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A wide-angle and TE/TM polarization-insensitive terahertz
metamaterial near-perfect absorber based on a multi-layer
plasmonic structure

A flexible absorber design method is proposed that diverse
absorbing functions can be realized through the stacking
and reorganization of structures. Based on local surface
plasmon, perfect absorption of terahertz waves at specific
frequencies is achieved. Metal structures of different sizes can
achieve perfect absorption at corresponding frequencies.
Under the interval of the intermediate medium, there is no
mutual influence between the absorption peaks of multi-
band absorber. Further, broadband absorption with average
absorptance exceeds 99% from 1.2 to 2 THz is realized by the
stacked Ml layers.
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A wide-angle and TE/TM polarization-insensitive
terahertz metamaterial near-perfect absorber
based on a multi-layer plasmonic structure

Yuanbo Sun, 22 Yanpeng Shi, (2 *2 Xiaoyu Liu,? Jinmei Song,? Meiping Li,?
Xiaodong Wang {2° and Fuhua Yang®

A kind of near-perfect metamaterial absorber, made of only Au and Si, has been presented in the terahertz
band with extremely high absorptance. A flexible design method is proposed, which could create absorbers
with four independent functions as follows. First, selective perfect absorption is achieved at a single
frequency, which means the absorptance is more than 99.9% at the required frequency and almost 0%
at adjacent frequencies. Second, nearly 100% perfect absorption is realized at more frequencies, which
can be changed by simply adjusting the geometric parameters. Third, broadband absorption with
a controllable band is gained, and the average absorptance exceeds 99% from 1.2 to 2 THz. Finally, the
combination of single-frequency absorption and broadband absorption is accomplished, which greatly
expands the application prospects of the proposed absorber. Besides, the absorber exhibits high
performance over a wide range of incident angles from 0° to 60°. Meanwhile, it is insensitive to both TE
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Introduction

Metamaterials, artificial composite materials composed of
periodic subwavelength metal and dielectric resonators, have
many unique electromagnetic properties that are not available
in conventional materials, such as negative conductivity and
permeability,'* negative index of refraction,*® invisibility
cloaking,” etc. Due to the unique physical properties, meta-
materials are widely applied in imaging," sensing,****
communication® and detection," and a large number of asso-
ciated devices have been produced, such as filters,"” modula-
tors'® and detectors."”” However, in the terahertz band, because
of the weak response of natural materials to terahertz signals,
these devices fail to capture the terahertz light effectively,
limiting their control over light. The development of terahertz
absorbers, which has been a research focus in recent years with
promising applications,'?° has solved this problem. In 2008,
based on the theory and design ideas of metamaterials, Landy
and others®* designed an absorber achieving perfect absorption
at a narrow frequency, and the absorption frequency can be
converted by changing the size of the electromagnetic resonator
which, in essence, is constantly adjusting its equivalent
permittivity and permeability. However, since the equivalent
dielectric constant and permeability of the absorber change
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and TM waves. The aforementioned design idea can be extended to other bands.

with frequency, by this method absorption can be achieved only
at a single frequency or an extremely narrow frequency band,
which brings certain limits to practical applications.

Several methods have been proposed to achieve satisfactory
absorption at multiple frequencies or broadband absorption in
recent years, and common methods can be roughly grouped
into three categories: (a) use two or more metal resonators of
different sizes or structures in the same plane,>> (b) use
resonant structures made of different types of metals in the
same plane®* and (c) use multilayer microstructures.>** The
basic idea of (a) and (b) is to combine peaks of different
frequencies, each of which responds to a certain size, structure
or type of metal. However, both methods require special design
of the metal resonant structure lacking universality, and some
sophisticated and complex structures are too hard to manu-
facture. Therefore, we hope that there is a flexible design
method that can liberate us from the design of complex struc-
tures and achieve various absorbing functions through the
combination of simple structures. In recent years, digital met-
amaterials have realized the regulation of electromagnetic
waves by arranging the distribution of “0” and “1” on their
surface, which also have the ability to manipulate electromag-
netic waves in different manners, thereby realizing program-
mable metamaterials.** The introduction of tunable materials
controlled by external stimuli provides programmable meta-
surfaces an unparalleled degree of freedom in dynamical wave
manipulation in real-time. For example, a novel ultrafast
reprogrammable multi-functional anisotropic metasurface and
an ultrafast reprogrammable multi-functional bias encoded

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00246e&domain=pdf&date_stamp=2021-07-10
http://orcid.org/0000-0001-7176-6896
http://orcid.org/0000-0003-1970-5783
http://orcid.org/0000-0003-0426-1358
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00246e
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA003014

Open Access Article. Published on 02 June 2021. Downloaded on 3/28/2026 7:21:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

metasurface based on vanadium dioxide are realized, which
integrate multiple diversified functionalities into one single
device.*>*¢ Space-time digital metasurfaces can substantially
expand the application scope of digital metamaterials, which
realize the full manipulation of the power intensity pattern in
a large space-time digital metasurface.’”

Inspired by these significant works, we propose a flexible
method to design absorbers, each of which exhibits one func-
tion after fabrication. A Metal-Insulator-Metal (MIM) perfect
absorber composed of Au and Si is able to generate absorption
peaks at a single frequency, and the resonance wavelength has
an excellent linear relationship with the radius of the upper
Metal-Insulator (MI). More absorption peaks are obtained by
stacking more MI layers. Importantly, in the designed structure,
there is no interaction between different MI layers, which
means that each absorption peak can maintain its original
frequency and absorptance. Adjacent MI layers will support the
resonance mode together when their radii are close enough,
which enables the absorber to realize the transition from multi-
frequency to broadband. This cascading approach allows us to
flexibly design absorbers according to actual application needs.
Besides, wide incident angular tolerance is necessary consid-
ering the complexity of the application scenario.*®*** The
designed multi-frequency absorber remains above 95% for the
incident angle changing up to 60°, both for TE and TM polari-
zation, and the broadband absorber also works very well in
a wide angular range from 0° to 60°.

Single or multiple frequency absorbers

The unit cell of the proposed single-frequency absorber is
a typical MIM structure, as presented in Fig. 1. The bottom of
the absorber is an Au film with a thickness of 1 pm, which is
much larger than the skin depth to block the transmission of
the incident plane wave. The 2 pm-thick lossless dielectric Si is
stacked on the Au film with the widely accepted relative
permittivity e, = 11.39. The top layer is a 0.5 pm-thick Au circle
with a radius of R = 18.5 pm which is equal to the radius of Si,
and the physical properties of Au are quoted from ref. 40. The
entire MIM structure is placed on a glass substrate with relative
permittivity e, = 2.25. The glass substrate does not affect the
absorption of the absorber because of the strong reflection of

Ex D1
D2

Fig. 1 (a) Proposed periodic single-frequency absorber. (b) Schematic
of the unit cell of the absorber, consisting of the Au circle (yellow) on
the top, the dielectric Si layer (blue) in the middle, the Au ground plane
(yellow) on the bottom, and a glass substrate. The structural param-
eters are: D; = 0.25 um, D, =2 um, and R = 18.5 um.
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the Au film plane. The period of the unit cell is 55 um. Finite-
difference time-domain (FDTD) simulations are performed to
calculate the absorption spectra throughout the entire work,
and boundary conditions are, respectively, the periodic
boundary conditions in the x and y directions and the perfectly
matched layers in the z-direction. The maximum mesh step is 3
um in both x and y directions and 0.05 pm in the z-direction. A
long running time of 50 ps with a step of 0.00025 ps is used to
ensure reliable results and the auto-cutoff value was set to 1 x
10~® in the simulations, making results closer to the ideal cases.

According to the multiple reflection and interference theory,
the absorptance can be calculated as A,y =1 — Ry — Ty = 1 —
|S11(a))‘2 — |521(w)‘2, where A(w), T(w) = |521(w)|2, and R(w) = |Sll(a))‘2
are the absorptance, transmittance, and reflectance, respec-
tively.*** The transmittance T(,) is close to zero in the working
range because of the existence of the bottom Au plane. There-
fore, the absorptance can be simplified to

Awy=1= Ry =1 = |Si1’ (1)

Furthermore, S;; depends on the equivalent impedance of
the MIM and can be defined as

S]] = (2)

where Z, = \/uo/eo is the impedance of free space and
Z =/ /e1 represents the equivalent impedance of MIM.
Here, &, o, €1, and u, are the space permittivity, space
permeability, equivalent permittivity, and equivalent perme-
ability, respectively. It can be seen from Fig. 2(a) that the
absorptance is as high as 99.97% at 1.36 THz and S;, reaches its
minimum value of 0, which is consistent with formula (1).
Fig. 2(b) and formula (2) could explain why the value of S;; is so
small at the resonance frequency. At 1.36 THz, the imaginary
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Fig. 2 (a) Absorptance spectra and Sy; of the proposed MIM structure
under normal incidence. (b) Reflectance spectra and equivalent
impedance of the proposed MIM structure. (c) Absorptance spectra for
different values of radius. (d) Linear relationship between the reso-
nance wavelength and the radius.
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part of the equivalent impedance of MIM is zero and the real
part is close to 1. In other words, Z is approximately equal to Z,,
so the impedance of MIM and free space are matched, which
means that in the ideal case the electromagnetic wave can
completely propagate from free space into the MIM without
reflection.

An equivalent circuit model is introduced to quantitatively
analyze the position of the absorption peak in a better manner.
This model can be expressed as*

Jm ®3)

c

B 2R/ 1€, /2
where c is the speed of light, R represents the radius of the Au
circle and the Si circle, ¢; = 0.605 is the correction factor for the
effective radius of the circles and ¢, = 3.45 is the relative
dielectric constant of the dielectric Si. In essence, changing the
radius of the metal and dielectric can directly change the
equivalent impedance of the MIM structure, thereby adjusting
the frequency of electromagnetic resonance. So, the needed
absorption peak can be obtained at will, as shown in Fig. 2(c).
The simulation results indicate that the wavelength of the
absorption peak is linear to the radii of the Au and Si circles, as
shown in Fig. 2(d).

The current distribution and the magnetic field intensity
distribution (|H|) in the y = 0 plane are shown in Fig. 3(a) and
(d) to get a deeper insight into the physical mechanism of
absorption in the designed structure. The current distribution
at the interface between dielectric Si and two Au layers is given
in Fig. 3(b) and (c). It is clear from Fig. 3(b) that at the resonance
frequency, the surface current of the top Au circle is mainly
concentrated at the center of the structure and the direction of
the surface current on the left side is counterclockwise, while on
the right side it is clockwise. So, the magnetic resonance can
cancel each other out, and the electric resonance plays a major
role here. In contrast, as shown in Fig. 3(c), the surface current

(a) MAX

Fig. 3 At 1.36 THz, (a) current distribution of the cross-section y = 0.
(b) Current distribution in the intersection of the Au circle and the Si
circle. (c) Current distribution in the intersection of the Si circle and the
Au ground plane. (d) Magnetic field distribution (H) in dielectric Si at
plane y = 0.
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on the bottom Au film is also mainly contributed by the center
of the circle, but the left side of the current is clockwise and the
right side is counterclockwise, which is exactly the opposite of
the current direction in the top layer metal. Apart from the anti-
parallel current, there is also displacement current in the
dielectric Si layer as shown in Fig. 3(a), thus forming the
circulating current. Magnetic resonance is excited by the
circulating current and results in a strong interaction between
the artificial magnetic moment and the magnetic field of the
incident light.***¢ Furthermore, it can be seen from Fig. 3(d)
that the magnetic resonance here is the first-order resonance,
which causes strong charge accumulation. In conclusion, under
the combined action of electric resonance and magnetic reso-
nance, the incident electromagnetic energy can be efficiently
confined to the absorber and so the absorber achieves a perfect
absorption.

To expand the application prospect of the absorber, the
number of absorption peaks is successfully increased without
reducing the absorptance of each peak. As shown in Fig. 4(a), for
a single-layer MIM absorber, the blue, orange, and green curves
represent different absorption performances when the radius of
the MI is 22.5 um, 16.5 pm, and 12.5 pm, respectively. The
frequencies of those three independent peaks are 1.10 THz
(peak 1), 1.52 THz (peak 2), and 2.00 THz (peak 3), with
absorptance values of 99.98%, 99.85% and 99.95%, respectively.
Then, the MI structure with a radius of 12.5 pm is placed on the
top of another MI structure whose radius is 16.5 um forming
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Fig. 4 Simulated absorptance spectra for (a) the structure composed
of a single MI layer with different radii, (b) the structure composed of
two layers with radii of 16.5 pm and 12.5 pm, and (c) the three-layer
structure with radii of 22.5 pm, 16.5 um and 12.5 pm.
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a double-layer MIMIM absorber. As shown in Fig. 4(b), this
absorber eventually achieves perfect absorption at two
frequencies, and there is almost no change for peak 2 and peak
3 after they are combined. Furthermore, as shown in Fig. 4(c),
three absorption peaks are gained by stacking three MI struc-
tures, whose radii are 12.5 pm, 16.5 pm, and 22.5 um, respec-
tively, on the bottom Au film. Moreover, all the peaks remain
above 95% for the incident angle changing up to 60°. The
physical mechanism of each peak is similar to that of the single-
layer MIM absorber, and different layers independently play
a role at different resonance frequencies. According to this
design idea, absorbers with more absorption peaks are avail-
able; however, the number of absorption peaks is finite within
a limited frequency range. Importantly, through the compar-
ison of the three graphs in Fig. 4, it can be concluded that when
the peaks are at a certain distance from each other, there is
absolutely no interaction between different layers and each
peak maintains its original position and absorptance. This
advantage provides great convenience for the design of
multiple-frequency metamaterial absorbers.

Broadband absorber

Through the simple combination of different absorption peaks,
the designed absorber has achieved perfect absorption at
multiple frequencies, and during the work, it is noticed that two
peaks will be coupled together when they are close enough,
which lays the foundation for the broadband absorber. Circular
truncated cones are utilized instead of circles to make the
radius change smoother so that the coupling of different
absorption peaks can be stronger. Besides, the thickness of the
metal and dielectric layers is optimized to get the highest
absorptance. The structure of the broadband absorber is shown
in Fig. 5(a) and (b), and the structure dimensions are listed as
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Fig. 5 (a) Three-dimensionalillustration of the simulated absorber. (b)
Schematic diagram of an absorber unit cell. (c) Absorption spectra of
the multiple-layer circular truncated cone metamaterial absorber for
plane wave of TM polarization and TE polarization under vertical
incidence. (d) Absorptance of the broadband absorber at four different
incident angles: 0°, 30°, 45°, and 60°.
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follows: L, = 45 pm, L; = 22.5 pum, P = 55 um, H; = 0.25 pum, H,
=0.875 um, and H = 50.625 pm. Details of the FDTD algorithm,
such as the boundary conditions, mesh accuracy, automatic
shutdown and running time are the same as those of a single
MIM absorber in Fig. 1. As shown in Fig. 5(c), broadband
absorption is obtained from 1.2 to 2 THz with the average
absorptance higher than 99% in the case of vertical incidence,
which explicitly presents an excellent broadband property. The
completely centrosymmetric structure makes the absorber
insensitive to the TE and TM linear polarization. Moreover, it is
noted from Fig. 5(d) that the variation of the incident angle has
little effect on the absorptance when the incident angle is varied
from 0° to 45°, and the average absorptance is still over 85%
when the incident angle adds up to 60°.

Fig. 6 shows the magnetic field distributions (|H]) at different
frequencies at normal incidence taken in cross-sectiony = 0. It is
noticed that the magnetic field is confined to the bottom layers of
the circular truncated cones at a smaller frequency and, in other
parts, there is no contribution of the magnetic field because the
resonance frequency is almost inversely proportional to the
average radius of the circular truncated cones. The magnetic field
gradually moves toward the top layers as the frequency increases.
Because of the slow variation of the radii of the adjacent metal
layers, the resonance magnetic field is not limited to two adjacent
Si layers but diffuses to several consecutive Si layers, which
means several adjacent MIs support the resonance mode
together. In other words, magnetic resonance at a lower
frequency is primarily related to the excitation of magnetic
polariton in several lower layers, which is caused by the electric
dipole coupling, and it can be regarded as a hybridized mode of
several magnetic polaritons strongly coupled to each other.*”*®
Therefore, it is the magnetic resonance rather than the multiple
reflections and transmissions in the metamaterial absorbers that
is responsible for the effective absorption of incident electro-
magnetic energy, and the absorption is mainly attributed to the
ohmic losses rather than the dielectric losses. The white arrows
in Fig. 6 stand for the distribution of the Poynting vector, which
reveals how the electromagnetic wave propagates in the absorber
before being absorbed. The energy flow spreads downwards in
the air along the z-axis without penetrating the absorber and then
it rotates and converges into the center of the absorber, where
exactly the magnetic field concentrates. This feature appears in
many papers*>* and has been explained with a slow light effect.
When light propagates in a waveguide inserted with metal
inclusions of various shapes and arrangements, the oscillating
current will generate a magnetic field moment, which will have
a significant impact on the propagation of light. This kind of
structure can slow down the speed of the optical signal, and after
the effective thickness of the waveguide is reduced to zero, the
waveguide will completely prevent further propagation of the
light and capture the light permanently.>® Here, the slow light
effect was adopted to illustrate the principle of absorption in the
designed structure: the adjacent circular truncated cone layers of
the absorber can interact with light as ultra-short vertical wave-
guides which support the slow light mode at different frequen-
cies so that the incident light of different frequencies can be
stopped and captured at different positions.

Nanoscale Adv., 2021, 3, 4072-4078 | 4075
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Fig. 6 Distributions of the magnetic field (H) and the Poynting vector (white arrows) for the absorber in cross-section y = O at different

frequencies: (a) 1.20 THz, (b) 1.38 THz, (c) 1.64 THz, and (d) 2.00 THz.

The distributions of the electric field (|E|*) in the plane y =
0 at 1.2 THz are shown in Fig. 7(a). Strong enhancement of the
electric field is stimulated at specific layers of the absorber
which indicates the excitation of the electric resonance. Thus, in
this resonance mode, both electric and magnetic resonances
exist. Furthermore, the x-component and the z-component of
the electric field intensity (|E,|?, |E,|*) at 1.2 THz are monitored
in Fig. 7(b) and (c), and it is obvious that the x-component is
concentrated in the air gap outside the circular truncated cones,
while the z-component is concentrated in the dielectric layers
(|E)* > |Ex|?). To explore the physical mechanism in depth, the
distribution of the real part of the electric field (real(E;)) at 1.2

MAX

|

Fig.7 At 1.2 THz, (a) distributions of the electric field (|£]%) in the plane
y = 0. Distributions of the (b) x-component of the electric field (|E,|%)
and (c) z-component of the electric field (|E,|?) in the plane y = 0. (d)
Distributions of the z-component electric field (real (E;)) in the plane y
= 0. Distributions of the (e) y-component electric field (real (£,)) and (f)
the z-component electric field (real (E;) at the metal/dielectric
interface (z = 10 um).
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THz is displayed in Fig. 7(d). It is identified that opposite
charges accumulate on the outside of the circular truncated
cones, and it also indicates the existence of the electric dipole
resonance, which is related to the localized surface plasmon
resonance excited at the metal/dielectric interface.** At 1.2 THz,
the y-component and the z-component of the real part of the
electric field (real(E,), real(E,)) are demonstrated in Fig. 7(e) and
(f) at plane z = 10 pm, where the electric field is concentrated.
This suggests the formation of a circular, antisymmetric current
in different metal layers which generates the magnetic dipole
response.*>* In short, the physical mechanism of the near-
perfect absorption originates from the electric dipole reso-
nance caused by the local surface plasmon resonance and the
magnetic dipole resonance between different metal layers.

It has been proved that multiple MI layers with different radii
can interact with the incident electromagnetic wave and capture
it at different frequencies. This attribute allows the structures of
the absorbers to be flexibly designed to meet the actual needs.
The top layers of the broadband absorber work at high
frequencies, and if they are removed, the absorption band will
be shorter accordingly. As shown in Fig. 8(a), several MI layers
are taken away sequentially from top to bottom, and the
absorption band of the 35-layer, 30-layer, and 25-layer absorbers
becomes narrower and narrower, but the absorption at low
frequencies is not affected. The reorganization of the structures
can also occur between a single-frequency absorber and
a broadband absorber. Cutting out part of the 45-layer broad-
band absorber (from the eleventh to the thirty-fifth layer
counting from the top to the bottom, structure 1) and stacking
them on top of the MIM structure (structure 2), the recombined
absorber realizes the combined absorption effect of the two

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Simulated absorption when N in Fig. 5(a) changes with the
other parameters fixed, where N represents the number of Ml layers
stacked from bottom to top. (b) Combination of single-frequency
absorption and broadband absorption as well as the influence of
changing the radius of the former.

structures, as shown in Fig. 8(b). More importantly, after reor-
ganization, the absorption band of each structure maintains its
original position and excellent absorptance without interaction.
It can be illustrated from Fig. 8§(b) that as the radius of structure
2 increases, the corresponding single-frequency absorption
peak will have a redshift, while the broadband absorption is
almost unaffected. This flexible design method provides vast
prospects for the practical application of the designed absorber.

Conclusions

In conclusion, this paper provides a flexible method to design
absorbers, which also has the excellent properties of wide angle
and insensitivity to TE and TM waves. The absorptance of the
designed MIM absorber is almost 100% at a single frequency
and then the physical mechanism is discussed through the
current distributions. An absorptance formula is obtained
through the impedance matching theory which shows excellent
linearity between the wavelength of the peak and the radius of
the MI structure. Based on that, multiple-frequency absorption
is obtained by stacking several MI layers together, and each
peak maintains its original position and absorptance higher
than 99%. Furthermore, broadband absorption with the
average absorptance exceeding 99% from 1.2 to 2 THz is real-
ized by the stacked MI layers. The physical mechanism is dis-
cussed in detail through several physical images, including the
magnetic field distribution, Poynting vector distribution, and
electric field distribution. The presented absorbers and the
design idea have a promising application prospect and could
provide certain references for programmable metamaterials
and the design of absorbers in other bands.
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