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Convertible Perfect Absorber with Single Ring
Resonator: Tunable Single Band/Dual-Band
Visible

Pouria Zamzam! , Pejman Rezaei? « Seyed Amin Khatami® and Zahra Mousavirazi*

Abstract: This study proposes a single and dual-band tunable
and convertible perfect absorber in the infrared band, consisting
of a dielectric layer and a metallic bottom film. Primarily a tunable
single-frequency absorber in the infrared region had been
introduced. Subsequently, with the change in geometric structure,
the proposed structure can be converted from infrared single-
band to visible double-band frequency. The numerical simulation
results indicate that the absorption spectrum of the single-band
resonator is tuned from 337.4 THz to 210.2 THz, 227.3 THz, and
297.7 THz by changing effective parameters: ring width, ring
height, and dielectric height. Next, by the parametric study of the
proposed absorber dimensions, the absorption rate is obtained
99% more at the designed frequencies; lastly, the dual-band
absorption with an average performance of 99.98% in the visible
spectrum. The proposed plasmonic absorber in this research has
a variety of applications, including sensing, imaging, wavelength-
selective thermal emission, photodetectors, and so on.

Index Terms— Metamaterial perfect absorber, Dual-band, Tunable,
Infrared, Terahertz.

I. INTRODUCTION

Increasing bit rate and consequently the bandwidth, as the
demand of today's telecommunications, motivates research
towards higher frequencies, THz, infrared, and optics [1, 2].
Redesigning of well-known communications devices in
microwaves, such as antennas [3-6], filters [7, 8], switches [9,
10], sensors [11-14], the antenna [15], etc, is a requirement of
this process.

There is no doubt that any material that is not available in
nature can be called metamaterial. Metamaterials are actually
composite and artificial materials that have been engineered.
They can also be described as materials that exhibit abnormal,
unique, and peculiar properties. The first attempts at uncovering
synthetic materials were made in 1898 by Jagadish Chandra
Bose who researched materials with chiral properties. But one
of the most important researches in this field dates back to 1968
when Veselago first presented a theoretical work on a material
with a negative refractive index (NRI) with concurrent &, p <0.

Metamaterial perfect absorbers (MPAs) have recently been
studied in microwaves, terahertz (THz), infrared and visible
bands. Metamaterials, with the sub-wavelength, have attracted
increasing attention because they have exhibited novel, unique
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and strange properties and are not found in nature at all such as
negative permittivity, negative refractive index, cloaking
behavior, invisibility, reverse doppler effects, and perfect
absorption. Due to the significant benefits of full absorption,
several studies have been reported on perfect absorbers and
multi-layered MPAs after Landy. et al [16]. MPAs are usually
realized by using lossy materials in periodic structures but in
some periodic structures, materials are used without loss. The
initial and basic mechanism of MPAs is that the incident
electromagnetic wave fields are completely confined and
gradually, inside these lossy materials, are consumed and
become close to zero [17]. MPAs can be potentially used in
many areas, such as plasmonic sensors, light-harvesting,
thermal imaging, thermal emitter, and so on, while those with
the narrowband are more desirable for single-pixel imaging and
thermal measurement [18, 19].

There are usually two ways to achieve a multi-band perfect
absorber. One is to Put several resonance structures next to each
other and assemble with various geometric parameters in a
coplanar such as the absorbers demonstrated by Huang et al [20]
and Wang et al [21]. Another way is arranging the structures
vertically and stacking, which is very effective in obtaining
multi-band absorbers and it was applied in the absorbers
presented by Mo et al. [22] and Grant et al. [23].

In the first model, the placement and assembling of the
structure next to each other are called the unit cell of the
absorber. One of its disadvantages is its extremely large size.
The second model is faced with complexities and limitations in
fabrication. It is known that classical (traditional)
electromagnetic absorbers can be made based on a metal-
dielectric-metal structure, which is made of a dielectric spacer
sandwiched between two metals [24]. The first top layer is
known as the resonator. This layer is primarily responsible for
absorbing electromagnetic responses. In the paper [25], the
electromagnetic force in the terahertz band generated by a
cross-shaped absorber is introduced. AlSO in the paper [26,
27], ultra-wideband symmetric G-shape metamaterial-based
microwave absorber,  design and analysis of perfect
metamaterial absorber in GHz and THz frequencies are
introduced.

In [28], Quad-band polarization-insensitive metamaterial
perfect absorber based on bilayer graphene metasurface is
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introduced. In [29, 30], ultra-thin dual-band polarization-
insensitive and wide-angled perfect metamaterial absorber
based on a single circular sector resonator structure and tunable
metamaterial dual-band terahertz absorber are introduced,
respectively. Also, Graphene-based terahertz metamaterial
absorbers for broadband application are introduced in [31].
Absorber and sensor applications of complimentary H-shaped
fishnet metamaterial for sub-terahertz frequency region are
proposed in [32].

The dielectric spacer, which usually uses lossy material, is
analyzed as a cavity. One of the reasons that the middle
dielectric layer is chosen as a lossy material is because it
increases the absorption width. The third and lowest layer in
classic absorber structures is a thin metal film that ensures that
the light wave is not completely transmitted from the structure.
Due to the widespread use and large investments of optical
communication instruments in the NIR frequency range
(760nm < A < 2um), this frequency range is very useful in
telecommunications engineering. This paper demonstrates a
new design concept for achieving a tunable single-band
absorber with convertible capability to infrared region dual-
band perfect absorber which consists of a single circular ring on
the top of the dielectric layer and a thin metal film on the
bottom.

The numerical results show that the absorption of the single
band is more than 99% and the absorption spectrum is tuned
from 337.4 THz to 210.2 THz, 227.3 THz, and 297.7 THz. The
changes in effective parameters were then successively shown
such as ring width, ring height, and dielectric height, and their
effects on absorption peak and frequency displacement. The
process was followed by achieving perfect dual-band
absorption with an average of 99.98% by creating four gaps in
the single resonator ring and changing the outer radius (r) in the
visible region. Finally, for better apprehension, the absorption
mechanism of the proposed structure and the electromagnetic
field distribution is plotted and analyzed. The proposed
electromagnetic absorber in this paper has potential application
in spectral imaging, photodetector, energy harvesting, and so
on.

Il. ABSORBER THEORY AND DESIGN

One of the main principles in designing an absorber is based
on the theory of electromagnetic wave transmission and the
mechanism of losses. Gradually, metamaterials can be
described by complex permittivity e(0) = £'(®) + j € () and
complex permeability p(w) = p'(w) + ju"(w), and the imaginary
part of £"(w) and p"(w) shows the EM losses. In the study of
metamaterials, researchers often try to reduce imaginary parts
to reduce losses. However, in the case of metamaterial
absorbers, losses play a significant role. The resonance between
the top metal layer and the bottom metallic film can be inferred
from the absorption mechanism of the metamaterial absorber.
Surface currents on the top layer caused by incident EM waves
can induce electric resonance. Hence, the top metal layer can
also interact with the bottom metallic film to form the magnetic
dipole resonance. Our proposed absorber consists of a single
circular metallic ring and metallic bottom film separated by a
dielectric spacer, as shown in Fig. 1(a-c). The geometric

parameters of the unit cell are shown in Fig. 1.
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Fig. 1. The schematics of a single unit cell. (a) perspective view. (b) top
view. (c) side view. The ring outer radius r=52 nm, d=20 nm, z=90 nm, g=100
nm, h=20 nm and p,= py= 286 nm.

Based on the Finite Difference Time Domain (FDTD)
method, the proposed absorber in this paper was calculated and
optimized numerically. In all simulations, periodic boundary
conditions were set in the x-and y-axis and a perfectly matched
layer boundary condition was used along the z-axis. The
dielectric layer is selected as SiO, substrate with a relative
permittivity (¢ =2.1+j0.0021) and two metallic layers on top
and bottom made of gold by Drude model of eas=g., —
wp /w(wtjp) with plasma frequency wp=1.37x10' rad/s and
collision frequency u=4.07x10° rad/s and epsilon infinity is 9.5
[33, 34].

The absorptivity of the presented metamaterial absorber can
be defined as A=1-T-R where T is transmissivity and R is
reflectivity [35]. Because the thickness of the bottom Au film is
much greater than the skin depth, the absorption can be obtained
by A=1-R. Here it is assumed that the source is a plane wave
that is normally incident onto the structure.
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I1l. RESULT AND DISCUSSION

The unit-cell structure of the proposed design includes three
functional layers: a ring resonator on the top, a dielectric spacer
in the middle, and a bottom continuous metallic gold film. To
study the efficiency of the proposed absorber, the model
building and full-wave simulations were performed using the
frequency domain solver in CST Microwave Studio.

Various parameters and the effect of their changes on peak
absorption and frequency change had been investigated. The
simulated absorption of the proposed absorber for different d
values is shown in Fig. 2(a). Evidently, by decreasing the ring
width by 2 nm, an increase in the absorption peak and a
narrowing of the absorption band occurs, and then a perfect
absorption with the absorptivity of more than 99.5% at 210 THz
is obtained.

It is noteworthy mentioning that frequency change also

occurs, but one of the advantages of checking multiple
parameters separately is that it can be designed according to the
desired frequency range and thus achieve a perfect narrow band
absorber with a specific frequency.
Due to the constant value, d = 20 nm, the peak absorption is
improved by a regular decrease of 10 nm from the dielectric
thickness z respectively, while the other parameters are
constant. As shown in Fig. 2(b), for z<40 nm; the peak
absorption intensities are greater than 90% and the absorption
is more than 98.8% when z=10 nm in 297 THz. Also, by
adjusting the value of z, the frequency shifts and the absorption
bandwidth can be further narrowed by reducing the thickness of
the dielectric layer.

Also, the performance of the proposed absorber has been
investigated by modifying ring height h from 20 nm to 6 nm,
decreasing by 2 nm respectively when other parameters are
constant (z=90, d=20), as shown in Fig. 2(c). The absorption
peak intensities increase with decreased h. Then, with this
decrease of ring height, the absorption band becomes narrower,
which is desirable and the absorption is 99.5% at 227 THz.

Finally, the outer radius of the ring will be examined. Fig.
2(d), shows that by changing the outer radius (r) from 50 nm to
54 nm when the parameters of the structure are unchanged (d=6
nm, z=90 nm, and h=20 nm), the frequency changes from 218
THz to 206 THz. It should be noted that by changing this
parameter, there is no change in the absorption peak and only
allows it to have perfect absorption at the desired frequency by
setting the above parameters.

Also, this structure is insensitive to changes in incident wave
polarization in TE mode, which is an advantage for the
proposed structure. As shown in figure 3(a), when the
polarization angle increases from 0 to 45 degrees, there is a
change of about 0.0001 in the absorption rate at this frequency
and no frequency shifts are occurring. According to the
symmetry of the structure, polarization angle from 0 to 45
degrees has been studied and we are sure that the results will be
repeated from 45 to 90 degrees. Therefore, the proposed
structure is insensitive to polarization angle. As shown in
Figure 3(b) another advantage of the proposed structure, in

addition to being perfect single-banded, and insensitive to
incident wave polarization, has a wide incident angle.
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Fig. 2. The absorbance spectra of the proposed absorber for different geometric
parameters: (a) Ring width "d". (b) dielectric thickness “z". (c) ring height "h".
(d) outer radius "r".
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Fig. 3. (a) Dependence of the absorption spectra on the polarization angles of
the normally incident wave. (b) Absorption spectra under different incidence
angles with TE radiation.

To understand the physical mechanism underlying the
absorption, we plotted the electric and magnetic field
distribution in TM polarization for the resonant frequency. Note
that accumulated surface charges can induce the magnetic field
accountable for the magnetic resonance and resonance
absorption.

The electric and magnetic resonance are overlapped at the
resonant frequency and then the perfect absorption of the
normal incidence is realized. As shown in Fig. 4(a) the electric
field is mainly concentrated at both edges of the ring in the right
and left sides of the ring resonator along the x-axis for the
resonant frequency.

It is easy to find that the classic absorption mechanism is
composed of an electrical resonance (realized by the top
resonator layer) and a magnetic resonance (realized by the top
and bottom metal layer), and it matches well with the results
published in [6]. Note that the ring only excites the dipolar
resonance. The accumulation of large surface charges causes
the strong electric field distribution, and the existence of the
strong electric resonance in the metallic array is due to the
strong coupling of the metallic resonance structure, the
dielectric spacer, and the bottom metallic film. For different
resonance frequencies, the strong coupling appears in different

parameters. As shown in Fig. 4(b) the magnetic field focuses on
the surface of the ring along the y-axis.

As shown in Fig. 5, four gaps were used in the ring, while
the other parameters remained constant. Then, by increasing the
gap spacing, the effect of these gaps was investigated.
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4. (a) Electric field distribution in the interface between the top
patterned metallic layer and the air layer for the proposed absorber at resonant
frequency (TE mode). (b) Magnetic field distribution at resonant frequency (TE
mode).
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Fig.5. The schematics of a single unit cell with four gaps (top view).
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Fig. 6. The absorbance spectra of the proposed absorber with 4 gaps and
with constant other parameters (d = 20 nm, h = 20 nm, z =90 nm, r = 52 nm).

It can be seen in Fig. 6 by gradually increasing the gap
spacing, the peak of absorption increases, and then 95%
absorption is achieved at 461 THz.

Moreover, with a parametric study, we were able to obtain the
structure of the dual-band using the same resonator ring. Using
the same four gaps in the ring, a spacing of 2 nm (g = 2 nm),
the value d = 6 nm, and with the change of the outer radius (r),
finally, the average absorption is 99.7% at 446 THz and 470
THz, as shown in Fig. 7.
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Fig.7. The absorbance spectra of the proposed absorber with gaps
and with changes of outer radius (r).
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Fig.8.(a) Electric field distribution of ring resonator with gaps at a resonant
frequency. (b) Magnetic field distribution.

Also, as shown in Fig. 8(a) that the electric field concentrates
near the cracks of gap rings along the y axis and unlike the
electric field, there is a magnetic field on the four arms of this
resonator, as you can see in Fig. 8(b). Finally, the compared
performances of the proposed absorber and the previous works
are collected in Table I.

TABLE |
They Compared Performances of the Proposed Absorber and the
Previous Works

Frequency | Cell dimension | Layers .
Ref. (TH2) (um) number Absorptionrate
[31] 0.69 400 x 400 3 97.3%
4.24,5.89, 97.74%
[36] | 966, 10.62 3x3 3 Average
0,
[37] 4.24,6.86 9x9 g 9718%
Average
[38] 0.95 50 x 50 3| 99.80%
[39] 1.6 50 x 50 2 95%
[40] 0.59 150 x 150 4 99%
[41] 1.26 150 x 150 3] 99.93%
16%
[42] 2.47-2.9 60 x 60 3 Bandwidth
210.2 OR
227.30R
Proposed 297.7 OR 0.286 x 0.286 3 99.98%
337.4

As shown in the table, the structure proposed in this paper has
a perfect absorption peak, which is an advantage over other
structures. Also as an important advantage, this structure in
each of the frequencies 210.2, 227.3, 297.7, and 337.4 terahertz
can provide perfect absorption depending on the different
applications in these frequencies.

IV. CONCLUSIONS

In conclusion, we have illustrated a single-band absorber with
convertible capability to dual-band absorber using single ring
resonator based on metamaterial. The unit-cell structure of the
design consists of a single circular ring on the top of the
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dielectric spacer and the dielectric spacer on the continuous
bottom metallic film. Results show with changed parameters in
structure, absorption peaks with average absorptions higher
than 99% can be gained. Finally, the circular ring was examined
with 4 gaps and the effects of the spacing of these gaps. Then
with a parametric study on the outer radius of the circular ring
(r) with these gaps, a double-band absorber was obtained.
Electric and magnetic field distributions are analyzed to
understand the physical characteristics of the proposed
metamaterial structure.
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