance the metamaterial absorber’s bandwidth. The proposed struc-
ture can be used as an optical refractive index sensor while the Fano line-shape provides a
higher figure of merit (FOM) compared with many others. For this structure, the FOM has
obtained as 10,660. The Finite Integration Technique with Perfect Boundary Approxima-
tion used for the simulation.
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1 Introduction

The progress in micro and nanofabrication technology has resulted in new aspects for
researches in the optical spectrum (Yang et al. 2011). Therefore, the related frequency
wavelength of these structures places in the range of terra-hertz (THz) and optics (Yang
et al. 2011; Lu et al. 2013). This new topic is called plasmonic and oriented to the interac-
tion of a metal and dielectric in the optical frequency when they are excited by an electro-
magnetic wave (Nozhat and Granpayeh 2012).

Surface plasmon polaritons (SPPs) can be excited by both electrons and photons
(Mayer and Hafner 2011). They have placed at the interface of metal and dielectric
(Chiadini et al. 2016). Basically, the energy of photons is absorbed by the electrons
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of the metal. These coupled plasmon-photon elements are named plasmon polariton
(Hedayati et al. 2014). The dipolar field has established on the edge of the outer part
of the particle while it can scatter the absorbed energy from the photons. Therefore, the
metal layer shows negative permittivity (Giannini et al. 2011).

Some new devices have been designed in the terahertz and optic domains based on
plasmonic properties. Studies on the absorption properties of these structures have been
considered for designing absorbers for terahertz spectrum with multiband properties
(Zare et al. 2017). On the other hand, the Nano-antennas are typically designed based
on small particles for miniaturizing and increasing the resonant frequency.

Numerous applications of optical Nano-antennas in designing various devices includ-
ing optical sensors (Tittl et al. 2012), terahertz detectors (Watanabe et al. 2012) and
solar cells (Muhammad et al. 2015) prove their significance.

Sensors (Cetin et al. 2015), detectors (Hu et al. 2011) and solar cells (Simovski et al.
2013) composed of Nano-antennas with active materials are subjects of concern in the
field of optics, because of changing field intensity and producing more charges by active
elements (Bazgir et al. 2018). Therefore, changes in the electric field or resonance fre-
quency are known as the basic factor for designing refractive index sensors (Zarrabi
et al. 2017).

Metamaterials have properties which are not found naturally available in other materi-
als. These structures have been considered so much during the last decade because of the
great variety of properties and applications (Xu et al. 2014).

Typically, metamaterials have been considered for perfect absorbers (PAs) in two main
categories. In the first group, the metamaterial has been used as an element with large
effective permittivity and permeability in conductors. In the second category, the PAs have
been made based on metamaterial elements which are closely coupled with a ground plane.
Both layers are separated by a dielectric spacer layer (Durmaz et al. 2018). Recently, vari-
ous models of Nano-antennas (absorbers) have been developed for optical sensing with
single or multi resonances (Durmaz et al. 2018; Adato et al. 2011, 2015). However, the
narrow bandwidth has remained as a main drawback.

Metasurfaces are considered as 2D metamaterial structures with subwavelength dimen-
sions which are used in various applications in the optical regime, for example, in the opti-
cal mirror and reflect surface (Ghasemi and Choudhury 2016) and the optical polarizer
(Kang et al. 2013). Two major types of the metasurfaces are suggested as a slot and com-
plementary formation for polarizer (Heydari et al. 2017; Zhao and Alu 2011). For design-
ing metasurface as a polarizer, various models of nanoparticles are studied such as SRR
as a metamaterial based on Babinet theory (Falcone et al. 2004). Metasurfaces based on
coupling of plasmonic response and second harmonic generation with T shape element
(Gomez-Diaz et al. 2015) and various shapes of metasurface are compared such as I, V and
C shapes for generating circular polarization (Meinzer et al. 2014).

In addition, various simple or complicated shapes of unit cells are noticed for develop-
ing absorbers in microwave region or for antenna designing among THz to optical regime
such as linear disk array for bio-sensing (Liu et al. 2010), wideband polarization independ-
ent perfect metamaterial (Rufangura and Sabah 2016), plasmonic cylindrical slots (With-
ayachumnankul et al. 2014) and hexagonal cylindrical structure with Fano resonance for
optical sensing (Mirzabeygi and Naser-Moghadasi 2018).

In this paper, we have studied a novel broken cross absorber with wide bandwidth for
optical sensing. Rectangular loads are added to this structure. We can see the enhancement
of the bandwidth and decrement of the reflection value to —47 dB. This reflection proves
that the structure has a proper absorption at 230 THz. Moreover, we have compared this
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structure with the simple cross model to exhibit the benefits of the broken cross model in
comparison with the simple cross model.

2 Absorber design and background theory

The Commercial software, CST Microwave Studio has been used to simulate the character-
istics of the proposed absorber using time domain simulation with periodic boundary con-
ditions, and also open boundary is selected as a conventional PML to a height of A/4 for 3D
simulations. Simulation produced the complex frequency dependent S-parameters, S, and
S,;, where R (0)=18S,,%, T (@) =1S,,I* and A(w)=1—1S,,I*IS,,* are the reflectance, trans-
mittance, and absorbance respectively (Jahangiri et al. 2017). We have used wave ports for
excitation of the absorber.

Figure 1 shows the proposed absorber which has three layers. The gold material is
used for the top and bottom layer and the SiN dielectric is placed between them as a
spacer. The Palik model utilized for the gold layer. The Palik and Johnson models are
provided with experimental measurement and some researches compared with Drude
model (Etchegoin et al. 2006). For the Drude model, the ¢, is for Au (gold) where

Au hs

x

Au h
(b)

Fig. 1 The suggested structure and dimensions a from top view, b side view of the absorber (Au/SiN/Au)
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g =e'+ie"=(1 —w)/(0*+y)+i yoilo (w*+y%), with @,=9.1 eV and y=0.018 eV
(Farmani et al. 2018). Moreover, the refractive index of SiN is assumed 1.98.

Figure 1a shows the top view of the absorber and as presented here the structure
contains two sections. The main section is a broken cross structure with four rectangular
loads locating inside of the cross shape. The widths of the final model are L; =300 nm,
L,=90nm, L;=20 nm, L, =130 nm, Ls=60 nm, L; =240 nm and L; =96 nm. Figure 2
(b) shows the side view and height of the absorber at which h; =60 nm, h, =50 nm, and
h; =60 nm.

Furthermore, the symmetrical structure of the absorber provides independence to the
incident wave polarization, and we can neglect this factor.

Fig.2 The reflection of the struc- 0O T—————
ture of simple cross and broken == o
cross a without rectangular loads, / = N
b with rectangular loads -5 \ P
S ’
\ ’
a \ /
T -10 A \ /
(] \ /
£ 7
$ -15 - ‘
S — — broken cross
&
-20 - .
—simple cross
-25 T T T T T T T T T

180 190 200 210 220 230 240 250 260 270 280
Frequency (THz)

(a)

L — - broken cross

Reflection (dB)

—simple cross

-50 T T T T T T T T T
180 190 200 210 220 230 240 250 260 270 280
Frequency (THz)

(b)

@ Springer



Wideband optical absorber based on plasmonic metamaterial. .. Page50f12 442

3 Simulation result and discussions

We have studied two models of the absorber. The first structure is the simple cross while
the second model is a broken cross, then we have used the load for both structures. The
reflection of the prototype absorber has been presented in Fig. 2a, b. The Fig. 2a shows
the reflection of the basic structure which contains the cross structure. Here, we have com-
pared the reflection of the simple cross and the broken cross structures. It can be perceived
that the simple structure has the higher reflection of —2 dB while for the broken cross
structure the reflection reduced to — 15 dB at 255 THz.

Actually, we should consider that small arm in the broken cross (L,) plays important
role for increasing the capacitance and inductance of the cross structure simultaneously. In
other words, the simple cross has a resonance at higher frequency which is out of our study
spectrum.

Moreover, when the rectangular loads have added to the structure the, reflection
improved drastically. However, most of effects happen for the broken cross structure. Fig-
ure 2b shows the reflection of the simple cross and broken cross with loads. As illustrated,
for the simple structure with loads, the reflection is reduced around 4 dB, but this reflec-
tion has not sufficed. On the other hand, for the broken cross with loads, we can see a
great reduction to —47 dB. In addition, the frequency has reduced and the bandwidth has
increased more than 100%, which covers 190-245 THz with the Fano shape and this struc-
ture can be useful for bio-sensing.

Apparently, in the final structure, we have two main capacitances between the loads and
the broken cross structure the combination of which gives us a structure with dual-band
characteristic and provides a wide bandwidth quality.

The electric field is investigated for both simple cross and broken cross at 200 THz. As
shown in Fig. 3a, the electric field gets concentrated in the gaps between the rectangular
loads and the cross structure. In this structure, the maximum electric field is about 165 dB.
When the broken cross structure combines with the rectangular loads, so, the length of the
cross and gaps is increased more than those in the simple cross. Therefore, the reduction
of the resonant frequency is predictable. According to Fig. 3b, the electric field concen-
trates between the loads and cross structure. For this structure, the maximum electric field
increased up to 180 dB, so the electric field enhanced about 15 dB.

Moreover, as illustrated in Fig. 3, the metal layer under the SiN substrate can restrict the
eclectic field transmission. This layer thickness is more than the skin depth and therefore
the electric field cannot penetrate in this layer.

4 Parametric study of the absorber
Since the effect of the cross structure and rectangular loads are more than other factors, in

this work we have selected the length of the broken cross arm (L,), the length of the loads
(L,) and the gaps between loads and cross structure for parametric study.

4.1 The cross length effect

As mentioned, the lengths of the broken arms have impacts on the saved energy in the
absorber. We have checked the effect of the arm’s length (L,) on the reflection of the
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Fig.3 The electric field enhance-
ment for both structures at 200
THz a for simple cross, b broken
cross
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absorber and as shown here, by reducing L, from 130 to 90 nm, the reflection decreased to
—6 dB and bandwidth reduced drastically. Figure 4 shows the comparison of the reflection
of the final model for 90, 110 and 130 nm as the length of the L,.

4.2 The loads length effect

The rectangular loads length also is important for controlling the energy in the gaps. By
reducing the length of the rectangular box, the gaps and the capacitance between the box
and cross element decreased. Therefore, the resonance will shift to the higher frequencies
according Fig. 5. As presented here, by decreasing the length from 96 to 80 nm, the second
resonance has shifted from 230 to 250 THz and the bandwidth of the absorber is increased.
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Fig.4 The reflection of the
absorber for various lengths of
the broken arm (L)
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However, the reflections in some part of the spectrum have increased to —8 dB for 80 nm.
So, we can control the resonance and bandwidth of the absorber by these gaps.

4.3 The gaps effect

In addition, we can control the capacitance by the width of the gaps and the comparison
between various gaps presented in Fig. 6. As shown here, increase of the gaps leads to a
reduction in the capacitance. In this case the resonance is shifted to a higher frequency and
simultaneously the maximum value of the reflection reduced while as it can be observed,
for 5 nm the increasing reflection is —8 dB, for 10 nm is —11 dB and for 15 nm it is
—15 dB. Therefore, we can control the bandwidth of the absorber by variation of the gaps
in addition to the length of the loads (L,).

@ Springer



442 Page8of 12 M. R. Soheilifar

Fig.6 The reflection of the
absorber for various lengths of
the gap between the arms and
rectangular loads
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5 Comparison with other research

The optical absorbers have been designed for various applications such as optical imag-
ing, bio-sensing (Liu et al. 2010) and optical cloak (Nouri-Novin et al. 2018). We have
compared the prototype model with some previous structures and we have investigated
the bandwidth, frequency and the minimum value of the reflection. As shown in Table 1
most of the models exhibit a limited bandwidth between 3 and 10%. However, our pro-
posed structure has a higher bandwidth at the optical domain and can be modified for
the solar cell by changing the dimension of gaps as shown in Figs. 5 and 6.

In addition, some other structures such as Nano cylindrical cavity model (Withaya-
chumnankul et al. 2014) have been suggested for wider bandwidths around 30%. How-
ever, this structure has been modified for THz application and it is not appropriate for
optical spectrum.

Moreover, the other type of absorber like the graphene unit cells have been inves-
tigated for wide bandwidth at THz range while the bandwidth has doubled (Barzegar-
Parizi 2018), but in the optical range graphene material is not suitable and typically they
show lower absorption and bandwidth (Cen et al. 2018; Chen et al. 2018).

Table 1 The comparison of the prototype absorber with previous researches

Minimum Bandwidth (%) Frequency (THz)
reflection (dB)

This work —47 25 190-245

Ref. Liu et al. (2010) —45 5 180

Ref. Rufangura and Sabah (2016) —45 7 560-600

Ref. Withayachumnankul et al. (2014) —-58 30 1.16

Ref. Mirzabeygi and Naser-Moghadasi (2018) -17 3 148-152

Ref. Jahangiri et al. (2017) =25 6 150-160

Ref. Nouri-Novin et al. (2018) -16 11 142-160
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The comparison of the reflection of the proposed structure with the other models is
presented in Table 1 and results show that this structure can expeditiously work as an
ideal absorber with a reflection value of more than —47 dB for the final model.

6 Refractive index sensing application

The optical absorbers (Jahangiri et al. 2017) and nano-antennas (Heydari et al. 2017)
can be utilized for optical sensing and the spectroscopy systems, while the biological
material covers the absorber and the frequency and the value of reflection will change.
We can consider these changes as a factor for material detection similar to micro-
wave sensors (Jafari and Ahmadi-Shokouh 2018). The figure of merit can be obtained
based on the variation of the reflection value, frequency shift and bandwidth (Zheng
et al. 2017). We can see here the frequency shift, which is mostly due to capacitive
changes in the absorber. In fact, the change in permittivity leads to a change in capaci-
tive properties.

In this section, we have covered the absorber surface with materials which have
refractive indices values of 1-1.2 with the thickness of 100 nm. Figure 7 shows the
absorber in touch with the material layer for sensing the refractive index.

Figure 8 shows the reflection for various material loads with refractive indices in the
range of 1-1.2. As shown here, the material variation has nonlinear effect on the reflec-
tion value and reduced the frequency and bandwidth of the reflection. Here, the FOM
is calculated by (1) while the “I” is the reflection intensity, “AI” is the intensity change
and the “An” is the index change.

FOM,; = Max[ﬂ]
1An

ey

Fig.7 The absorber with mate-
rial layer which coat the metal
layer for refractive index sensing

/

material undertest
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Fig.8 The reflection for various
material loads in the range of
n=1-12
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As an example, at n=1.1 we have the minimum reflection value which is around
0.000198 (I) and the AI is 0.21. So, the structure shows high FOM and the FOM is
obtained about 10,660.

7 Conclusion

In this paper, we have developed a novel structure for the optical absorber with a wide
bandwidth and high FOM value for optical spectrum. We have demonstrated how the
capacitance can be considered for controlling the bandwidth of the absorber. The paramet-
ric studies are helpful to optimize the absorber by controlling the capacitance. Our pro-
posed structure has a bandwidth of 28% and a reflection value of around —47 dB which
makes it superior over other models. The symmetrical formation of the absorber provides
the polarization independence. Moreover, the shift of the frequency and reflection value is
used for calculating the FOM which is obtained around 10,660.
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