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Abstract

A simple design of co-polarization wideband metamaterial absorber (MA) for terahertz devices is proposed, where the wavy split
ring resonator has been conceived to broaden the absorption bandwidth of MA. Simulation results ensure that the average
absorptivity of proposed MA reaches above 90% ranging from 2.07 THz to 4.80 THz. The relative absorption bandwidth (RAB)
of proposed MA is 79.47%. In addition, the proposed MA may also be considered as a wideband polarization converter with high
efficiency. The physical mechanism of wideband absorption is analyzed by using the electric field and the surface current
distributions. The co-polarization absorption characteristics of proposed MA under oblique incident angle are also investigated.
For TE mode, the absorptivity of proposed MA reaches above 81% ranging from 2.07 THz to 4.80 THz for incident angles below
40< For TM mode, the proposed MA still retains absorptivity above 87% ranging from 2.07 THz to 4.80 THz for incidence
angles below 40< Due to the compact structure and co-polarization wideband absorption with wide incident angle stability, the
proposed MA may be widely utilized for medical imaging, material detecting and stealth technology. Moreover, the wavy split
ring resonator can be also applied to achieve wideband absorption in various frequency regions from microwave to visible light.
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1. Introduction

Metamaterial absorbers (MAs) have been extensively
studied for potential applications since the perfect MA was
presented by Landy et al. [1]. So far, a lot of MAs have been
studied in several frequency bands including microwave [2],
terahertz (THz) [3], and optical regions [4]. Among those,
the MAs operating in THz band are necessarily required for
the future THz devices, because there exist few natural ma-
terials absorbing the THz waves. However, the early
demonstrated THz MAs commonly operate within narrow

frequency band because of the resonance effect at a specific
frequency, so their practical applications are severely re-
stricted [5].

To solve this problem, many kinds of THz MAs with
multiband/wideband absorption performances have been
presented till now [6-11]. In fact, wideband THz MAs are
preferred for practical applications including THz sensors,
detectors, and stealth technology [12]. There are two common
ways to broaden the absorption bandwidth: One way is con-
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structing the coplanar structure consisted of several resonators
with different sizes [13-19], and another way is forming a unit
cell by vertically stacking several metal-dielectric layers
[20-24]. However, the former requires the large unit cells, so
it is not suitable for developing miniaturized absorbers.
Meanwhile, the latter faces the technical difficulties in fabri-
cation.

Recent researches on MAs show that the asymmetric MA
structures can significantly extend the co-polarization ab-
sorption bandwidth by ignoring the cross-polarization reflec-
tion, and thus such MAs have been applied in the defense
systems including stealth technology, radar cross section
(RCS) reduction and electromagnetic interference (EMI)
reduction, where achieving the cross-polarization absorption
and polarization insensitivity is not essential [25].

Based on the results of Refs [25-30], we propose a
co-polarization wideband THz MA based on wavy split ring
resonator. It is demonstrated that the proposed MA can attain
co-polarization absorptivity above 90% ranging from 2.07
THz to 4.80 THz. Moreover, the absorptivity of proposed
MA reaches above 81% at the incident angles below 40<
The electric field and the surface current distributions dis-
play that the cooperation of dipolar and LC resonances
contributes to the wideband absorption of propose MA. Due
to the excellent absorption performance such as simple
structure, ultra-thin thickness, wide incidence angle and
wide bandwidth, the proposed MA may be effectively used
in several THz devices such as detectors, sensors and po-
larization converters.

2. Design and Simulation

The absorptivity of electromagnetic wave absorber is de-
fined as A(w)=1-15;;(w)|?> =[Sy (w)|?> , where
|S;11(w)]? is the reflection and |S, (w)|? is the transmission.
Furthermore, the reflection is calculated by |S;;(w)|? =
|Stmre(@)[? + |SterE(@)? . where  |Spurg(w)|  and
|Stere(w)| mean the reflection coefficients for the
cross-polarization and the co-polarization under TE mode,
respectively. For transverse electric (TE) wave, the electric
field vector points to the y-axis, while the magnetic field
vector points to the x-axis. For transverse magnetic (TM)
wave, the electric field vector points to the x-axis, while the
magnetic field vector points to the y-axis [31]. In the MA
structure, the transmission |S,;(w)|? becomes zero because
of the underlying metal film. So, we can rewrite the absorp-
tivity as A(w) = 1 — |S;;(w)|?.
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Figure 1. Schematic diagram of the proposed unit cell structure for
co-polarization wideband THz MA: (a) front view, (b) side view.

Figure 1 displays the schematic diagram of unit cell for
co-polarization wideband THz MA, which has the met-
al—dielectric—metal configuration. We conceived a wavy split
ring resonator as the top metal layer. The middle layer is made
of typical lossy polyimide whose dielectric constant is ¢ =
3(1+i0.06). The underlying layer is a continuous metallic film.
The material of metal layers is gold with an electrical con-
ductivity of o = 4.5610" S/m and their thicknesses are t = 0.4
pm.

We optimize the geometrical dimensions of designed unit
cell by utilizing the frequency domain solver imbedded in the
simulation software CST Studio Suite 2018. In the simulation
setting, the boundary conditions corresponding to the x- and
the y- axes are fixed as “unit cell” to mimic an infinite
two-dimensional array, and the boundary condition along the
z-axis is fixed as “open (add space)”. The aim of iterative
optimization processes is to simultaneously achieve the av-
erage absorptivity more than 90% and wider absorption
bandwidth as shown in Figure 2. Figure 2(a) shows that the
proposed MA possesses the broadest bandwidth with absorp-
tivity above 90% when the polyimide layer thickness is h =
12.4 pm. Once the thickness value of polyimide layer is fixed,
other geometrical dimensions are optimized to further enlarge
the working bandwidth with absorptivity more than 90%.
Figure 2(b)-2(e) show the absorption characteristics for sev-
eral values of periodicity of the unit cell (P) in range of 35 —
55 um, the radius (R) in range of 5.5 - 13.5 pm, the semiminor
axis (X,) in range of 7.7 — 11 pum, and the semimajor axis (Y;)
in range of 16.5 — 20 pum, respectively. Consequently, the final
geometrical dimensions are given as h =12.4 um, P =40 pm,
R =135 pm, X, =8 um, and Y, = 17 um.


http://www.sciencepg.com/journal/optics

Optics

http://www.sciencepg.com/journal/optics

100 — 100 -
e 5N A A Y ST JEPY i bl
L 4
- e
804 (a) P 80
Ve
d
S & 60
g g :
= g s
40 i :
F i — — -h—9.0um g 40 ! - P=35um|
= o - h=10.0um 2 b —P=40um
20 ) ---—-h=11.0um 20 & -+ P=45um
’ —h=12.4pm s —-—P=50pm
—-—-h=13.0um| ' —---P=55um
0 T T T T 0 T T T T
1 2 3 4 5 6 1 2 3 4 5 6
Frequency(THz) Frequency(THz)
100 o~ 100 ——
. il ST
EARY i ..
801 SR 80+ i T
I >\/-/ N (d) i
N DA Lo
= co oo e
£ 60 T YNGR eod i
= : P <
2 3y . i
-3 . = ..
§ 401 :] |5 a0 i
Z — R=55um N\ E 5! - — Xe=7.7um
< ... R=7.5um < e X = 8.0pm
20 —-—R=95um 204 —-—Xr=9.0um
- -R=115um - Xr=10.0um
R =13.5um —---Xr=11.0pum
0 ; 0 T . T v T . T v
S 6 1 2 3 4 5 6
Frequency(THz)
100 B R
80 ( )5 !
- e K ,.
L
- c
X 60- ;!
£ .
g !
= - -
s 40 s  — Yr=16.5um
= !
= E Y7 =17.0um
20 — - —Yr=18.0um
- - - Yr=19.0um
— -~ Yr=20.0um
0 T T T T
1 2 3 4 5 6
Frequency(THz)

Figure 2. Co-polarization absorption spectra for the wideband MA with different geometrical dimensions: (a) h, (b) P, (c) R, (d) X;, and (e)

Y, under normal incidence for TE wave.
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3. Results and Discussion
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Figure 3. (a) Co-polarization (Srere) and cross-polarization (Syvre) reflectance and (b) calculated PCR under normal incidence for TE wave.

When TE wave is incident normally on the proposed MA,
the reflection curves of the co- and the cross-polarizations are
shown in Figure 3(a). The co-polarization reflectance below
0.3 is observed ranging from 2.07 THz to 4.80 THz, and the
cross-polarization reflectance above 0.78 is observed ranging
from 2.07 THz to 4.20 THz. If we take account of the
cross-polarization reflection in the calculation of absorptivity
of the proposed MA, the proposed MA exhibits low absorp-
tivity. Conversely, if we don’t consider the cross-polarization
reflection, the proposed MA exhibits average absorptivity
above 90% ranging from 2.07 THz to 4.80 THz. In fact, the
cross-polarization absorption feature is not an essential factor
in some applications including stealth technology, RCS re-
duction and EMI reduction [25]. In other words, only the
co-polarization wideband absorption feature becomes an

essential factor for the above-mentioned practical applications.

In our designed MA structure, the incident THz wave is
switched to the cross-polarization mode after reflection. The

Absorption (%)

Frequency(THz)

1 2 3 4 5 6

polarization conversion ratio (PCR) of the MA with incident
TE wave is expressed as Equation (1). As shown in Figure
3(b), the PCR above 86% is observed ranging from 2.07 THz
to 4.71 THz. So, the proposed MA may also be considered as
a wideband polarization converter with high efficiency.

|STMTE |2

|STMTE |2 +|STETE |2

)

The co-polarization absorption characteristics of proposed
MA at normal incidence under TE and TM modes are de-
picted in Figure 4(a). The co-polarization absorptivity above
90% is observed ranging from 2.07 THz to 4.80 THz. In this
case, the resonant frequencies of proposed MA are 2.28 THz,
3.256 THz and 4.408 THz and their absorptivities are 99.18%,
99.85% and 99.40%, respectively.
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Figure 4. (a) Co-polarization absorption characteristics of proposed MA at normal incidence under TE and TM modes. (b) Co-polarization

absorption characteristics for the MAs with different resonators.
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Figure 4(b) shows the co-polarization absorption charac-
teristics of the three MAs with different resonator structures.
The MA with an elliptical metallic patch resonator has three
absorption peaks. Among those, the first absorption peak has
low absorptivity of 42.5% at 2.04 THz and other absorption
peaks are located close to each other, but they have narrow
working bandwidth with absorptivity more than 90%. When
the metallic resonator is composed of three elliptical patches,
the absorption performance is not significantly improved. So,
we cut away a circular patch from the above metal resonator
to form a wavy split ring resonator. Consequently, the MA
with wavy split ring resonator exhibits high absorptivity more
than 90% ranging from 2.07 THz to 4.80 THz. It implies that
the MA with wavy split ring resonator can also achieve
wideband absorption in various frequency regions from mi-
crowaves to optical frequencies [25, 27, 30].

We estimate the performance of proposed MA by calcu-
lating relative absorption bandwidth (RAB) defined as Equa-
tion (2), where fy and f_ imply the upper and lower frequencies
of working band with absorptivity more than 90%. The pro-
posed MA exhibits the RAB of 79.47%, which is greater than
that reported in [10, 16, 18, 21, 24, 25].

RABZZXM
ut+fL

)
The geometrical dimensions and RAB of the proposed MA
are compared with previous wideband THz MAs as listed in
Table 1, where A notes the wavelength for lower frequency f.
Our designed MA provides advantages in terms of compact
structure, high absorptivity above 90% and wide bandwidth.

Table 1. Comparison of the proposed MA with previous wideband absorbers.

Ref. Center frequency (THz)

[10] 5.165 74.15
[12] 2.45 108.57
[16] 4.79 17.12
[18] 6.64 12.05
[21] 1.595 53.29
[24] 1.96 15.30
[25] 1.388 77.52
[30] 4.705 87.35
This paper 3.435 79.47

To realize the perfect absorption response, impedance
matching between the MA and free space must be achieved.
The relative impedance of the proposed MA structure is cal-
culated from S-parameters.

®)

It is observed from Figure 5 that the real and the imaginary
values of relative impedance closely reach 1 and 0 ranging
from 2.07 THz to 4.80 THz, respectively. In other words,
impedance matching between the proposed MA and the free
space is occurred. Therefore, the proposed MA exhibits the
co-polarization wideband absorption performance.

Relative absorption bandwidth (%)
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Unit cell size (um) Thickness (um)

20 70.14 (1.05212)
30 100.5 (0.65321)
20 3.4(0.05141)
38 0.7 (0.0147%)
170 22 (0.09241)
85 18 (0.1104%)

70 26 (0.0781)

43 8 (0.076))

40 12.4(0.09421)

Real(Z)
Imag.(Z)

Real part(Z)
Imaginary part(Z)

'
(4]

Frequency(THz)

Figure 5. Simulated relative wave impedance for proposed MA.


http://www.sciencepg.com/journal/optics

Optics

http://www.sciencepg.com/journal/optics

In order to investigate the mechanism of co-polarization
wideband absorption, the electric field (|E|) distributions and
the surface current distributions are analyzed in detail at three
resonant frequencies. At f; = 2.28 THz, as displayed in Figure
6(a), the electric field intensity strengthens at the corner edges
of wavy split ring resonator, thus an electric dipole is induced
on the topmost gold resonator. In addition, the electric dipole
on top metal layer produces a reverse electric dipole on the
bottom metal layer. By these electric dipole resonances, an-
tiparallel surface currents marked with rectangular red lines
are generated on top and bottom gold layers as displayed in
Figure 7(a, d), thus a vortex current is formed between two
metallic layers. The circulating current generates a magnetic
field which anti-parallels the incident magnetic field thus, a
magnetic resonance is excited. So, the first absorption peak

(b)

attributes to the dipolar resonance [32]. At f, = 3.25 THz, as
displayed in Figure 6(b), the electric field intensity strengthens
at the end points of wavy split ring resonator, generating an-
other electric dipole resonance on top gold resonator. These
electric dipoles also produce antiparallel surface currents
marked with rectangular red lines at top and bottom gold layers
as displayed in Figure 7(b, e). Therefore, the second absorption
peak attributes to the dipolar resonance. At f; = 4.40 THz, the
electric field is distributed as plotted in Figure 6(c), resulting in
a LC resonance. This LC resonance induces antiparallel surface
currents marked with rectangular red lines at top and bottom
gold layers as displayed in Figure 7(c, f). Thus, the LC reso-
nance is responsible for the third absorption peak [33, 34]. As a
result, the proposed MA achieves the co-polarization wideband
absorption by the dipolar and LC resonances.
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Figure 7. The surface current distributions of (a-c) top and (d-f) bottom metal layers of the proposed MA: (a, d) at 2.28 THz, (b, €) at 3.25

THz, (c, ) at 4.40 THz.
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The co-polarization absorption characteristics of proposed
MA under oblique incident angle are shown in Figure 8. For TE
mode, as shown in Figure 8(a), the absorptivity reaches above
81% ranging from 2.07 THz to 4.80 THz for incident angles
below 40< The rise of incident angle induces the decrease in
the absorptivity around 3.25 THz. The cause for these phe-
nomena is that with the growth of incidence angle, the
x-oriented magnetic component of incident electromagnetic
wave weakens and can no longer excite the strong magnetic

Absorption(%o)

Frequency(THz)

resonance [25]. As shown in Figure 8(b), the proposed MA still
retains absorptivity above 87% ranging from 2.07 THz to 4.80
THz for incidence angles below 40°at TM mode. In this case,
the absorptivity around 3.25 THz also drops sharply with the
growth of incidence angle, because the x-oriented electric
component of the incident wave decreases with growth of in-
cident angle and can’t produce the strong electric resonances
[26]. That is, the proposed MA holds the high absorption per-
formance for relatively large incidence angles.

Absorption(%o)

o

1 2 3 4 5 6
Frequency(THz)

Figure 8. Co-polarization absorption spectra of proposed MA with different incident angles at (a) TE and (b) TM modes.
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Figure 9. Co-polarization absorption spectra of proposed MA for several polarization angles at (a) TE and (b) TM modes.

The co-polarization absorption characteristics of proposed
MA for several polarization angles are investigated under TE
and TM modes. As shown in Figure 9, the proposed MA has
an asymmetric structure, thus exhibiting the polarization
sensitivity. The absorptivity decreases with rising the polari-
zation angle from 0<to 45<and then increases with rising the
polarization angle from 45<to 90< Furthermore, the absorp-
tion spectra coincide for 0°and 90< 15<and 75< 30<and 60<
respectively. This polarization sensitive MA can be effec-
tively utilized for radar detecting and defense systems [29].

21

4. Conclusion

In this paper, a co-polarization wideband THz MA with
wavy split ring resonator has been proposed. The proposed
MA provides good absorption performance with
co-polarization absorptivity above 90% ranging from 2.07
THz to 4.80 THz and its RAB is 79.47%. Moreover, the
proposed MA exhibits the good incidence angle stability for
TE and TM modes. Through the electric field and the surface
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current distributions, it is demonstrated that the cooperation
of dipolar and LC resonances is responsible for the wideband
absorption. The proposed MA may be suitable for many ap-
plications in THz technology. Furthermore, the proposed
MA structure can be also used to design wideband MAs in
microwave, infrared and visible regions.

Abbreviations

MA  Metamaterial Absorber

THz  Terahertz

PCR Polarization Conversion Ratio
RAB Relative Absorption Bandwidth
RCS Radar Cross Section

EMI  Electromagnetic Interference
TE Transverse Electric

TM  Transverse Magnetic
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